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Endurance fuel calculations are used to determine the required volume of fuel tanks;
annual fuel calculations are used to estimate the fuel consumed during a year of ship
operations, primarily to estimate the projected cost of fuel as part of the life cycle cost
estimate. These calculations depend on the fuel rates (kg/h) for different electrical and
propulsion system configurations. The fuel rates in turn depend on factors, such as
equipment efficiency, prime mover-specific fuel consumption curves, electrical loads,
ambient temperature, propulsion loads, and the manner in which the power and pro-
pulsion systems, are operated. This paper details how to perform endurance fuel and
annual fuel calculations, provides guidance for modeling system components based
on data typically provided in data sheets, and provides guidance on the manner in
which the power and propulsion systems are operated. Four examples are provided to
illustrate the methods using the Smart Ship System Design modeling and simulation

tool along with supporting spreadsheets.
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1. Introduction

Two important activities in the design of a ship are performing
calculations to determine the minimum required amount of fuel
that should be stored in its fuel tanks (endurance fuel calculations),
and performing calculations to estimate how much fuel will be
consumed during a year of operations (annual fuel calculations).

Endurance fuel and annual fuel calculations are important to the
design of both commercial and naval ships. These calculations are
often used to compare the performance of different concepts under
consideration in the early stages of design. Performing these calcu-
lations accurately is important to ensure the best concept is chosen
for further development. This is particularly important when con-
cepts feature power and propulsion systems that differ significantly
from each other. Examples include a mechanical drive ship, a
hybrid electric drive ship, and a full-integrated power system ship.

For U.S. Navy ships the process for conducting endurance fuel
calculations is defined in NAVSEA DDS 200-1 Rev 1 which is

Manuscript received by JSPD Committee July 26, 2023; accepted October
13, 2023.
Corresponding author: Norbert Doerry, doerry@aol.com

MONTH 2023

often referred to as DPC 200-1. The process for conducting annual
fuel calculations is defined in NAVSEA DDS 200-2. Since the pro-
cesses for commercial ships are similar (Woud and Stapersma
2015), this paper will concentrate on the processes defined in
NAVSEA DDS 200-1 Rev 1 and NAVSEA DDS 200-2, specifi-
cally on the method for determining fuel rates for specific opera-
tional conditions, ambient conditions, and ship speeds; as well as
how to convert these fuel rates into required fuel tank volume and
into annual fuel usage estimates. In particular, this paper highlights
methods for predicting losses when equipment is operated at part
load.

Newer revisions of NAVSEA DDS 200-1 Rev 1 and NAVSEA
DDS 200-2 were issued in 2023 during the production of this
paper. Because these newer revisions have limited distribution, this
paper is based on the previously approved for public release revi-
sions. Individuals working on U.S. Navy programs and having the
proper access should review the newer revisions of NAVSEA
DDS 200-1 Rev 1 and NAVSEA DDS 200-2 for changes to the
procedures described in this paper. The process for modeling com-
ponents and systems remains unchanged.

Fuel rates depend on the electrical load estimated for the opera-
tional condition and ambient condition, the propulsion power
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required to achieve the stated ship speed, the planned manner in
which the electrical system and propulsion system are to be oper-
ated (system concept of operations), the power losses (efficiency)
within power system apparatus, and the fuel consumption proper-
ties (specific fuel consumption [sfc]) of the prime mover.

A variety of tools may be used to implement the calculations.
For this paper, Smart Ships System Design (S3D) along with sup-
porting spreadsheets is used in four examples. The methods
described in this paper are applicable to implementations using
many different software analysis tools.

This paper is structured as follows:

Section 2 discusses endurance fuel and annual fuel calculations,
details the analysis process, and lists study requirements.

Section 3 relates efficiencies to the loss mechanisms within elec-
trical equipment and recommends ways to extrapolate efficiency
curves and loss curves based on the relatively few data points typi-
cally provided in equipment data sheets. For alternating current
(ac) systems, directly using loss curves instead of efficiencies elim-
inates the dependency on power factor.

Section 4 discusses using the fuel rate to extrapolate data instead
of extrapolating data using sfc.

Section 5 describes the modeling implications of different meth-
ods for sharing real and reactive power among paralleled sources.

Section 6 provides an overview of software needed to perform
the calculations, and includes an introduction to S3D.

Section 7 provides specific guidance for modeling the various
components of a shipboard power system: prime movers, reduction
gears, propellers and shafting, electrical azimuth thrusters, genera-
tors, generator sets, transformers, rectifiers, inverters, propulsion
motor drives, propulsion motors, multiport power-conversion
equipment, energy storage, and ship service loads.

Section 8 describes the contents and use of an electrical power
system concept of operations and of a propulsion system concept
of operations.

Section 9 provides guidance on implementing the component
models within an integrated system model.

Section 10 describes using a run matrix as a means of organizing
the use of the system modeling tool and recording the fuel rate results.

Section 11 describes how to calculate the endurance fuel
requirements and annual fuel usage based on the previously calcu-
lated fuel rates.

Section 12 provides two examples each of endurance fuel and
annual fuel calculations. The examples differ in the assumptions
used to create the system concepts of operations.

2. Background
2.1. Fuel calculations

Fuel calculations are performed to determine the required
amount of fuel storage tank volume as well as to estimate the
annual usage of fuel. The process for both sets of calculations is
similar in that fuel rates are calculated for specific operational con-
ditions, ship speeds, and ambient conditions.

NAVSEA DDS 200-1 Rev 1 defines the following types of
endurance fuel requirements:

e Surge to theater distance: “minimum distance (nautical miles)
which a ship can sail without replenishment and using all of its
burnable fuel (excluding cargo and aviation fuel), at sustained
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speed, deep water, and full load displacement, with a ship ser-
vice operating condition corresponding to a cruise with self
defense capability.”

e Economical transit distance: “minimum distance (nautical
miles) which a ship can sail without replenishment and using
all of its burnable fuel (excluding cargo and aviation fuel), at a
specified endurance speed, deep water, and full load displace-
ment, with a ship service operating condition corresponding to
a cruise with self defense capability.”

e Operational Presence Time: “minimum time in hours that a
ship can conduct specified missions with a given speed-time
profile, with a ship service operating condition corresponding
to the specified missions, without replenishment, and using all
of its burnable fuel (excluding cargo and aviation fuel).”

The ship’s requirements may specify one or more of these
requirements. The burnable fuel must be capable of fulfilling all of
the specified requirements.

The fuel calculations determine the required mass (kg) of burn-
able fuel. This weight is converted to a volume by dividing by the
fuel mass density. The fuel mass density is a function of tempera-
ture and the chemical makeup of the fuel. For the U.S. Navy,
the standard fuel is F76 which has a representative mass density
of .84 kg/L (NAVSEA DDS 200-2).

As detailed in NAVSEA DDS 200-1 Rev 1, the required fuel
tank volume is equal to the burnable fuel volume divided by a tail-
pipe allowance and multiplied by a factor of 1.05. The tailpipe
allowance accounts for the fuel that is below the fuel system suc-
tion and cannot be used. The tailpipe allowance should ideally be
calculated based on tank geometry. If calculating the tailpipe
allowance is not practical, it may be estimated as .95 if the tanks
are broad and shallow, or .98 if narrow and deep. The factor of
1.05 is to account for the expansion of fuel due to temperature
changes. The fuel tank volume should also be adjusted to account
for structural elements within the tank; these structural elements
are typically about 2% of the tank volume.

NAVSEA DDS 200-2 details how to estimate the annual usage
of fuel. This process depends on the development of an operational
profile which “describes the number of hours a ship operates for
each year within the ship’s design service life in each of its opera-
tional modes and with a corresponding speed-percent time profile.”
Examples of operational modes include

e Maintenance and Modernization
e Predeployment Training
e Deployment

e Major Combat Operations (MCO).

These operational modes are then related to ship states via a ship
state participation table (Table 1) that indicates for each operational
mode the fraction of time spent in each ship state. Ship states are
usually aligned with electric power load analysis (EPLA) opera-
tional conditions for the endurance conditions. Examples of ship
states include

e Inport—shore

e Underway—Economical Transit

e Underway—Surge to Theater

e Underway—Mission.

The fuel rates for each ship state are calculated in the same man-
ner as for the endurance fuel calculations.
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Table 1 Ship state participation table (NAVSEA DDS 200-2)

Underway—  Underway—
Inport—  economical surge to Underway—
shore transit theater mission

Maintenance and .90 .05 .00 .05

modernization
Predeployment .60 .20 .00 .20

training
Deployment .10 .20 .00 .70
MCO .05 15 .05 75

MCO, major combat operations.

2.2. Analysis process

The steps to complete an endurance fuel or annual fuel estimate
are

a) Establish analysis requirements

1) Identify the operational conditions/ship states and ambient
conditions.

2) For annual fuel usage, define the operational modes, oper-
ational profile, and ship state participation table.

3) Identify the ship’s speeds required by the analysis.

b) Define the design and develop component models

1) Define the power and propulsion architecture.

2) Define the electrical loads for the operational conditions
and ambient conditions.

3) Define the propulsion loads for the ship’s speeds previ-
ously identified.

4) Define efficiency and sfc curves for all power system and
propulsion system components.

¢) Develop system model

1) Define electrical system and propulsion system concepts
of operations.

2) Develop an analysis model for calculating a combined fuel
rate for a given set of system parameters, ship speed, oper-
ational condition, and ambient condition.

d) Perform analysis

1) Develop a “run matrix” with rows holding configuration
data for the analysis model for every desired combination
of system parameters, ship speed, operational condition,
and ambient condition.

2) Execute each row of the run matrix and record the fuel
rates of the prime movers and the total fuel rate.

3) Post process the fuel rates to determine the required size
of fuel tanks or the estimated annual fuel usage.

The large number of steps and data elements needed to complete
the process calls for these studies to be deliberately planned. Devel-
oping a study guide as described in Doerry (2014) is strongly
encouraged.

2.3. Study requirements

The following items are needed to conduct an endurance fuel
calculation or annual fuel usage calculation:

1) Endurance fuel requirements (if applicable)
2) Operational conditions/ship states

3) Ambient Conditions

4) Speed time profiles
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5) Ship State Participation Table and operational profile (annual
fuel only)
6) Electrical power and propulsion systems architectures
7) Electrical loads
8) Propulsion speed power curves
9) Component property data
10) Concepts of Operations
11) Analysis tool
12) Analysis model
13) Run matrix
14) Post processing tool

The study guide should identify which elements are completely
defined at the beginning of the study; and for those that are not
completely defined, the remaining work needed to mature them
sufficiently for use in the study.

3. Modeling efficiency

The efficiency of a power conversion device is defined as the
power out divided by the power in. The losses are defined as the
power in minus the power out. Losses and efficiency data may be
provided in a number of different ways in equipment data sheets.
Often the efficiency or losses at only a few points are provided.
Simulations or calculations usually require extrapolation of this
data for a given operating point of the system. The following dis-
cussion will detail how to perform extrapolation and interpolation
based on the actual loss mechanisms of the components.

For many types of electrical equipment, the losses (P oss) can be
modeled as

PLoss = PnoLoadLoss + Rlosslgup (1)

PoLoadLoss 18 the power at the input when there is no power sup-
plied at the output. Rioselout reflects the effective resistive losses in
the equipment. Although there are other loss mechanisms, this sim-
plified model has been shown to be sufficient for many power con-
version components.

The efficiency is thus
P
n= T 2)
Pout + PnoLoadLoss + Rloss]out
For direct current (dc) systems, P, and I, are related by
Pow = Voudout, (3)
For three phase ac power
Pout - \/gVoullout(PF)s (4)

where (PF) is the displacement power factor (often simply called
power factor) and V,, is measured line to line. Vy, and I, are
root mean square (rms) quantities. The displacement power factor
is the cosine of the difference in phase angles of the phase (line to
neutral) voltage and phase current waveforms. A detailed deriva-
tion of equation (4) is provided in Doerry (2017).

For dc systems, the efficiency can be restated as

P out

n= , Q)

- 2
P
Rioss (V:::) + Pout + PnoLoadLoss

This equation can be normalized by dividing the numerator and
denominator by the rated power.
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Poy
Prated
"= Lo : (©)
PratedRioss ([ Pout _j’_ Pout + PhoLoadLoss
V2 Pratea Prateq

out Prated

This form is convenient since the no load losses are often provided
on data sheets as a percentage of the rated load. The efficiency at
full load is also often provided. Restating again to calculate the
coefficient of the power squared term in the denominator

Pratedeoss _ 1 B (1 + PnoLoadLoss) ,
P rated

7
Vozut MRatedPower ( )
With this solution and the assumption that the output voltage level
is relatively constant, the efficiency can be estimated at any output
power level.
In some cases, the efficiency will be provided for several output
power levels (as a fraction of rated power) but the no-load losses
may not be provided. If we assume that the output voltage is rela-

. . . PratedR P,
tively constant (as is desired), then ~f45loss and ~nojoadloss can be
o rate

ut

estimated by curve fitting to

PratedRioss [ Pout ? ProLoadLoss _ Pout (1
2 + - - 1 s (8)
V. Praed Praed Praed n

out

A curve fit of the data can be accomplished by assembling the fol-
lowing matrices where each row of A and B corresponds to a given

pair (f"‘j ,n)
(P ratedeoss)
V(%ut

x= ; )

(P noLoadLoss)
P rated

Pout 2 1
Prated 3 B (10)

~
Q
£

G)
Prated \11 1
Pou ( 1 1)
Prated \1 2
Pou ( 1 1)
B =\ Pratea \n 30 an
Pou ( 1 1)
Praed \ 1 4
P (1)
Prated \17 n
The matrices form an equation
Ax = B, (12)
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The pseudo-inverse may be used to solve for x
x=(474)"'4"B, (13)

The original data points should be recreated using the elements of
x as coefficients for the curve. If the results are not sufficiently
close, then an alternate estimating method should be pursued.

For three phase ac systems, the efficiency can be restated

Pout

R P, 2
lém (Vm‘ﬁ;p)) + Pout + ProLoadLoss

n= ; (14)

The rated output apparent power S;aeq 1S often used instead of the
rated output real power for ac apparatus.

;’DA
n:S R L\ (P 2 P P ’ (13)
() () i+ P

In this formulation, if we assume that the output voltage is rela-
tively constant, then the efficiency is a function of the output power
as a fraction of the rated apparent power and of the power factor.
The power factor can be dealt with by calculating the curve for 3
power factors {.8, .9, and 1.0} and then using the curve closest to
the actual power factor. Figure 1 depicts an example of efficiency
curves plotted for multiple power factors.

One drawback to using efficiency is that with a nonzero no-load
loss, the efficiency will always be zero at zero output power; effi-
ciency cannot be used directly to determine the losses at no load.
Another drawback is that if an interpolation method is applied to esti-
mate the efficiency between provided data points, one must check to
ensure that the estimated efficiency is not negative and no greater
than 1.0. If one directly calculates the losses, the loss at zero output
power is easily calculated. Furthermore, since the loss curve has rela-
tively simple curvature, interpolating between points on the loss curve
is less likely to result in significant errors. For these reasons, it is usu-
ally better to directly calculate the losses. For dc this translates to

2
PLoss _ PnoLoadLoss Pratedeoss (pout )
= 5 S
P rated P rated V.

out

16
P rated ( )

The input power is then made equal to the output power plus the
losses.

Efficiency
2.5 MVA 440 VAC generator
100
98
96 —
= 7/(
n
5
S @
=
o
2 T e S S s
—1.0PF 1.0 PF calculated
2 ——0.8PF ——0.8 PF calculated
—0.4 PF —— 0.4 PF calculated
88
0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
S {pu)

Fig. 1 Example efficiency curve for a three phase ac generator
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Similarly, for ac systems

PLoss _ PnoLoadLoss + Sratedeoss ( 1 )2 (Pout )2 (1 7a)
Srated Stated 3 V(%ut (PF) Srated ’

2
PLoss _ PnoLoadLoss Sratedeoss <S0ut )
= > s
Srated 3 Vout

or

(17b)

Srated Srated

equation (17b) is useful in that unlike efficiency, the losses can be
estimated based on only the apparent output power; the power fac-
tor is not explicitly required. Unfortunately, most simulation pro-
grams use an efficiency curve that does depend explicitly on the
power factor as shown in equation (15).

For ac, the equation and matrices for calculating the pseudo-
inverse are

Sratedeoss ( Sout )2 + PnoLoadLoss _ Pout (l N ]) , (]8)
3 V Srated Srated Srated n

out
( ratedeoss>
2
3 Vout

x= , (19)

( noLoadLoss)
rated

Sout 2 1
Swea) 31 s (20)

, (e2y)

Pou <1 . )
Srated n n

The magnitude of the real input power is equal to the magnitude of
the output real power plus the losses. The relationship of the input
and output reactive power is determined by the design of the ac
apparatus.

Figure 1 displays the efficiency curves for a representative
2.5 MVA 440 VAC 60Hz generator (ABB 2011). Efficiency
curves are displayed as depicted from the data sheet as well as the
associated efficiencies calculated from the elements of x using the
pseudo-inverse method described above (equation 22). Figure 1
clearly demonstrates the ability of the two-parameter elements of
x to accurately estimate the losses and efficiency of the generator
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over a broad range of power and power factor. The slight differ-
ences are likely due to loss mechanisms that are not represented in
the simplified loss model.

<Sratedeoss)
31?2 0.01947
out _ ‘ , ( 2 2)
(PnoLoadLoss> 0.01331
Srated

4. Modeling fuel rates

SFC is typically used to calculate the amount of fuel required to
provide a given power output for prime movers (such as diesel
engines and gas turbines) as well as generator sets. For prime
movers, the output power is the mechanical power at the shaft. For
generator sets, the output power is the electrical power provided to
the power system.

FuelRate = sfc X Py, (23)

When working with this equation, ensuring the units of all the vari-
ables are consistent is critical. The sfc is often expressed in units of
kg/kW-h, and the power is expressed in kW. The resulting fuel rate
is thus kg/h. A fuel rate in kg/h can be converted to kg/s by divid-
ing by 3600.

As with efficiency, one of the challenges with using sfc directly
is that at zero output power, the sfc must be infinite for a nonzero
FuelRate. In general, gas turbines and diesel engines have an idle
fuel rate corresponding to zero output power. Doerry (2022)
recommends modeling the fuel rate directly as a cubic curve
instead of interpolating sfcs to calculate the fuel rate:

FuelRate = r3 Pim + Vzpiut + r1Pout + 10, (24)

The coefficients {ro, 71, r2, and r3} may be estimated from fuel
rates calculated from provided sfc data using the pseudo-inverse
method as described in the previous section or other curve-fitting
techniques. The rq coefficient is the idle fuel rate. If a cubic equa-
tion does not sufficiently fit the data, then additional terms may be
added, or the use of orthogonal functions series (such as Legendre
polynomials or Chebyshev polynomials) may be employed (Doerry
1991).

For virtually all gas turbines and diesel engines, the fuel rate
will always be positive and have a positive slope with respect to
power. In other words, more fuel is required for more power. This
can be easily checked by ensuring the derivative of FuelRate with
respect to Py is not zero for Py, between 0 and P4, and that
and r are positive.

The modeling and simulation tool chosen to perform the analy-
sis may limit one to using fuel rate or sfc curves. If given a choice,
fuel rate curves should be used. In any case, interpolation and
extrapolation of component datasheet values should be based on
fuel rate and not sfc.

5. Power sharing

When the outputs of multiple power sources, such as generators,
inverters, and rectifiers, are connected together, the algorithm for
allocating the load power among these sources should be described
in the appropriate system concept of operations.
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The simplest approach is to specify the output real power, and
for ac sources, reactive power for all but one of the paralleled
sources. The remaining source acts as a “Swing” source which
makes up the difference in the total real and reactive power
required by loads and the total real and reactive power provided by
the other sources. While this is easy to model, it is not reflective of
the way sources typically operate onboard ship.

Typically, sources share real and reactive power in proportion to
their rating. The sharing is implemented either through control sig-
nals, or via droop.

For dc sources using droop, the power provided by a source is a
function of the voltage. Typically, this function is a line character-
ized by a no-load voltage and a percentage of the rated voltage; the
output voltage drops from the no-load voltage at full load. For ac
sources using droop, the real power provided by a source is a func-
tion of the frequency and the reactive power provided by a source
is a function of the voltage. See Doerry (2017) for more details.

Although sharing power in proportion to generator rating is typi-
cally implemented onboard ship, Doerry (2022) demonstrates this
may not be the most fuel-efficient way.

The swing source approach may be used to manually implement
a power-sharing scheme by manually calculating the power each
source should provide for a given total load. Once the total load is
determined, either by manual calculations or an initial simulation,
the appropriate power levels are assigned to all but the “swing”
generator. The value predetermined for the “swing” generator
should be close to the value calculated through the simulation.

6. Modeling and simulation software
6.1. Overview

This paper describes methods to mathematically model the com-
ponents of a power system and to document how these components
are intended to be configured for a specific analysis. The details of
the implementation of these mathematical models, their intercon-
nection to form a system, and the analysis of the systems depends
on the chosen analysis software. Modeling simple systems in a
spreadsheet tool, such as Microsoft Excel, are feasible and often
done. More complex systems may call for modeling and
simulation-based tools, such MATLAB or S3D. The choice of
modeling and simulation tool should be documented in the study
guide. Although S3D is used for the examples in this paper, the
modeling methods presented are widely applicable to many differ-
ent tools.

One of the functions of the modeling and simulation software is
to generate mathematical equations that link the various component
mathematical models. These network equations, along with the
constitutive equations of the component mathematical models,
form an overall set of system equations. The modeling and simula-
tion software includes a system solver to provide a consistent solu-
tion for the set of system equations (Doerry 1991).

6.2. Smart ships system design

S3D is a multidiscipline, systems modeling, and simulation soft-
ware tool integrated with the U.S. Navy’s concept-stage ship
design software applications using the leading edge architecture for
prototyping systems (LEAPS) product model. S3D is developed
jointly by the Naval Surface Warfare Center Carderock Division
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and the University of South Carolina’s Electrical Engineering
Department.

Like many modeling and simulation tools, S3D allows the user
different options for setting up the network equations and for the
system solver. The ac load flow solver provides the complete solu-
tion of the real and reactive (imaginary) components of ac voltages,
currents, and powers. The dc load flow solver ignores the reactive
(imaginary) components of voltages and currents in ac systems; all
results are expressed in terms of real numbers. In many systems,
the impact of reactive power on fuel rates is small and can be
ignored for endurance fuel and annual fuel calculations. The dc
load flow solver allows for a simpler system model, faster run
time, and guaranteed convergence.

S3D is currently capable of performing the steady-state analysis
of integrated electrical, mechanical, and fluid systems. This capa-
bility is ideally matched to the analytical needs for performing
endurance fuel calculations and annual fuel calculations.

7. Modeling components
7.1. Introduction

The following subsections describe how to model prime movers,
reduction gears, propellers and shafting, electrical azimuth thrus-
ters, generators, generator sets, transformers, rectifiers, inverters,
propulsion motor drives, propulsion motors, multiport power-
conversion equipment, energy storage, and ship service loads.

Component models are generally defined in terms of ports, prop-
erties, and constitutive equations. Ports are associated with connec-
tion variables that interact with other component ports through a
network defined on a diagram. Ports are therefore also associated
with a type of diagram. These diagrams are the basis for the net-
work equations and are the way that component models are inte-
grated into system models; the manner in which this is done
depends on the chosen modeling and simulation tool (Doerry
1991).

For example, the networks as defined in S3D diagrams represent
different types of power and energy flow. Other networks may rep-
resent the flow of monitoring and control signals. The S3D dia-
grams that apply to endurance and annual fuel calculations are the
piping diagram, the mechanical diagram, and the electrical dia-
gram. Other modeling and simulation software may define these
networks in a related but different way.

Constitutive equations define relationships among connection
variables based on the component and port properties.

7.2. Prime movers

Prime movers generally have two modeling ports of interest: a
fuel port and a rotating mechanical port.

The fuel port is associated with a pressure and a mass flow rate
of the fuel. The fuel port is modeled as part of a piping diagram.

The rotating mechanical port is associated with a power and a
rotational speed (rpm). The torque can be calculated from the
power and rotational speed. The rotating mechanical port is gener-
ally modeled as part of a mechanical diagram.

Normally the prime mover model constitutive equations are
used to calculate the mass flow rate of the fuel port and the rota-
tional speed of the rotating mechanical port. A system solver
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determines the fuel port pressure and the rotating mechanical port
power based on the appropriate network diagram.

For fuel rate calculations, both gas turbines and diesel engines
may be modeled using the following properties:

Online: {true or false} indicates whether the prime mover is
consuming fuel. If the prime mover has Online = true and is not
providing any output power, then the fuel rate is equal to the
idle fuel rate. If Online = false, the fuel rate is 0.

Specific Fuel Consumption Curve: The sfc curve is typically
defined as a set of coordinates with the x-values corresponding to
output power (kW or MW) and the y-values the corresponding sfc
(kg/kW-h). As indicated previously, this sfc curve should be con-
verted to a Fuel Rate Curve defined as either a set of coordinates,
or as a set of coefficients for a formula to calculate the fuel rate.
Rated Power: The rated power is used to ensure the prime
mover is not overloaded at the rotating mechanical port. Typi-
cally in units of kW or MW.

For diesels and gas turbines, the sfc curve is specific to a given
speed-power curve and is extracted from a sfc map as depicted in
Fig. 2. SFC maps plot iso-sfc curves as a function of rpm (x-axis)
and power (y-axis). SFC maps also depict the power limits for a
given shaft speed (rpm), and the maximum and minimum rated
shaft speeds (rpm).

Models of mechanical drive applications typically assume the
power is proportional to the rpm cubed. The shaft speed at the rated
power is plotted on the sfc map and the cubic curve drawn from that
point. Different propulsion configurations may result in different sfc
curves. For example, the curve for one engine online on a single shaft
will be different than if two engines are online on the same shaft.

Electrical power generation applications for ac distribution sys-
tems will operate at a constant rpm corresponding to the largest
submultiple of 3600 rpm (for 60 Hz operation) that is below the
maximum rated speed. The prime mover power rating should be
derated to the maximum power limit for this speed as depicted on
the sfc curve. For the diesel engine depicted in Fig. 2, the engine
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Fig.2 Diesel sfc map (Guenther 1989)
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would operate at 1200 rpm (1/3 of 3600 rpm). At this speed, the
continuous power rating of 6120kW could still be used. If the
engine operates at 900 rpm (1/4 of 3600 rpm), the engine would be
derated to roughly 4250kW. While operating at the lower speed
results in a substantial loss of maximum power, the fuel efficiency
is improved as indicated by the lower sfc contours along the con-
stant 900 rpm line as comparted to the constant 1200 rpm line.

Electrical power generation applications for dc distribution sys-
tems would be expected to operate at the speed corresponding to
the lowest sfc for a given power level. Although this results in vari-
able frequency output power, the rectifier can be designed to han-
dle the expected range of frequencies. Because of variable speed
operation, the engine need not be derated. If the ship is anticipated
to have large power transients, the sfc curve may be adjusted away
from the power limit for a given shaft speed. This improves the
ability of the engine to respond to transient power needs at the cost
of increased fuel consumption.

As depicted in Fig. 3, gas turbines have similar sfc maps. The
difference in sfc values for mechanical drive, fixed frequency ac
power generation, and variable speed for dc power generation are
not as great as for diesel engines.

7.3. Reduction gears

Reduction gears generally have two types of modeling ports of
interest: input rotating mechanical ports and output rotating
mechanical ports. A reduction gear may have one or more input
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Fig. 3 Gas turbine sfc map (USNA 1979)
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rotating mechanical ports and may have one or more output rotat-
ing mechanical ports. In certain special cases, such as in some
hybrid electric drives, a rotating mechanical port may be bidirec-
tional. Reduction gears with one input port and two output ports
are splitting gears, while reduction gears with two input ports and
one output port are combining gears. Combining gears are com-
monly used in mechanical drive applications. Some ships use a
combination of combining and splitting gears.

The rotating mechanical port is characterized by a power and a
rotational speed (rpm). The torque can be calculated from the
power and rotational speed.

Normally, the reduction gear model specifies the relationship
between the input and output port rotational speeds and the rela-
tionships of the powers on the input ports with the power on the
output ports. A system solver determines the rotating mechanical
port power of all but one of the ports and the rotational speed of
the other port.

Reduction gears may be modeled using the following properties:

Input port Rated Speed and Output port Rated Speed. These
properties are used to determine the gear ratios between the
input and output ports.

Efficiency curve. The efficiency curve is typically defined as a
set of coordinates with the x-values corresponding to output
power as a fraction of the rated output power and the y-values
corresponding to the efficiency. As indicated previously, this
efficiency curve should be converted to a loss curve defined as
either a set of coordinates, or as a set of coefficients for a for-
mula to calculate the fuel rate.

Rated power. The rated power at the output port. Used to ensure
the reduction gear is not overloaded.

A simplified model of the losses in a reduction gear uses two
coefficients (k,, and kp)

PLoss _ kn Nout +kP Pout , (25)
P outRated NoutRated P outRated
P
n= 55—, (26)
P out + P Loss
PLoss _ Pout (l _ 1)’ (27)
P outRated P outRated \ ]

Although the no-load losses are modeled as a proportional constant
with respect to output shaft speed, the actual loss mechanisms are
more complex (Michaelis et al. 2011). The assumed relationship
generally results in loss estimates with acceptable levels of accu-
racy. For mechanical drive applications, the output power can be
assumed to be proportional to the cube of the output shaft speed. In
this case, the losses can be approximated by
1

Loss Fout : I out
Mo _ +k , 28
<P ) p (28)

P outRated outRated outRated

For reduction gears with multiple input ports, the losses are calcu-
lated based on the power on the output ports and must be appor-
tioned to the input ports. Normally, the losses are apportioned
based on the power provided by the input ports; the losses provided
by an input port divided by the total power provided by the input
port is a constant for all the input ports. In many cases, it may be
adequate to equally apportion the losses to all input ports with an
online prime mover.
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Fig. 4 Reduction gear efficiency

During some configurations, such as when only a single shaft is
powered and the other trailed, the relationship between shaft speed
and output power should be separately determined and the more gen-
eral equation employed. The more general equations should also be
used for applications employing controllable pitch propellers.

Based on data provided by Mowers (1992), the range of losses
for a marine double reduction gear can be approximated by

High efficiency: k&, = .004866 kp = .01036
Low efficiency: &, = .007686 kp = .01272

Figures 4 and 5 present the efficiency and losses as a fraction of
output power for these coefficients. The graphs assume that the
power is proportional to the cube of the shaft speed.

The losses for a single reduction gear would be roughly half that
for a double reduction gear.

Radzevich (2012) states the range of efficiency for each stage of
double helical gears is from 97% to 99.5%, which generally agrees
with the data from Mowers (1992) used to generate Figs. 4 and 5.

7.4. Propellers and shafting

Propellers and shafting are typically modeled using a shaft port
associated with a mechanical diagram and a property for specifying
the ship’s speed.

Reduction Gear Losses
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Fig.5 Reduction gear losses
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Propellers and shafting are modeled as a ship speed—power
curve and a shaft speed—power curve. These curves estimate
power and shaft speed at the output shaft of reduction gears and
propulsion motors. These curves depend on the hull resistance
characteristics, appendage resistance characteristics, propeller char-
acteristics, propeller—hull interaction characteristics, powering
margin, shaft bearing losses, shaft seal losses, thrust bearing losses,
and the propulsion system concept of operations. Different opera-
tional conditions may result in different curves if the proportion of
propulsion power provided by each shaft changes. For example,
some operational conditions may specify that at low speeds only
one shaft be powered and other shafts freewheel in what is known
as trail-shaft operation. Other operational conditions may specify
that all shafts provide power in equal proportion to their rated
power.

The shaft speed—power curve is used in mechanical drive con-
figurations to extract the specific fuel consumption curve from the
prime mover sfc map. This curve is used in electric drive config-
urations to ensure the propulsion motor has the capability to oper-
ate over the curve.

Losses due to shaft bearings, shaft seals, and thrust bearings
depend on the design details and for large ships can at maximum
shaft speed be in the range of 10 to 100s of kW (Komar et al.
2013). The losses at less than maximum shaft speed are generally
less, but the relationship is complex and depends on design details
not often available to the modeler. Many times, the impact of these
losses is neglected and assumed to be within the margin of error of
the ship’s speed power curve.

In very early studies where a ship’s hull has not even been
defined yet, a shaft power is estimated for a given ship speed based
on analogy to another ship design. The powers at other ship speeds
are estimated assuming the power is proportional to the cube of the
ship speed. Similarly, the shaft rpm at a given ship speed is esti-
mated, and the shaft speeds at other ship speeds are estimated
assuming the shaft speed is proportional to the ship speed.

7.5. Electrical azimuth thrusters (Pods)

Electrical azimuth thrusters are modeled using an electrical port
and a property for specifying the ship’s speed. The model incorpo-
rates the same subcomponents as for propeller and shafting, but
also includes the motor and motor drive. Hence, the power in the
ship speed—power curve is the electrical power at the electrical
port. This electrical port is connected to the ship’s distribution sys-
tem and is typically a constant frequency (60 Hz). The power at the
electrical port includes the losses of the propeller, shafting, motor,
and motor drive.

As with the propellers and shafting, different operational condi-
tions may result in different ship speed—power curves.

7.6. Generators

Many times, generators are modeled together with the prime
mover as part of a generator set. In some cases, it may be desirable
to model the generator separately

1) Data are available for the prime mover and generator separately.

2) The generator is not part of a traditional generator set, such as
a power take off generator on a reduction gear.

3) Multiple generators are connected to the same prime mover.
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Table 2 Transformer losses

Power rating Efficiency No-load Losses due (Smd Rm) (P.mx ot N)
Power rating (MVA) (MW) at .8 PF category losses (kW) to load (kW) 2 Stated
1.0 .8 B .94 9.0 .009000 .000940
1.6 1.3 B 1.45 14.0 .008750 .000906
2.0 1.6 B 1.80 18.0 .009000 .000900
2.5 2.0 B 2.15 22.0 .008800 .000860
1.0 .8 A 77 7.6 .007600 .000770
1.6 1.3 A 1.20 12.0 .007500 .000750
2.0 1.6 A 1.45 15.0 .007500 .000725
2.5 2.0 A 1.75 18.5 .007400 .000700

A generator generally has two modeling ports of interest: a
mechanical port connected to the prime mover, and an electrical
output port providing ac power to connected components. A gener-
ator can be modeled by the following properties.

Rated apparent power: the rated apparent power of the output
port.

Rated power: the rated power at the output port. The rated power
is equal to the rated apparent power times the rated power factor.
For most generators connected to an ac distribution system, the
rated power factor is typically .80.

Efficiency curve: expressed as a percentage (0—100) as a func-
tion of percentage of rated apparent power. Should be converted to
losses as a function of percentage (0—100) of rated apparent power.
The losses are added to the real power at the output port to calcu-
late the power at the mechanical port.

Rated mechanical speed (rpm): used to ensure a match between
the prime mover and the generator. For constant frequency opera-
tion, the rated mechanical speed is typically the same as the operat-
ing speed and is a submultiple of 3600 rpm for 60 Hz operation and
a submultiple of 3000 rpm for 50 Hz operation. If the output of the
generator is intended to be immediately rectified, then the rated
speed is not limited and the operating speed may be less than the
rated speed.

Rated frequency (Hz): the rated frequency is used to ensure a
match between the generator output port and load equipment. For
ac distribution systems, the rated frequency is typically 60Hz
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Fig.6 Comparison of motor efficiencies (adapted from Patel 2012)
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(or 50Hz). If the output of a generator is intended to be immedi-
ately rectified, the rated frequency is not limited.

Rated voltage (V): the rated voltage is used to ensure the genera-
tor output port voltage matches that of the distribution system and
load equipment.

Load sharing parameters: a generator model will require one or
more parameters to implement the desired load-sharing approach.

For multimegawatt generators operating at rated voltages
between 1 and 15kV, the efficiencies at full load typically fall
within the range of 96% and 98%. The respective no-load losses
are 1.3% and 1% of rated apparent power. These parameters trans-
late to the following range of properties for these generators:

<Sratedeoss>
312 0.0287 0.0104
out = ‘ ‘ () ‘ s (29)
<PnoL0adLoss) 0.013 0.010
Srated

7.7. Generator sets

Generator sets for ac distribution consist of a prime mover (usu-
ally either gas turbine or diesel, but could be a steam turbine) and a
generator. Generator sets for dc distribution may also include the
rectifier or the rectifier may be modeled separately. The real power
rating of an ac generator set can be no greater than the power rating
of the prime mover multiplied by the efficiency of the generator at
that input power level. The real power rating of a dc generator set
should also include the efficiency of the rectifier.

Although the sfc curve for a prime mover is defined with respect
to the output mechanical power, the sfc curve for a generator set is
defined with respect to the output electrical power.

7.8. Transformers

High power transformers that link primary distribution systems
(typically with a nominal system voltage greater than 1000 V) to
low voltage distribution systems (typically with a nominal system
voltage between 400 and 1000 V) are normally modeled in fuel cal-
culations because the losses they incur can be significant.

Smaller distribution transformers that transform the low voltage
distribution system to even lower voltage secondary distribution
(typically with a nominal system voltage below 400 V) are nor-
mally not directly modeled. Instead, these distribution transformers
and all the loads they service are lumped together into a single
proxy load.
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Table 3 Generator set schedule without energy storage example

Generator set 1A

Generator set 1B

Generator set 2A

Generator set 2B

Rating (MW) 20 5 20 5
Total load up to 9.5 Offline Share Offline Share
9.5-23.75 Share Offline Offline Share
23.75-28.5 Share Share Offline Share
28.5-38 Share Offline Share Offline
38-42.75 Share Share Share Offline
42.75-50 Share Share Share Share

Table 4 Generator set schedule with energy storage example

Generator set 1A

Generator set 1B

Generator set 2A

Generator set 2B

Rating (MW) 20 5 20 5
Total load upto5 Offline Online Offline Offline
5-10 Offline Share Offline Share
1020 Online Offline Offline Offline
20-25 Share Offline Offline Share
25-30 Share Share Offline Share
30-40 Share Offline Share Offline
4045 Share Share Share Offline
45-50 Share Share Share Share
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Fig. 7 Example electrical system model
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Fig.8 Example propulsion system model

For the purposes of fuel calculations, transformers are usually
modeled as an efficiency curve and two ports: an electrical
primary port and an electrical secondary port. Losses in the
transformer should be calculated based on the apparent power
delivered to the load via the secondary port. These losses are
added to the real power on the primary port. The reactive
power on the primary port is usually set equal in magnitude to
the reactive power on the secondary port; the impact of the
transformer on the reactive power is typically not modeled in
early stages of design.
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If the losses of the transformer being modeled are known, then
the known data should be used in parameterizing the transformer
model. If details on the transformer design are not known, then the
performance can be bounded using the data from Table 2 which is
based on ABB (2015).

7.9. Rectifiers

Rectifiers have two electrical ports. The input port is typically a
three-phase ac power port and the output port is a dc power port.
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Table 5 Run matrix

Motor 3 Motor 4

Motor 2

Generator Generator Generator

Generator

ELOAD 2

ELOAD 1

(MW)
(15 MW

rating)

(MW)
(15MW
rating)
Offline

(MW)
(15MW
rating)
Offline

Motor 1 (MW)

set 4
(10MW

rating)

set 3

(10MW

set 2

(25MW

set 1
25MW
rating)
Offline

(port)

2(MW)

(stbd)

(MW)

(15MW

rating)

Speed
(knots)

Note

rating)

rating)
Offline

Temp (F)

Run

Economic transit

24
2.2
2.3

2.1

46
46
46

5.

5.46

9.5 MW
9.5 MW
9.5MW

Swing
Swing

Swing

17
17
17

10
50
100

Economic transit

1.8
2.0

46 Offline Offline 5.
5.46
10.94 2.1

10.94
10.94

5.

Offline Swing

Offline

Economic transit

Offline 5.

Offline

Swing
Offline

Offline
23.75MW
23.75 MW
23.75 MW

Offline

Surge to theater

2.4
22
2.3

10.94
10.94
10.94

10.94
10.94
10.94

10.94
10.94
10.94

23.75 MW
23.75 MW
23.75 MW

10
50
100

Surge to theater

1.8
2.0

Offline

27

Surge to theater

Swing

Offline

27

For fuel rate calculations, the principal property for rectifiers is the
efficiency curve. The efficiency of a rectifier depends on the tech-
nology employed.

If the losses of the rectifier being modeled are known, then the
known data should be used in parameterizing the rectifier model.

Although passive rectifiers have high efficiency, they also have
high levels of harmonic currents that must be addressed in the sys-
tem design. The results of notional designs for passive rectifiers
ranging from 3 to 30 MW indicate that a constant efficiency of
.999 is reasonable for nominal system voltages above 1kV. This
assumes that conduction losses are dominate, and commutation
losses are minimal.

For active and controlled rectifiers with rated power above
100kW, performance depends on rectifier topology (Wu et al.
2015; Abeynayake et al. 2021) and is usually bounded by

e Low efficiency: 96% efficiency at rated power, no-load losses
of 1% of rated output power.

e High efficiency: 99% efficiency at rated power, no-load losses
of .5% of rated output power.

This translates into

Py
0.005 = ~notoadboss 4 o1, (30)

rated

P ratedeoss

2
out

0.0051 = =0.0317, 31)

The displacement power factor on the ac input to the rectifier is
generally close to unity; the voltage and current waveforms are
usually close to being in phase. The distortion power factor mea-
sures the impact of frequencies other than the fundamental fre-
quency on the ratio of real power to apparent power; it depends on
the type of filtering used with the rectifier. Hence, the total power
factor, which is the product of the two, depends heavily on the dis-
tortion power factor. In many fuel rate analyses, the impact of the
distortion power factor is ignored. Ignoring distortion power factor
in early stages of design is reasonable since the design detail is not
sufficient to adequately estimate its impact, and the impact is likely
within the bounds of error acceptable during early stage design. In
later stages of preliminary and contract design when more detail is
known, the impact of the distortion power factor should be
incorporated.

7.10. Inverters

Inverters have two electrical ports. The input port is a dc power
port and the output port is a three-phase ac power port. For fuel
rate calculations, the principal property for inverters is the effi-
ciency curve. The efficiency of an inverter depends on the technol-
ogy employed.

If the losses of the inverter being modeled are known, then the
known data should be used in parameterizing the inverter model.

The loss mechanisms of an inverter are similar to that for a recti-
fier; hence, the loss/efficiency curves are similar.

Low efficiency: 96% efficiency at rated apparent power, no-load
losses of 1% of rated output apparent power.

High efficiency: 99% efficiency at rated apparent power,
no-load losses of .5% of rated output apparent power.
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Fig.9 Modeling proxy fuel system to calculate total fuel rate

Table 6 Fuel rate results

Ambient
Speed Fuel rate condition
Run Temp (F) (knots) (kg/s) profile
1 10 17 972 25
2 50 17 944 .50
3 100 17 961 25
Ambient cond. profile 17 955
4 10 27 3.34 25
5 50 27 3.31 .50
6 100 27 3.33 25
Ambient cond. profile 27 3.323
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This translates into

0.005 = PnoLoadLoss =0.010, (32)
rated
SeatedR

0.0051 < % =0.0317, (33)

out

7.11. Propulsion motor drives

Propulsion motor drives convert the power from the voltage and
frequency of the main power distribution system to the voltage and
frequency needed by the motor.
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Table 7 Example ship service electrical load Table 8 Example operational profile
Ship service load (kW) Operational profile
Cruise with self defense Mission Speed (knots) Fraction time
Temperature (°F) Starboard Port Starboard Port 5 250
10 2100 2400 3600 3900 1(5) ;23
59 1800 2200 3300 3700 5 100
100 2000 2300 3500 3800 54 050

If the input power from the distribution bus is dc, then one or
more inverters may be used to model the motor drive. At low
power levels, one or more inverters may be shut down to reduce
the losses and thereby improve efficiency.

If the input power from the distribution bus is ac, then a motor
drive is typically modeled as one or more rectifiers powering one
or more inverters. In some cases, the inputs and outputs of the rec-
tifiers are connected in parallel, and the inputs and outputs of the
inverters are connected in parallel; the group of paralleled rectifiers
is connected in series with the group of paralleled inverters. In
other cases, the series connections of a rectifier and an inverter are
paralleled. At low power levels, one or more rectifiers and inverters
may be shut down to reduce the losses and improve efficiency.

Often, an input transformer is included in motor drives connected
to an ac distribution bus. This transformer may be used to adjust
voltage levels as well as reduce the magnitude of harmonic currents.

The propulsion system concept of operations should provide
guidance on the number of online rectifiers and inverters for a
given propulsion power level.

In conducting the fuel rate analysis, it may prove beneficial to
combine the multiple transformer, rectifier, and inverter models
into a single model with a single efficiency/loss curve. This com-
bined model should account for impacts, if any, of the propulsion
system concept of operations.

When combining component models, the modeler should be
cognizant that each component comprising the motor drive may
have different rated powers. The power rating for a rectifier for
example, should be equal to or greater than the power rating of the
inverter divided by the efficiency of the inverter at rated power. As
such, working directly with losses rather than efficiencies is less
likely to result in calculation errors.

7.12. Propulsion motors

Propulsion motors convert the electrical power from the motor
drive to the rotational mechanical power provided to the propeller
and shafting. The behavior of the propulsion motor is defined by
its efficiency curve as a function of percent rated mechanical
power. The efficiency is the ratio of the output mechanical power
divided by input electrical power.

Some designs incorporate multiple propulsion motors on the
same shaft. In these cases, the propulsion system concept of opera-
tions should identify how the mechanical power is shared among
the motors on the same shaft. At low powers, one of the motors
may be turned off to conserve power.

Some motors have the ability to turn off sections of the motor at
low speeds to improve efficiency. Once again, the propulsion sys-
tem concept of operations should indicate when sections of the
motor are turned off.

MONTH 2023

The efficiency of a propulsion motor depends on the technology
employed. Figure 6 depicts efficiency curves for several types of
propulsion motors. If actual efficiency data are not available for a
particular study, these curves may be employed as a representative.
The loss curve coefficients may be derived from this figure.

In some cases, it may be easier to model the propulsion motor as
an electrical load that is a function of the ship speed. This model
combines the impact of the propeller and shafting with the propul-
sion motor.

The power factor of the motor depends on the technology of
both the motor and the motor drive. Most modern drives operate
the propulsion motor at a power factor close to 1.0.

7.13. Multi-port power conversion equipment

Some power systems incorporate power electronic power con-
version equipment with more than one input port or more than one
output port. The efficiency of these components depends on their
internal architecture and the technologies used to implement sub-
components. Typically, the subcomponents can be modeled as
transformers, inverters, or rectifiers and their behaviors combined
to develop an overall model of the equipment.

7.14. Energy storage

Whether to and how to model energy storage depends on the
intended purpose of the energy storage. As described by Doerry

Table 9 Speed power profile

Speed Power (MW)
.000
1 .002
2 .018
3 .060
4 142
5 28
6 48
8 1.14
10 2.22
12 3.84
15 7.50
17 10.92
20 17.78
22 23.66
25 34.72
27 43.74
30 60.00
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Fig. 10 Example 1 S3D using electrical diagram

Table 10 Representative data sheet data for generator sets

Generator set 1 Generator set 2 Generator set 3 Generator set 4
Power rating (MW) 25 25 10 10
Rated voltage (kV) 13.8 13.8 13.8 13.8
sfc at 50% power (kg/kW-h) 328 328 208 208
sfc at 75% power (kg/kW-h) 283 283 204 204
sfc at 100% power (kg/kW-h) 261 261 202 202
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Fig. 11 Linear regression for generator sets 1 and 2 fuel rates
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Table 11 Calculated and original sfc data points for generators 1

Table 12 Calculated and original sfc data points for generators 2

and 2 and 3

Fraction of Power Fuel rate SFC (calc) SFC (data)  Fraction of Power Fuel rate SFC (calc) SFC (data)
rated power (MW) (kg/h) (g/kW-h) (g/kW-h) rated power (MW) (kg/h) (g/kW-h) (g/kW-h)
.10 2.50 2171 868 .10 1.00 258 258

15 3.75 2413 643 15 1.50 356 237

.20 5.00 2654 531 .20 2.00 454 227

25 6.25 2895 463 25 2.50 552 221

30 7.50 3137 418 .30 3.00 650 217

40 10.00 3620 362 40 4.00 846 211

.50 12.50 4102 328 328 .50 5.00 1041 208 208
.60 15.00 4585 306 .60 6.00 1237 206

75 18.75 5309 283 283 75 7.50 1531 204 204
.90 22.50 6033 268 .90 9.00 1825 203

1.00 25.00 6516 261 261 1.00 10.00 2021 202 202

and Amy (2011) and Doerry (2017) and aligned with IEEE Std.
45.1, (IEEE 2017) possible energy storage functions include

ESM-F1: Hold up mission critical loads that require uninterrup-
tible power during short term power interruptions during the
clearing of faults and during reconfiguration. The time period is
on the order of milliseconds to seconds.

ESM-F2: Provide back-up power when there is insufficient gen-
eration capacity online for as long as it takes to bring the backup
generator online. The time period is on the order of minutes.
ESM-F3: Provide emergency power to start a generator set. The
time period is on the order of minutes.

ESM-F4: Provide load leveling and peak shaving to provide a
near constant or slowly changing load to the prime movers.
ESM-F5: Provide Primary power for the ship. The energy stor-
age may provide all the power required by the ship or may aug-
ment the power provided by generator sets.

Energy storage intended to fulfill functions ESM-F1 and ESM-
F3 is typically not modeled in fuel rate studies; the energy storage
has minimal impact on fuel consumption.

Energy storage implementing ESM-F2 or ESM-F4 impacts sys-
tem modeling primarily through the electrical power system

concept of operations. The ESM-F2 function, with appropriate
energy and power rating, can enable loads to be served should an
online generator trip offline; thereby improving fuel efficiency by
enabling fewer generator sets to be online for redundancy. The
ESM-F4 function can enable operating generator sets closer to their
rated load; fuel economy can be improved by delaying bringing on
additional generator sets.

Energy storage implementing ESM-F5 should be modeled
because the energy storage will reduce or eliminate the power pro-
vided by the generator sets. It may be necessary to model both the
case where the energy storage is providing energy, and the case
where the energy storage is depleted, and the generator sets are
providing all the power.

To properly model the discharge of energy storage implement-
ing ESM-F5, the discharge efficiency as a function of discharge
power (kW) should be defined as well as the rated energy capacity
(kJ) of the energy storage, the depth of discharge, and the state of
charge (SOC). The rated energy capacity is the energy that can be
extracted from the energy storage assuming the discharge effi-
ciency is 1.0. The depth of discharge is the fraction of the rated
energy capacity that can be effectively used without causing dam-
age to the energy storage. For a given discharge power, the time to

Generator Set 1 and 2 Calculated SFC
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Fig. 12 Generator sets 1 and 2 calculated sfc curve
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Table 13 Ship service transformer efficiency

Table 15 Propulsion drive efficiency

percent of rated MVA Efficiency  Percent of rated MW Efficiency
1.08 94.23 1.02 40.47
2 96.79 2 57.12
3 97.83 3 66.62
4 98.35 4 72.65
5 98.66 5 76.81
6 98.87 6 79.86
8 99.12 8 84.00
10 99.27 10 86.67
12 99.37 12 88.53
14 99.43 14 89.89
17 99.49 17 91.35
20 99.52 20 92.38
30 99.56 30 94.22
40 99.54 40 95.01
50 99.50 50 95.35
70 99.39 60 95.46
100 99.20 70 95.44
80 95.34
90 95.19
100 95.00

deplete (Zgischarge) the energy storage is given by

((SOC) — (1 — Depth of Discharge))
(Rated Energy Capacity)(Discharge Efficiency)

>

Lais - :
discharge (Discharge Power)

(34

The electrical power system concept of operations should define
the initial SOC that should be used for endurance calculations as
well as the method to calculate the endurance conditions to incor-
porate the time; the energy storage is discharging as well as the
time that the system is powered without energy storage.

If batteries are used for energy storage, they are typically rated
in Amp-hours and their discharge characteristics measured in terms
of their 1C-rate which is the amount of current (A) that can be
drawn from the battery to completely discharge it from a SOC of
1.0 in 1 hr. A 5C rate would be five times the 1C rate.

Table 14 Propulsion transformer efficiency

percent of rated MVA Efficiency
1.03 94.39
2 97.02
3 97.98
4 98.47
5 98.76
6 98.95
8 99.18
10 99.32
12 99.40
14 99.46
17 99.52
20 99.55
30 99.57
40 99.55
50 99.51
70 99.39
100 99.20

At the 1C rate, the total energy extracted (kW) from the battery
would be

Energy Extracted = (1C rate)(Voltage)(3600 s) x 1073, (35)
The efficiency at the 1C rate is thus
Energy Extracted

Efficiency at 1C rate = (36)

Rated Energy Capacity’

If the no-load losses are assumed to be zero, then (P ”‘;"ZRI"“) can be
calculated based on equation (5). o

The energy storage component may incorporate power electron-
ics between the battery or other energy storage technology and the
electrical distribution bus. This power converter should either be

Table 16 Propulsion motor efficiency

Percent of rated MW Efficiency
1.01 23.96
2 38.42
3 48.33
4 55.49
5 60.90
6 65.13
8 71.31
10 75.61
12 78.77
14 81.18
17 83.89
20 85.88
30 89.84
40 91.88
50 93.07
60 93.82
70 94.32
80 94.64
90 94.86
100 94.99
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Fig. 13 Propulsion motor efficiency curve

Table 17 Example 1 generator set scheduling table

Generator set 1

Generator set 2

Generator set 3 Generator set 4

Rating (MW) 25

2 < Total load < 10.5 MW Offline
10.5 < Total load < 19 MW Offline
19 < Total load < 25.75 MW Swing
25.75 < Total load < 33.25MW 23.75 MW
33.25 < Total load < 42.75 MW 23.75 MW
42.75 < Total load < 47.5 MW Swing
47.5 < Total load < 57 MW 23.75 MW
57 < Total load < 66.5 MW 23.75 MW
66.5 < Total load < 70 MW 25 MW

25 10 10
Offline Swing 1MW
Offline Swing 9.5 MW
Offline Offline 2MW
Offline Offline Swing
Offline 9.5 MW Swing
23.75 MW Offline Offline
23.75MW Offline Swing
23.75 MW 9.5 MW Swing

25MW 10MW Swing

modeled as a separate component, or its efficiency combined with
the efficiency of the energy storage.

7.15. Ship service loads

Ship service loads, including all loads not associated with elec-
tric propulsion, are estimated for each operational condition and
ambient condition based on the results of an EPLA as detailed in
NAVSEA DDS 310-1 Rev 1 (also known as DPC 310-1) or IEEE
Std. 45.1 (IEEE 2017). Ship service loads include mission loads.
An alternate approach is to estimate the ship service load based on
analogy with similar ships.

The detail to which the ship service load is estimated depends
on the system architecture. In many cases, the ship service load can
be lumped together into a proxy load at the switchboard level.

In other cases, it may be necessary to model the ship service load
at the load center level.

If the electrical load of a component is large, variable, and
depends on the electrical load of other equipment, then it may be
desirable to directly model these components within the system
simulation. This may be the case for ships with modern chilled
water systems.

8. System concepts of operations

A system concept of operations defines how the designer intends
for the system to be configured and employed for different opera-
tional conditions. For fuel rate calculations, the electrical power
system concept of operations and the propulsion system concept of
operations are required at a minimum.

Table 18 Example 1 propulsion motor scheduling

Propulsion motor 1

Propulsion motor 2

Propulsion motor 3 Propulsion motor 4

Rating (MW) 15
0 < Total propulsion < 30 MW 1/2 Power
30 < Total propulsion < 60 MW 1/4 Power

15 15 15
Offline Offline 1/2 Power
1/4 Power 1/4 Power 1/4 Power
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Table 20 Example 1 results from simulation and fuel calculations

Ambient Operational
condition Operational profile fuel Required Required Burnable
Run Temp (F) Speed (knots)  Fuel rate (kg/s) profile profile rate (kg/s) range (NM) time (hr) fuel (t)
1 10 17 971 25
2 50 17 .943 .50
3 100 17 .960 25
Ambient 17 .954 N/A 5000 294.1 1061
cond. profile
4 10 27 3.82 25
5 50 27 3.8 .50
6 100 27 3.81 25
Ambient 27 3.808 N/A 2000 74.1 1066
cond. profile
7 10 5 .542 25
8 50 5 514 .50
9 100 5 .530 25
Ambient 5 525 25 131
cond. profile
10 10 10 .648 25
11 50 10 .621 .50
12 100 10 .637 25
Ambient 10 .632 .35 221
cond. profile
13 10 15 942 25
14 50 15 914 .50
15 100 15 931 25
Ambient 15 925 25 231
cond. profile
16 10 20 1.97 25
17 50 20 1.94 .50
18 100 20 1.96 25
Ambient 20 1.953 .10 195
cond. profile
19 10 25 3.44 25
20 50 25 341 .50
21 100 25 343 25
Ambient 25 3.423 .05 171
cond. profile
Operational presence fuel rate (kg/s) = 950 300 1077

When conducting the EPLA, additional system concepts of
operations may be required. These systems have loads that are sig-
nificant and their load models depend on how they are operated.
Consideration should be given to defining operating assumptions
for at least the following:

e Mission Systems
o Chilled Water Plant

Table 21 Example 1 calculations for fuel tank volume
requirements
Economical transit burnable fuel load (t) 1061
Surge to theater burnable fuel load (t) 1066
Operational presence burnable fuel load (t) 1077
Design burnable fuel load (t) 1077
Tailpipe allowance 95
Endurance fuel load (t) 1134
Density of fuel (kg/L) = (t/m’) .84
Fuel tank volume requirement (m®) 1447

MONTH 2023

e Distilling Plant
e Heating and Ventilation
e Fire Pumps

8.1. Electrical power system concept of operations

The electrical power system concept of operations defines, for a
given total electrical power demand and operational condition

1) The state (open or closed) of all switchgear switches (or cir-
cuit breakers).

2) Which generator sets and other sources are online. Normally
presented as a generator set scheduling table.

3) How real and reactive (if applicable) power is shared among
the online generator sets.

In establishing the generator set scheduling table, the following
should be considered:

e For a given power level, the combination of generator sets that
can together can supply the power at the lowest fuel rate while
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Table 22 Example 2 generator set scheduling table

Generator set 1

Generator set 2

Generator set 3

Generator set 4

Rating (MW) 25 25 10 10

Gensets 3 and 4 power own ship service load and own motor up to Offline Offline Swing Swing
95% loading.

Genset 1 powers own ship service load and both motors up to 95% Swing Offline Offline Swing
loading. Genset 4 powers own ship service load

Genset 1 and 3 power own ship service load and both motors up to Swing Offline 2MW Swing
95% loading of Genset 1. Genset 4 powers own ship service load

Genset 1 and 3 power own ship service load and both motors up to 23.75 MW Offline Swing Swing
95% loading of Genset 3. Genset 4 powers own ship service load

Gensets 1 and 2 power own ship service load and own motor up to Swing Swing offline Offline
95% loading.

Gensets 1 and 3 and 2 and 4 power own ship service load and own Swing Swing 2MW 2MW
motor up to 95% loading of Gensets 1/2.

Total load <67.5 MW 23.75 MW 23.75 MW Swing Swing

meeting other constraints, such as quality of service (IEEE
45.1 IEEE 2017), the ability to support large cycling. momen-
tary, or pulsed loads, and the ability to rapidly increase ship
speed, should be used.

Otherwise generator sets should be loaded up to a maximum of
95% of their maximum rating.

e If possible, generator set scheduling should avoid having gen-
erator sets operate lightly loaded. Data sheets should be con-

e For early stage calculations where precise knowledge of fuel sulted to determine the lowest load at which a prime mover
rates is not known, online generator sets sharing load in pro- should continuously operate. For modern gas turbines and die-
portion to their rating should be close to the optimum power sels, this is typically on the order of 20% of the generator set
sharing strategy. If detailed knowledge of generator set fuel rating.
rates is known, the methods of Doerry (2022) should be e The operational condition, regulation or stated operator prefer-
considered. ence may call for a generator set loading optimized for a utility

e In many cases the fuel rate of a generator set as a function of function other than fuel economy. The generator set loading
power is nearly linear with a y intercept equal to the no-load should reflect the stated optimization utility function. Examples
fuel rate. If two generator sets are paralleled, preference for of alternate utility functions would be a requirement for rolling
supplying power should be given to the one with the lower reserve (excessive generation capacity) for infrequently used
slope of this function. The no-load fuel rate is the “price of but important high-power equipment or rolling reserve to
entry” for bringing the generator set online. enable continued mobility when in restricted maneuverability.

e Usually, the lowest fuel rate will occur when the fewest num- Warships typically have a requirement for rolling reserve dur-
ber of generator sets are online; one pays the “price of entry” ing battle conditions.
of no-load losses the fewest number of times. In some cases, e Maintenance costs of generator sets are usually proportional to
multiple small generator sets may be more fuel efficient than a the number of operating hours. To minimize life cycle costs, if
single large generator set. This is often the case when a power two combinations of online generator sets have nearly the
system has a combination of small diesel generator sets (with same fuel rate for the same load, the combination with the few-
very low no-load losses) and large gas turbine generator sets est number of online generator sets is preferred.

(with large no-load losses). P ] lectrical " i £t

o If energy storage fulfilling ESM-F2 is not installed, then at or exampie, an Ciectrical pOWer: sysiemm consising ot two
least two generator sets should be online at all times the ship is 20MW generator set.s and two S MW generator sets.are normally
underway. operated.w1th all online generator sets paralleled. This system has

o [f the ship has adequate controls to prevent overloading of gen- no assom_ated energy storage. The electrical power system concept
erator sets, or the ship has energy storage fulfilling ESM-F4, of operations would state
then generator sets may be loaded up to their maximum rating. 1) All breakers in the switchboards are closed.

Table 23 Example 2 propulsion motor scheduling table
Propulsion motor 1 ~ Propulsion motor 2 Propulsion motor 3  Propulsion motor 4

Rating (MW) 15 15 15 15

Genset 3 and 4 online, Genset 1 and 2 offline. Propulsion <20 MW 1/2 Power Offline Offline 1/2 Power

Genset 1 online Genset 2 offline Propulsion <30 MW 1/2 Power 1/2 Power Offline Offline

Genset 1 and 2 online, Propulsion <30 MW 1/2 Power Offline Offline 1/2 Power

30 MW < Propulsion < 60 MW 1/4 Power 1/4 Power 1/4 Power 1/4 Power
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Table 25 Example 2 results from simulation and fuel calculations

Ambient Operational
Speed Fuel rate condition Operational profile fuel Required Required Burnable
Run Temp (knots) (kg/s) profile profile rate (kg/s) range (NM) time (hr) fuel (t)
1 10 17 972 25
2 50 17 944 .50
3 100 17 961 25
Ambient 17 955 N/A 5000 294.1 1062
cond. profile
4 10 27 3.84 25
5 50 27 3.81 .50
6 100 27 3.83 25
Ambient 27 3.823 N/A 2000 74.1 1070
cond. profile
7 10 5 .54 25
8 50 5 513 .50
9 100 5 .529 25
Ambient 5 524 25 0.131
cond. profile
10 10 10 .648 25
11 50 10 .62 .50
12 100 10 637 25
Ambient 10 .631 .35 221
cond. profile
13 10 15 942 25
14 50 15 914 .50
15 100 15 931 25
Ambient 15 925 25 231
cond. profile
16 10 20 1.97 25
17 50 20 1.94 .50
18 100 20 1.95 25
Ambient 20 1.950 .10 195
cond. profile
19 10 25 3.44 25
20 50 25 341 .50
21 100 25 343 25
Ambient 25 3.423 .05 171
cond. profile
Operational presence fuel rate (kg/s) = .949 300 1077

2) For a given total ship electric load, the online generator sets to
use in the calculations. See Table 3 for an example.

3) When generator sets are sharing, they share both real and reac-
tive power in proportion to their rating.

A generator set schedule (such as depicted in Table 3) may
include relevant special cases, such as if all the generator sets are
required to be online for a specific operational condition

Table 26 Example 2 calculations for fuel tank volume
requirements

Economical transit burnable fuel load (t) 1062
Surge to theater burnable fuel load (t) 1070
Operational presence burnable fuel load (t) 1077
Design burnable fuel load (t) 1077
Tailpipe allowance 95

Endurance fuel load (t) 1133
Density of fuel (kg/L) = (t/m?) .84

Fuel tank volume requirement (m®) 1445
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independent of the amount of electrical load. Each operational con-
dition may (or may not) have its own generator set schedule.

If the electrical power includes energy storage fulfilling the
ESM-F2 and ESM-F4 functionality, then the electrical power sys-
tem concept of operations could state

1) All breakers in the switchboards are closed.

2) For a given total ship electric load, the online generator sets to
use in the calculations are as depicted in Table 4.

3) When generator sets are sharing, they share both real and reac-
tive power in proportion to their rating.

For fuel rate calculations, if any subset of multiple generator
sets of the same rating is to be online, and if the total fuel rate is
not dependent on particular generator sets being online, then the
generator set scheduling table may be arbitrary as to which particu-
lar generator sets of the subset are online.

In naval ship applications, the electrical system is often operated
in “split plant” where circuit breakers are opened to create two
independent subsystems (known as “islands” in terrestrial
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Table 27 Example 3 ship state participation table

Operational mode/ship Inport—shore (shore

Underway economical

Underway surge to Fraction of time in

state power) transit theater Underway mission operational mode
Maintenance mode 9 .05 0 .05 .1
Operation mode A 4 2 1 3 4
Operation mode B 1 2 2 5 5

microgrids) each of which is supplied by one or more generator
sets. A separate generator set schedule is typically created for each
subsystem.

Furthermore, with integrated power systems featuring dual pro-
pulsion motors on each shaft, the two subsystems may be asym-
metrically loaded to improve fuel efficiency. This condition may
result in an interdependence between the electrical power system
concept of operations and the propulsion system concept of
operation.

8.2. Propulsion system concept of operations

The propulsion system concept of operations defines for a given
ship speed and operational condition the propulsion system config-
uration and operation. It is often described in terms of a propulsion
system schedule depicting as a function of ship speed

1) Which propulsion prime movers or propulsion motors are
online.

2) How propulsion power is shared among different shafts.

3) How propulsion power is shared among prime movers and
propulsion motors on the same shaft.

For certain operational conditions, such as those requiring
restricted maneuvering or having the ability to quickly transition to
maximum speed (such as battle), all available propulsion prime
movers and propulsion motors may be designated to be online.

For twin-shaft propulsion systems where each shaft is powered
by either two motors or two prime movers, the schedule is
straightforward:

e One motor/prime mover powers each shaft equally up to the
propulsion capacity of the one motor/prime mover per shaft.

e At higher power levels, all motors/prime movers are online
and share power equally.

This schedule may be adjusted for several reasons.

e At low speeds, only one shaft may be powered while the other
is allowed to freewheel. This operation is known as a trail
shaft. The propulsion system should be evaluated to ensure the
required torque speed characteristic for trail shaft operation is
within its operating profile.

e Certain combined plants with an “or” configuration will use
one motor/prime mover at low speeds, and the other
motor/prime mover at high speeds. The transition speed is
determined by the motor/prime mover at low speeds.

e Some propulsion systems include a combining gear which
enable both shafts to be powered from a single prime mover.

9. Modeling systems using s3d

Figure 7 depicts a system model, using S3D, of a representative
electrical system for a commercial type power system architecture
as described in IEEE Std. 45.1 (IEEE 2017). In this system model,
the ship service loads are lumped into two electrical loads, one
attached to each of the switchboards. A cable is inserted between
each generator set and the switchboard to enable the system solver
to converge on a solution for reactive power. Figure 8 depicts a
system model using S3D of the corresponding propulsion system.
Each shaft has two propulsion motors; a propulsion motor is pow-
ered by each of the two switchboards. Although in reality the two
propulsion motors are mounted to the same shaft, S3D does not
currently have the capability of modeling this configuration.
Instead, a lossless gearbox is used to combine the outputs of the
two propulsion motor shafts. In this model, the shaft and thrust
bearing losses are included in the propeller model.

While the systems depicted in Figs. 7 and 8 are relatively sim-
ple, S3D has the capability of modeling much more complex
systems.

10. Calculating fuel rates

This section describes how to create a run matrix to guide the
execution of the modeling and simulation tool and how to collect
and store the fuel rate results.

First, all of the component properties should be estimated and
the system modeled in an analysis program such as S3D. To con-
figure the system model to calculate necessary fuel rates, a run
matrix similar to the one depicted in Table 5 should be constructed.
This run matrix lists all of the component properties that may
change between each system condition for which a fuel rate is
required. The run matrix example depicted in Table 5 identifies six
configurations to calculate the economical transit and surge to the-
ater endurance fuel requires; each requires three calculations corre-
sponding to the three temperatures defined in the default ambient
condition profile. The run matrix should reflect the electrical power
system concept of operations and the propulsion system concept of
operations; a change to either may require a change to the run
matrix.

Table 28 Example 3 ship state fuel rates

Inport—shore (shore power)

Underway economical transit

Underway surge to theater Underway mission

Fuel rate (kg/h) 0 3435

13,707 3420
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Table 29 Example 3 annual fuel usage calculations

Inport—shore (shore-
to-ship power) (annual

Underway—

Operational mode/ship economical transit

Underway—surge to

theater (annual fuel Underway—mission Total annual

state fuel usage (t)) (annual fuel usage (t)) usage (t)) (annual fuel usage (t)) fuel usage (t)
Maintenance mode 0 151 0 150 300
Operation mode A 0 2409 4806 3598 10,813
Operation mode B 0 3011 12,016 7495 22,522
Annual total (t) = 33,636

If the operational presence condition must be calculated, the run
matrix should have entries for each speed, temperature, and ship
service load associated with the operational profile. The run matri-
ces for examples 1 and 2 in Section 12 include rows for operational
presence.

Additional rows may be added to the run matrix to determine
the sensitivity of the results to fuel rate (sfc) curves and loss (effi-
ciency) curves. One approach is to use a most likely set of para-
meters, a best-case set of parameters, and a worst-case set of
parameters.

The analysis program should be executed for each row of the
run matrix to determine the combined fuel rate of all online prime
movers. Modeling a proxy fuel system as depicted in Fig. 9 may
prove desirable in that the combined fuel rate is directly calculated
by the analysis program.

The results of the analysis program for each row of the run
matrix can be stored as depicted in Table 6. Table 6 also applies
the ambient condition profile to the fuel rates for each temperature
to determine an overall endurance condition fuel rate. An ambient
condition profile provides a list of ambient conditions and the frac-
tion of time spent in each ambient condition. An ambient condition
consists of an outdoor (atmospheric) temperature and associated
relative humidity. The ambient condition profile accounts for the
dependency of certain ship service loads (such as heating and air
conditioning) on the outdoor temperature. NAVSEA DDS 200-1
Rev 1 provides a default ambient condition profile.

11. Postprocessing results

Once the fuel rates for all of the rows of the run matrix have
been calculated, determining the endurance fuel requirements/
annual fuel usage is straightforward.

For the economical transit and the surge to theater conditions,
the burnable fuel load is determined by

e Dividing the required range (nautical miles) by the speed in
knots to obtain hours.

e Multiply the hours by the applicable fuel rate with the ambient
condition profile applied.

e Multiply the results by the plant deterioration allowance (typi-
cally 1.05) to obtain the burnable fuel load. The plant

Table 30 Example 3 annual fuel usage converted to barrels

Annual fuel usage (t) 33,636
Density of fuel (t/m®) .84
Annual fuel usage (m*) 40,043
42 gal barrel (m®) .1590
Annual fuel usage (barrels) 2,51,861
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deterioration allowance models the increase in fuel consump-
tion as equipment ages.

For the operational presence condition, the burnable fuel load is
determined by

e Applying the operational profile to the fuel rates (with the
ambient condition profile applied) at each ship speed to obtain
the operational presence average fuel rate.

e Multiply the operational presence time by the operational pres-
ence average fuel rate.

e Multiply the results by the plant deterioration allowance (typi-
cally 1.05) to obtain the burnable fuel load.

The burnable fuel load is converted to a fuel tank volume by

e Dividing the burnable fuel rate by the tailpipe allowance.

e Converting the result into volume by dividing by the density of
fuel (typically use .84 for F76).

e Multiply the result by 1.05 to account for fuel expansion.

e Adjust the result to account for structure inside the fuel tank
(typically divide by .98).

For annual fuel calculations, the fuel rates (after the ambient con-
dition profile is applied) of the various ship states are arranged into a
vector. The participation table is converted to a matrix and multiplied
by the fuel rate vector to produce a vector of fuel rates for each oper-
ational mode. The number of hours spent annually in each opera-
tional mode is multiplied by the fuel rate for that operational mode
to produce the total amount fuel estimated to be annually consumed
in that operational mode. The sum of the fuel consumed annually for
all operational modes is the annual fuel consumption.

12. Examples
12.1. Example 1: endurance fuel—common bus

For the system described by Figs. 7 and 8, the following endur-
ance fuel requirements are given

1) Economic transit distance: 5000 NM

2) Endurance speed: 17 knots

3) Surge to theater distance 2000 NM

4) Sustained speed requirement: 27 NM

5) Operational presence time: 300 hr

6) Ship service electric load: see Table 7

7) Operational profile: see Table 8

8) Ambient condition profile: default from NAVSEA DDS 200-2:
a) 25% at 10 deg F with 95% relative humidity
b) 50% at 59 deg F with 95% relative humidity
c) 25% at 100 deg F with 40% relative humidity
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Table 31

Example 4 generator set scheduling table

Generator set 1

Generator set 2

Generator set 3 Generator set 4

Rating (MW) 25 25 10 10

Total load < 10 MW Offline Offline Offline Swing
10 < Total load < 20 MW Offline Offline 10 MW Swing
20 < Total load < 25 MW Swing Offline Offline Offline
25 < Total load < 35MW 25MW Offline Offline Swing
35 < Total load < 45 MW 25 MW Offline 10MW Swing
45 < Total load < 50 MW Swing 25 MW Offline Offline
50 < Total load < 60 MW 25 MW 25 MW Offline Swing
60 < Total load < 70 MW 25MW 25 MW 10 MW Swing

9) Tailpipe allowance: .95

10) The electrical power system concept of operations assumes
the port and starboard switchboards are always connected
together, resulting in the port and starboard busses being
common.

11) If possible, the generator sets should not be loaded beyond 95%.

12) If possible, the generator sets should be loaded to at least 20%.

13) At least two generator sets should be online at all times.

14) The speed—power (at the motor shaft) curve is as listed in
Table 9. The power is the sum of the power on the two
shafts. The power is equally shared by the two shafts. At 30
knots the shaft speed is 150 rpm. The shaft speed is propor-
tional to the ship speed. This curve incorporates the impact
of sea state and fouling.

Because of limitations in the S3D propeller component model at
the time the simulations were performed, the alternate S3D config-
uration as depicted in Fig. 10 was employed instead of the config-
urations depicted in Figs. 7 and 8. In this model, the motor drives
and motors are modeled as transformers using the appropriate effi-
ciency curves. The propulsion load is modeled as an electric load.
This representation requires the propulsion power to be calculated
outside of S3D and assigned to the propulsion loads. An update to
the S3D propeller component model to improve usability is antici-
pated in FY24.

Additionally, since reactive power does not have a significant
impact on these calculations, the dc load flow solver was used in
S3D. Using the dc load flow solver also allowed modeling the system
without the cables between the generator sets and the switchboards.

The notional generator sets have the characteristics shown in
Table 10; these characteristics would normally be found in a
datasheet.

The generator set model requires definition of an sfc curve in
terms of the sfc (kg/kW-h) versus power (MW). Since the genera-
tor sets will likely at times operate below 50% power, perhaps as
low as 10% power, additional points should be calculated over
more power levels. The first step is to convert the given sfc points
to fuel rates and determine the best linear regression through them
as shown in Fig. 11.

The resulting equation can then be used to calculate fuel rates and
sfcs at other power levels as shown in Table 11 and Fig. 12. Note
that the calculated fuel rate data replicate the original sfc data points.

As depicted in Table 12, a similar process may be used to
develop the calculated sfc curve for generator sets 3 and 4.

For the ship service transformers, the MVA rating should be
used for the transformer rating in the model. Typical datasheet data
for the ship service transformers would be

MONTH 2023

e Rating (MVA): 5.0
e No-load losses (kW): 3.3
e Losses due to the load (kW): 37.

The loss model elements are therefore

PnoLoadLoss _ 3.3

=——=10.00066 37
Srated 5000 ’ ( )
Sratedeoss 37
SratedCloss _ 2 — 0.0074
312 5000 ~ 00074, (38)

out

These translate into efficiency as shown in Table 13. In S3D effi-
ciency tables can be stored in comma-separated values (.csv) files.
Having unique first values (1.08 for Table 13) makes it easier to
identify within S3D if one has uploaded the proper efficiency table.
Typical datasheet data for the propulsion transformers are

e Rating (MVA): 18.0
e No-load losses (kW): 11
e Losses due to the load (kW): 135.

The loss model elements are therefore

PnoLoadLoss 11
= = 0.000611 39
Srated 18000 ’ (39)
Sratedeoss 135
——— =——=20.0075 40
312 18000 ’ (40)

out

These translate into efficiencies as depicted in Table 14.
Typical datasheet data for the propulsion motor drives are

e Rating (MW): 17.0
e No-load losses (% of rating) 1.5%
e Full load efficiency = 95%

The loss model elements are therefore

PnoLoadLoss
—— = .015, 41
Srated ( )
StatedR 1
St o — (= — 1) —.015 = 0.03763, (42)
312, 95

These translate into efficiencies as depicted in Table 15.
For propulsion motors, typical datasheet values for a 15 MW
motor would be given as

o cfficiency at 100% power .95
o cfficiency at 50% power .93
o cfficiency at 20% power .86.
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Table 33 Example 4 fuel rate calculations

Ambient Operational
condition Operational profile fuel Required Required Burnable
Run Temp (F) Speed (knots)  Fuel rate (kg/s) profile profile rate (kg/s) range (NM) time (hr) fuel (t)
1 10 17 97 25
2 50 17 .943 .50
3 100 17 .959 25
Ambient 17 954 N/A 5000 294.1 1060
cond. profile
4 10 27 3.83 25
5 50 27 3.8 .50
6 100 27 3.81 25
Ambient 27 3.810 N/A 2000 74.1 1067
cond. profile
7 10 5 .524 25
8 50 5 497 .50
9 100 5 514 25
Ambient 5 .508 25 127
cond. profile
10 10 10 .648 25
11 50 10 617 .50
12 100 10 .637 25
Ambient 10 .630 .35 220
cond. profile
13 10 15 941 25
14 50 15 914 .50
15 100 15 93 25
Ambient 15 925 25 231
cond. profile
16 10 20 1.97 25
17 50 20 1.94 .50
18 100 20 1.96 25
Ambient 20 1.953 .10 195
cond. profile
19 10 25 3.44 25
20 50 25 341 .50
21 100 25 343 25
Ambient 25 3.423 .05 171
cond. profile
Operational presence fuel rate (kg/s) = 945 300 1072

The use of the pseudo-inverse method results in the values of

P ratedeoss
V2 B ‘ 0.02067

X = out —
<PL7dL> 0.03205
Prated
Using equation (6), the elements of x are used to calculate the
efficiencies of Table 16. Figure 13 plots the points depicted in

Table 16.
The electrical power system concept of operations includes

) (43)

e All circuit breakers are closed.
e Operate the generator sets as indicated in Table 17.

The construction of Table 17 recognizes that the no-load fuel
rate for generator sets 1 and 2 are much higher than for generator
sets 3 and 4, but the slope of the fuel rate with respect to power is
slightly less for generator sets 1 and 2. This implies that one should
prefer having generator sets 3 and 4 online, but if either or both

MONTH 2023

generator sets 1 and 2 are needed to be online, they should be
loaded up to their limit if possible.

The propulsion system concept of operations states that the pro-
pulsion motors and associated drives are operated as indicated in
Table 18.

All of the system components are now sufficiently defined to
conduct the endurance fuel calculations. For the three endurance
fuel requirements, the fuel rates for 21 configurations must be cal-
culated. These configurations are depicted in the Run Matrix of
Table 19.

The results of running the 21 cases of Table 18 using S3D are
displayed in the shaded cells of Table 20. The outlined cells are the
results of calculations to determine the burnable fuel required for
each of the three endurance requirements. In this example, the
operational presence condition is limiting since it requires the larg-
est burnable fuel.

The burnable fuel load is used to calculate the fuel tank volume
requirement as detailed in Table 21. The fuel tank volume require-
ment includes a factor of 1.05 to account for fuel expansion and
2% of the internal volume taken up by structure.
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Table 34 Example 4 annual fuel usage calculations

Inport—shore (shore-
to-ship power) (annual

Underway—

Operational mode/ship economical transit

Underway—surge to

theater (annual fuel Underway—mission Total annual

state fuel usage (t)) (annual fuel usage (t)) usage (t)) (annual fuel usage (t)) fuel usage (t)
Maintenance mode 0 150 0 149 300
Operation mode A 0 2408 4809 3579 10,796
Operation mode B 0 3010 12,023 7455 22,489
Annual total (t) = 33,584

With the fuel tank volume requirement calculated, the analysis
is complete.

12.2. Example 2: endurance fuel—split bus

In this second example, the endurance requirements, system
architecture, and component properties are the same as for Exam-
ple 1. The only difference is that the electrical system must operate
as a “split plant” at all times.

The principal difference between Example 2 and Example 1 is
the electrical system and propulsion system concepts of operation.
One could operate the port bus and the starboard busses completely
independently of each other, but this will not likely lead to the
most fuel-efficient strategy. Because the propulsion loads can
within limits be powered by either bus, asymmetric operation is
likely to prove more fuel efficient.

For Example 2, the electrical power system concept of opera-
tions includes

o All circuit breakers except those connecting the two switch-
boards are closed. The breakers connecting the two switch-
boards are open.

e Operate the generator sets as indicated in Table 22. In Table
21, the first row where the load condition is met applies.

For Example 2, the propulsion system concept of operations
states that the propulsion motors and associated drives are operated
as indicated in Table 23. In Table 23, the first row where the load
condition is met applies.

With advanced controls, more fuel-efficient generator set sched-
uling tables and propulsion motor scheduling tables are possible.

These new scheduling tables result in the run matrix depicted in
Table 24.

The results of running the 21 cases of Table 24 using S3D are
displayed in the shaded cells of Table 25. Once again, the outlined
cells are the results of calculations to determine the burnable fuel
required for each of the three endurance requirements. In this
example, the operational presence condition is again limiting.
Table 26 provides the associated required fuel tank volumes.

Note that in the surge to theater condition, Example 2 operated
with all four generators online while Example 1 operated with only
three generators online. However, because generator sets 3 and 4

Table 35 Example 4 annual fuel usage converted to barrels

Annual fuel usage (t) 33,584
Density of fuel (t/m®) .84
Annual fuel usage (m*) 39,981
42 gal barrel (m®) .1590
Annual fuel usage (barrels) 2,51,472
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are much more fuel efficient than generator sets 1 and 2, the fuel
rate for Example 2 is less than for Example 1. Here is a situation
where the operator must decide between lower maintenance costs
associated with operating three generator sets and lower fuel costs
associated with operating all four generator sets.

12.3. Example 3: annual fuel usage—no energy storage

For Example 3, the desire is to calculate the annual fuel using the
fuel rates calculated for the endurance fuel requirements of Example
1. Specifically, the ship state participation table depicted in Table 27
defines the fraction of time the ship spends in each ship state for
each of the operational modes. Table 27 also defines the fraction of a
year spent in each operational mode. Table 28 depicts the fuel rate
expressed in kg/h for each ship state as calculated in Example 1.

Table 29 combines the elements of Tables 27 and 28 to produce
the annual fuel usage estimate measured in metric tons. In many cost
studies, the cost of fuel is provided per 42-gallon barrel. Table 30
converts the annual fuel usage estimate from metric tons to barrels.

12.4. Example 4: annual fuel usage—with energy storage

For Example 4, annual fuel usage is calculated as in Example 3,
but with the generator set scheduling table modified to reflect the
incorporation of energy storage fulfilling functions ESM-F2 and
ESM-F4. The generator set scheduling table depicted in Table 31
reflects operating only a single generator set when desirable, and
operating generator sets to their rated value instead of to .95 times
their rated value.

The propulsion motor scheduling table of Example 1 (Table 15)
is used. The resulting Run Matrix is depicted in Table 32. The
results of the analyses are depicted in Tables 33-35.

13. Conclusions

This paper has demonstrated how to model shipboard power and
propulsion system components for the purpose of calculating
endurance fuel requirements and annual fuel consumption. Endur-
ance fuel requirements are used to determine the size of the fuel
tanks while annual fuel consumption is used to establish budgets
for fuel and fuel infrastructure. Specific recommendations include

e Use losses instead of efficiency when interpolating and extrap-
olating data points for equipment.

e Use fuel rates instead of sfc when interpolating and extrapolat-
ing data points for prime movers.

e For complex studies, create a study guide as part of the plan-
ning process.

e Create an electrical power system concept of operations and a
propulsion system concept of operations to clearly and
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consistently configure simulation models in a way that reflects
how the designer intends for the ship’s crew to operate the
systems.

e Use a run matrix when performing the system simulations/
calculations.

e Consider technologies, such as energy storage, to enable modi-
fying the concepts of operations in a way that reduces fuel
consumption.

e Model losses and fuel rates at partial loads to accurately reflect
fuel consumption.

Examples using S3D and associated spreadsheets provide com-
plete demonstrations of the modeling and analysis process.

Future work includes formalizing how uncertainty in the compo-
nent parameters should be considered in establishing the required
fuel tank volume and annual fuel consumption estimates. Formaliz-
ing how uncertainty in component parameters should be considered
when comparing the fuel consumption of two different concepts.
Between two concepts, the uncertainty will often be correlated; the
uncertainty of the differences between the two could be less than
the uncertainty of each concept alone.
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