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ABSTRACT Three methods were explored to estimate the efficiency for the conversion of mechanical power
to electrical power using synchronous generators in ships at low power factors. Generally, the generator
efficiency data is provided by manufacturers as shop trial data and is measured by operating generators under
power factor of 0.8 and 1.0. However, the efficiency of synchronous generators is not measured under low
power factor of less than 0.8. In practice, onboard generators occasionally operate at low power factor and it is
desirable to clarify their characteristics for power system designers of large vessels. By substituting the shop
trial data into the proposed efficiency estimation formulas, the generator efficiency at low power factor was
extrapolated. To evaluate the validity of these methods, the fuel consumption characteristics of diesel engines
as prime movers was focused. The estimation of the generator efficiency was indirectly validated using a
statistical analysis of long-term observational data of the generator in operation. As a result, the efficiency
estimationmethod based on a power loss mechanism gave the most reliable result among the three estimation
methods. The root mean squared error of the calculated specific fuel consumption was 3.5 g/kWh, which is
approximately 1.66 % error rate.

INDEX TERMS Synchronous generator, efficiency estimation, specific fuel consumption, marine propul-
sion.

I. INTRODUCTION
A. DEVELOPMENT OF MARINE DIESEL ELECTRIC
Diesel electric and hybrid powertrains are becomming more
commonly used in various vehicles to reduce fuel consump-
tion [1]–[5]. In large marine vessels, electric propulsion is
composed of diesel engines, synchronous generators, electric
machines for power take-in (PTI)/power take-off (PTO) [6],
[7], optional AC-DC or DC-AC converters [8]–[10], steam
turbines for recovering the thermal energy from exhaust gas
[11], [12], and lithium-ion batteries for energy storage [13]–
[15]. Proper management of the energy flow is necessary
to achieve optimal fuel efficiency [5], [7], [14]–[17]. In the
same manner as a hybrid car [18], engine speed control based
on the torque-speed map [7], [17] is a key parameter for
reducing fuel consumption. Unlike automotive powertrains,
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large vessel power systems cannot be easily built to test and
evaluate performance due to their large size and cost. Hence,
in the marine industry, several simulation methods have been
discussed for designing the control, testing, evaluation, and
optimization of power systems [7], [19]–[22].

B. PREVIOUS WORK
To evaluate the fuel economy of power system, it is necessary
to obtain the appropriate energy conversion efficiency charac-
teristics of each system. In case of diesel engines, the specific
fuel consumption (SFC) is evaluated. Other examples include
the mechanical to electrical power conversion efficiency of
synchronous generators, the electric power conversion effi-
ciency of AC/DC, DC/DC, and DC/AC converters, the elec-
trical to mechanical power conversion efficiency of electric
motors, and the transmission efficiency of gears for the power
system designers.
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The SFC of a diesel engine as the prime mover of a
genset has been discussed to optimize the fuel consumption in
marine hybrid and electric power system [7], [17], [23], [24].
The SFC can be improved by controlling the engine speed
according to the load factor. DC power system allow the gen-
erators to operate at a variable speed and give flexibility to the
electrical system design [25]. To realize variable speed gen-
erator for fuel reduction, the three-phase AC electric power
of synchronous generators is converted into DC power by
employing DC-AC converters, which is then supplied to the
DC bus [26]. The Power factor, total harmonic distortion, and
voltage regulation function can be improved by using active
front end converters when DC electrical systems are used as
the power distribution system [27]. However, there was no
detailed analysis of the energy dissipation of the generators,
converters, and electric machines in these systems. When
evaluating the difference between AC and DC distributions in
terms of efficiency, it is necessary to clarify the relationship
between the power factor of the onboard AC electrical system
and the efficiency of the synchronous generator.

Reference [22] introduced a method to calculate the power
loss of a synchronous generator theoretically from the ratio
of the active power to the reactive power. The parameters
required in the calculation were taken from [28], which simu-
lates the voltage response to load changes, but the power loss
is not detailed. In addition, the calculations require parame-
ters that cannot be obtained from general shop trial data that
is measured by maker to prove product performance.

Reference [7] regarded the generator efficiency as a func-
tion of the load factor and its shaft speed, and the entire cal-
culation is conducted on an effective power basis. However,
the effects of the power factor of the synchronous generator
has not been investigated.

Generally, the power factor on an onboard electrical sys-
tem is lower than the power factor of an onshore power
system, and the improvement target is 0.8-0.9 [29]. Refer-
ence [21], [29] discussed the reactive power compensation
of onboard electrical systems to improve fuel consumption
through several case studies. However, there was no mention
of the relationship between the efficiency of a synchronous
generator and its power factor. As will be described later,
the synchronous generator occasionally operates at a low
power factor under a low load condition in a marine vessel’s
electric system [30], which increases power loss due to an
increase in the reactive current.

To enable power system designers and researchers to deter-
mine the proper energy flow, it is desirable to obtain detailed
efficiency maps of a synchronous generator in terms of the
load factor and the power factor. In the industry, energy
losses and efficiencies of the rotating electrical machines
are measured complying with IEC 60034-2-1 standards [31].
Experimental methods of measuring energy loss and simu-
lations of the finite element method to evaluate energy loss
in synchronous machines have been proposed and discussed
in various studies such as [32]–[35]. These analyses can
be conducted at the development stage of the synchronous

generator, but not at the design stage of the marine onboard
electrical power system. Even if the power factor can vary
over a wide range, power system designers are forced to
use the efficiency values that were measured at high power
factors, which means that the power system may perform
different from their intent.

C. CONTRIBUTION
To serve thosewho need tomeasure a generator’s efficiency at
low power factors and wide load factors, this article presents
an efficiency estimation method using the limited informa-
tion provided by a manufacturer to estimate the efficiency
of large onboard synchronous generators, which have not
been investigated before. These formulas can be used with
the data found in general shop test data, unlike [22]. Three
extrapolation methods for estimating the efficiency under low
power factors are discussed. These estimation methods were
evaluated using long-term observational data from the actual
onboard diesel engine generators andwere compared to deter-
mine the most accurate method. To eliminate the effects
of load fluctuations on the prime mover engine, coefficient
value filters were introduced and evaluated with statistical
analysis. The results of the estimation were validated with
shop trial data and actual operating data to demonstrate the
effectiveness of the proposed estimation method.

II. THEORETICAL METHOD FOR ESTIMATING EFFICIENCY
OF GENERATOR
A. SHOP TRIAL DATA
It is assumed that the load factor x and the power factor cosθ
are primary factors that determine the generator efficiency η,
as in (1) below.

η = f (x, cosθ ) (1)

An efficiency map can be approximated using several effi-
ciency data on the plane of x and cosθ .
Table 1 shows the specifications of the synchronous gen-

erator used to evaluate the proposed methods for estimat-
ing the efficiency values. In general, power system design-
ers have access to all equipment parameters in a datasheet
called ‘‘shop trial data,’’ which includes ratings, input/output
conditions, and efficiency, as shown in Table 1. Generally,
the manufacturer provides efficiency data at several load
conditions (x = 25%, 50%, 75%, and 100%) and, in some
cases, efficiency at overload conditions (e.g., 110%, 125%,
and 150%) are provided as additional information.

Fig. 1 shows a typical and simplified onboard three-phase
AC electrical power system for large cargo vessels such as
container ships, liquified natural gas carriers, crude oil carri-
ers, and bulk carriers. Generally, two or more gensets which
is consist of a diesel engine and a synchronous generator are
installed to meet onboard demand. Turbo charged, four-cycle,
and medium-high speed diesel engines are usually employed
as the prime movers. Most electric loads are induction motors
for various pumps and are often driven at 60 Hz without an
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TABLE 1. Excerpt of shop trial data of an onboard synchronous generator.

FIGURE 1. Single line diagram of typical and simplified AC electrical
power system on board.

inverter. Therefore, the power factor of onboard AC electrical
system is usually lower than onshore electrical system.

Since onboard electrical systems are generally assumed
to operate at a power factor of around 0.8, manufacturers
measure or calculate a generator’s efficiency at power factors
of 1 and 0.8. Therefore, the efficiency η is approximated as
a two-parameter polynomial function with load factor x and
power factor cosθ .

B. VALIDATION METHOD
The Efficiency η is smoothly approximated as a polynomial
function in the coordinate of the load factor x using the shop
trial data shown in Table 1. Unfortunately, only two data are
available at the coordinate of the power factor cosθ to create
the efficiency approximation functions. The approximated
polynomial is, in principle, a linear function.

To evaluate the approximation methods, the actual oper-
ating data of the onboard gensets under various loads and
power factors was analyzed over a period of six months. The
efficiency of a generator η is the ratio of the electrical power
Pgen to themechanical powerwhich is often called as the BHP
(brake horse power) of the prime mover engine, as in (2).

η =
Pgen
BHP

=
60Pgen
2πNT

(2)

where, N [rpm] is speed and T [Nm] is the torque on the shaft
between the diesel engine and the synchronous generator.
Pgen was obtained from the actual onboard observation data.
It was difficult to add a torque sensor to measure T because
the data were collected from onboard gensets which were

already installed without the torque sensor. It was not practi-
cal to add a loadcell between the engine and the synchronous
generator due to the narrow space. Even if a loadcell could be
physically installed, natural frequency which is often called
as the critical speed of the shaft system including a cou-
pling device and a flywheel may render the data inadequate
for actual marine gensets. Therefore, BHP was determined
indirectly by implementing statistical analysis as described
later in Section III. The estimated efficiency values of the
synchronous generator were evaluated after considering BHP
and fuel consumption characteristics of the diesel engine.

C. LINEAR EFFICIENCY APPROXIMATION
With power factors of 1 and 0.8, the efficiencies under five
load factor conditions (x = 25%, 50%, 75%, 100%, and
125%) are already known (see Table 1). The simplest extrap-
olation was to fit the relationship between the power factor
1.0 and 0.8 linearly to the low power factor region. If the load
factor x is at a certain value xg, it is assumed that the efficiency
η is a linear function of the power factor with slope axg and
intercept bxg.

η(xg, cosθ ) = axgcosθ + bxg (3)

Fig. 2 shows the extrapolation results based on (3). In
this case, since there were five approximation formulas, five
efficiency values were obtained under specific power factor
conditions (cosθ = q). A polynomial approximation formula
can be expressed as a function of the load factor x based on
these estimated values. The formulas fit well to a fourth-order
polynomial approximation, as shown in Fig. 3.

η(x, q) = Ax4 + Bx3 + Cx2 + Dx + E (4)

Coefficient values A to E can be determined by five
approximation formulas (4). Implementing interpolation and
extrapolation using these approximation formulas yielded an
efficiency map in terms of the load factor x and power factor
cosθ (see Fig. 4).

D. LINEAR APPROXIMATION OF POWER LOSS
By rearranging (2), BHP can be expressed as follows:

BHP = Pgen/η

Then, the power loss Ploss of the generator under the given
conditions can be obtained using (5)

Ploss(xg, cosθ ) = axgcosθ + bxg (5)

When the load factor x is equal to the certain value xg,
the power loss of the generator Ploss is a linear function of
the power factor with slope axg and intercept bxg as shown in
(6).

Ploss = BHP− Pgen = (
1
η
− 1)Pgen (6)

Fig. 5 shows the approximation lines used for extrapolating
to the low power factor region. Using these approximation
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FIGURE 2. Extrapolation to the low power factor area by implementing a
linear approximation of efficiency given in shop trial data.

FIGURE 3. Polynomial approximation of efficiency as a function of load
factor.

FIGURE 4. Efficiency map estimated by linear approximation of efficiency
given in shop trial data.

formulas, the power loss Ploss was estimated at a low power
factor. In this case, because there are five approximation
formulas, five power loss values were obtained under a given
power factor condition (cosθ = q). A polynomial approxima-
tion formula was given as a function of the load factor x based
on these estimated values. In this case, the formulas fit well

FIGURE 5. Extrapolation to the low power factor region by implementing
linear approximation of the generator power loss.

FIGURE 6. Polynomial approximation of power loss as a function of load
factor.

FIGURE 7. Efficiency map estimated by linear approximation of power
loss.

to a second-order polynomial approximation (see Fig. 6).

Ploss(x, q) = Ax2 + Bx + C (7)

Implementing both interpolation and extrapolation using
these approximation formulas yielded an efficiency map in
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FIGURE 8. Extrapolation to the low power factor region by implementing
an approximation based on the energy dissipation mechanism of
synchronous generator.

FIGURE 9. Polynomial approximation based on energy dissipation
mechanism as a function of load factor.

FIGURE 10. Efficiency map estimated by the energy dissipation
mechanism of synchronous generator.

terms of the load factor x and the power factor cosθ (see
Fig. 7). The map shows that the efficiency was significantly
reduced under low load conditions.

E. POWER LOSS APPROXIMATION BASED ON ENERGY
DISSIPATION MODEL
It is reasonable to consider the mechanism of the power
loss to increase the accuracy of the model, but it should be

FIGURE 11. Energy conversion in diesel engine generators.

FIGURE 12. Shop trial data and SFC values calculated with an estimation
method from the observed data.

FIGURE 13. Shop trial data and extracted SFC data with CV value less
than 0.01 for 10 min.

estimated over a wide power factor range. The power loss
of a synchronous generator is divided into several factors,
including mechanical energy loss Pm [kW], electrical energy
loss usually called copper loss Pc [kW], core loss usually
called iron loss Pi [kW], loss on field winding Pf [kW], and
stray loss Ps [kW] [36]. The power loss of the synchronous
generator Ploss [kW] can be simplified as follows:

Ploss = Pc + Pi + Pf + Ps + Pm (8)

The mechanical loss Pm includes the bearing friction loss
and rotor air friction loss. When electric machine operate at
a constant speed, Pm is almost independent of output power
[37]. A generator operates at a constant speed to supply a
fixed power of 60 Hz in a general marine power system.
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FIGURE 14. Relation between BHP and power factor in observed data.

Therefore, the mechanical loss is considered a constant value
independent of the electrical conditions.

The power loss on the field coil Pf depends on the exciting
current, and the value changes depending on the power factor.
In a ship, since the inductive load is large and the power
factor is delayed, a decrease in the power factor causes an
increase in the exciting current to maintain output voltage.
Therefore, the power loss in the field coil inevitably increases.
However, it is small compared to the current flowing in the
armature winding. For example, in the case of the generator
shown in Table 1, the excitation current is 6.9 A at power
factor of 0.8. The power consumption is around 0.4 kW,
which corresponds to 0.05% of the generator rated power.
Therefore, the power loss due to the exciting current depends
on the load factor and the power factor, but its influence on
the generator’s efficiency is small. As a result, the power loss
due to the exciting current can be regarded as a fixed loss like
the mechanical loss.

The copper loss Pc of the armature conductor is caused by
the load current IL [A]. The stray loss Ps is proportional to
the square of IL [37]:

Pc + Ps = IL2(Rw + Rs) · 10−3 (9)

where, Rw [�] represents the resistance of the armature con-
ductor, and Rs [�] represents the resistance of stray energy
loss.

If the loads connected to the generator are symmetrical,
the load current can be expressed as:

IL =
103Pgen
√
3Vcosθ

(10)

where, V [V] is the output terminal voltage of the generator.
Substituting (10) into (9), the following formula is obtained:

Pc + Ps =
103Pgen2(Rw + Rs)

3V 2cos2θ

=
Prating2(Rw + Rs)

30V 2 ·
x2

cos2θ
(11)

where, Prating [kW] is the rating power of the generator, and x
[%] is the load factor (0 ≤ x ≤ 100) of the generator, defined
as 100 Pgen/Prating.
These losses are expressed as a function of square of

the power factor. The iron loss Pi can be divided into the
hysteresis loss Ph [kW] and the eddy current loss Pe [kW].
Ph depends on the maximum flux density Bm [T], frequency
f [Hz], the quality of the steel, and the size of the armature:

Ph = 10−3khf Bmn (12)

where, kh and n are empirically derived constants for a given
material. The value of n is typically in the range of 1.5 to 2.5,
and 1.6 is often used for estimation [36], [38].

Eddy current loss Pe in the armature is expressed as:

Pe = 10−3ke(tmfBm)2 (13)

where, ke is an empirically a derived constant for a given
material, and tm [m] is the material thickness.

According to the armature reaction theory, the main field
flux is weakened by a lagging power factor. To maintain
a constant output terminal voltage, it is necessary to hold
the synthetic magnetic flux of the main field flux and the
armature flux at the same level by adjusting the magnitude
of main field flux. Therefore, the maximum value of the
synthetic flux Bm can be assumed to be constant, regardless
of the power factor and the load factor conditions. In other
words, the iron loss is nearly constant value.

Therefore, the generator power loss Ploss with respect to
the load factor x and the power factor cosθ can be expressed
as follows:

Ploss(x, cosθ ) =
Prating2(Rw + Rs)

30V 2 ·
x2

cos2θ
+10−3khfBmn + 10−3ke(tmfBm)2+Pf + Pm

(14)

In addition, if the load factor x is equal to a given value of
xg, the function can be simplified as (15).

Ploss(xg, cosθ ) = axg
1

cos2θ
+ bxg (15)

where,

axg =
Prating2(Rw + Rs)xg2

30V 2

bxg = 10−3khfBmn + 10−3ke(tmfBm)2 + Pf + Pm

The coefficient values (axg and bxg) can be determined
based on the values given in Table 1. The approximation lines
can be drawn to extrapolate to the low power factor region,
as shown in Fig. 8. The power loss Ploss can be estimated
under low power factor conditions using these approximation
formulas. In this case, since there were five approximation
formulas, we obtained five values of the power loss under
a given power factor condition (cosθ = q). A polynomial
approximation formula is given as a function of the load
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factor x based on these estimated values. The formula fits well
to a second-order polynomial approximation (see Fig. 9):

Ploss(x, q) = Ax2 + Bx + C (16)

Based on these estimates, the power loss increases signif-
icantly at low power factor conditions. Implementing both
interpolation and extrapolation using these approximation
formulas, an efficiency map in terms of load factor x and
power factor cosθ can be obtained (see Fig. 10). The map
shows that efficiency decreases both in low load factor con-
ditions and in low power factor conditions.

III. EXPERIMENTAL ANALYSIS AND VALIDATION
A. CALCULATION OF SFC
To evaluate the estimated efficiency ηgen of the synchronous
generator, it is necessary to know the BHP of the primemover
(see Fig. 11). However, due to the limited space between
the engine and the generator, it was not possible to install
sensors to measure the torque of the diesel engine. The SFC
(specific fuel oil consumption) [g/kWh] of diesel engines
was obtained from the shop trial data provided by the engine
manufacturers. In this research, the fuel oil flow rate FL [L/h]
of the diesel engine and the output electric power Pgen [kW]
of the synchronous generator were observed. Additionally,
the characteristics of the fuel oil on the ship were examined,
including oil temperature, lower heating value Qlow [MJ/kg],
and representative oil density ρ [g/cm3] at 15oC for convert-
ing the volumetric flow rate FL to the mass flow rate Fg [g/h]
complying with ISO 91-1 [39] standards.

Fg = 1000ρk
Qlow
Qs

FL (17)

where, Qs is the standard lower heating value of fuel oil ( =
42.7 MJ/kg) and k is a volume correction factor for the fuel
oil temperature in the flow meter.

Consequently, the SFC was calculated according to (18).

SFC =
Fg
BHP

=
ηFg
Pgen

(18)

The estimated efficiency η of the synchronous generator
was calculated according to Fig. 4, Fig. 7, and Fig. 10. By
comparing the calculated SFCs with the shop trial data of the
diesel engines, it is possible to evaluate the validity of the
estimation methods.

Fig. 12 shows the relationship between the BHP and the
SFCs for diesel engines. The solid line follows the SFC
trend provided by the shop trial data for diesel engines. The
circles show the calculated SFC based on the measured fuel
flow rate, electric power, and the estimated efficiency shown
in Fig. 5. The calculated SFC preferably followed the SFC
trend in the datasheet. However, these calculated SFCs varied
considerably when compared to the shop trial trend. The
variations of the calculated SFC to the shop trial trend were
almost same when the efficiency map shown in Fig.7 and 10
were used for calculating SFC.

B. FILTERING VARIATION WITH CV
A shop trial is generally conducted under stable and constant
load conditions. To maintain the heat balance of the diesel
engine, all data including electrical power, fuel flow rate,
fuel oil temperature, intake air pressure, and many other
parameters are measured and averaged over approximately
30 minutes. The heat balance of an internal combustion
engine is one of the most important factors in determining its
SFC characteristics. For this reason, shop trials are generally
performed by engine manufacturers to measure the SFC char-
acteristics under ideal and stable load conditions using special
test facilities because large marine diesel engines have large
thermal capacities and delayed turbochargers. Many previ-
ous studies on diesel engines have shown that the thermal
efficiency is different under transient load conditions versus
steady constant load conditions [40]–[43].

In this article, actual operating data that varied significantly
depending on onboard load conditions were used. Hence,
to eliminate variations due to load fluctuations, it was neces-
sary to select the appropriate data measured under conditions
corresponding to quasi-constant load conditions.

To eliminate these variations, the coefficient of variation
(CV) of the BHP was calculated to extract the constant load
condition.

CV =
1

BHP

√√√√ 1
T

T∑
t=1

(BHPt − BHP)
2

(19)

where, the BHP is the averaged value of BHP for period T .
T was set to 30 minutes to determine the quasi-steady

load condition. Any data set with a CV of 1% or more were
removed. However, not enough data was available to satisfy
constant load condition where T = 30 min. By adjusting the
filter parameter from 30 to 10 min, over 2500 data sets with
CVs less than 1.0 %were extracted, which were sufficient for
statistical analysis.

Fig. 13 shows the relationship between the BHP and the
SFC for diesel engines. The solid line represents the shop
trial trend and the circles show the SFC calculated using the
generator efficiency map estimated in Fig. 10. The coefficient
value filter removed the variations from the observed data.
The calculated results fit smoothly with the trends in the shop
trial.

It is inevitable that the calculation values vary due to the
following reasons:
1 Supply air temperature varied depending on the intake

air temperature and the inter-cooler conditions, which
affects the SFC.

2 Exhaust gas back pressure to the onboard engine differed
from the shop trial conditions, which affects the SFC.

3 Turbine blades of turbochargers were fouled by exhaust
gas, which increase the SFC.

4 The SFC calculation complied with ISO 3046-1 [44]
standards. However, not all marine fuels have the same
chemical composition, which affects the ignition perfor-
mance of the engine.

VOLUME 8, 2020 195547



H. Kifune et al.: Efficiency Estimation of Synchronous Generators for Marine Applications and Verification

TABLE 2. Performance comparison of efficiency estimation methods.

With actual onboard gensets, it is difficult to adjust for the
variationsmentioned above, which results in errors in the SFC
calculation as described later.

C. COMPARISON OF ESTIMATED RESULTS
After filtering the variations from the observed data, three
estimation methods were compared by calculating the root
mean squared error (RMSE). The SFC trend predicted by the
shop trial data can be approximated as a function of the load
factor x.

ŜFC = f (x) (20)

When ŜFC is regarded as a true function, the RMSE of
each estimation method is calculated as follows:

RMSE =

√√√√ 1
H

H∑
i=1

(SFCi − ŜFC)
2 (21)

where, H is total number of calculated SFC data.
Table 2 shows the RMSEs for the three estimationmethods.

RMSEA was targeted for analysis on all data groups after
eliminating variations with the CV filter. RMSE of the esti-
mated SFC is around 5 g/kWh which is equivalent to an aver-
aged error rate of 2.6 % at all estimation methods. Therefore,
these methods show similar performance for estimating the
efficiency of a synchronous generator.

To elucidate the difference in their performances, the SFC
data extracted by CV filter was analyzed for the relationship
between the BHP and the power factor. Fig. 14 shows the
BHP and the power factor profiles of the observed data set.
As is shown in the figure, the generator operates in a wide
power factor range (depicted as circles). However, the data
groups extracted under the condition that the CV was less
than 0.01 were unevenly distributed (shown as squares). In
addition, 96% of the data which was extracted by the CV
filter had a power factor of 0.7 or higher. As mentioned
earlier, there was no significant difference in the estimated
efficiency under the conditions of a high-power factor and
load factor among the three estimation methods (Figs. 4,
7, 10). Therefore, RMSEA is the result of comparing the
estimation methods under high power factor conditions. In
sum, these results have no large differences.

The RMSEB was calculated under the condition of a low
power factor less than 0.7 to study the performance of each
estimation method. It was found that the estimation method
based on the energy dissipationmodel gives the closest values
to the shop trial data in low power factor conditions. The
RMSEB value was 3.501 g/kWh, which is equivalent to an

averaged error rate of 1.66 %. In the other linear approxima-
tion methods, the RMSEB value was 7.4 g/kWh or more. The
estimation accuracy of these methods tends to decrease under
low power factor conditions.

In conclusion, the estimation method based on the energy
dissipation mechanism is valid for obtaining the efficiency of
a synchronous generator using limited shop trial data.

IV. CONCLUSION
Three methods were presented for estimating the efficiency
of synchronous generators in low power factor conditions
including a linear approximation of efficiency, a linear
approximation of power loss, and an approximation based
on an energy dissipation mechanism. These estimations were
performed based on the limited information available from
the shop trial data. The estimated efficiency of a synchronous
generator tends to be low when it runs at low load factor
with any estimation method. It deteriorates drastically at
low power factor conditions by applying the approximation
based on the energy dissipation mechanism. An evaluation
of these methods was completed by statistical analysis of a
diesel engine’s SFC indirectly. After calculating the RMSE of
these methods, no large difference in performance was found
between them. In low power factor conditions, however,
the approximation based on energy dissipation mechanism
gives a low error rate (RMSE is around 3.5 g/kWh) to estimate
efficiency, while other linear approximationmethods perform
poorly (RMSE of about 7.5 g/kWh). Consequently, the effi-
ciency of synchronous generators can be estimated by the use
of shop trial data with the presented estimation method.

Using precise torque sensor for measuring BHP of the
diesel engine directly and compensating calculation results
by measuring the back pressure of exhaust gas are considered
as future works. Additionally, this article discussed the SFC
of fixed speed conventional diesel engine generators, which
are mainly used in marine diesel engine generators of small to
large size vessels. The characteristics of a variable frequency
diesel engine generator with AC/DC converters as energy
sources for the DC bus system should be analyzed in another
opportunity.
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