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Diesel Plant Sizing and Performance Analysis of a
Remote Wind-Diesel Microgrid

Farid Katiraei,Member, IEEE and Chad AbbeyStudent Member, IEEE

Abstract—This paper introduces an energy-flow model devel- maintain grid stability; short-term power balancing and long-
oped for performance analysis and unit sizing of an autonomous term energy management; power quality and reliability of the
wind-diesel Microgrid. A remote community in Canada is used power supply system.

as the study system, for which a medium penetration wind power Int fi f bl RE into fossil
plant has been integrated into a system served by a diesel plant ntegration of renewable energy (RE) sources into fossil-

with three equally sized diesel generators. Based on field obser-fuel based power generation systems for remote areas can
vations and monitored data for almost two years of operation, offer attractive economical and environmental merits including
an energy-flow model is developed which incorporates operating considerable fuel savings and carbon dioxide emission reduc-
constraints and control requirements of the autonomous wind- i5ns However, intermittent aspect of RE sources along with
diesel system. The model is employed to analyze the interaction, . . LY

of wind and diesel power plants in order to identify alternative highly vanablg n_e_lture of load d_emand for _theS? applications
unit Sizing approaches that improve Wind_energy absorption may |ead to S|gn|f|Cant degradat|0n Of RE Ut|||Za.t|0n due to the
rate of the wind plant, fuel savings and overall efficiency of excess RE energy losses. The RE energy losses is considered
the diesel plant. Optimization criteria for unit sizing of the as a portion of the energy that cannot be delivered to the
diesel plant in the presence of the wind farm are discussed gygtom. The RE losses are more significant for medium to
and system performance for several configurations based on  : . .

multiple units with a reduced-size diesel unit are investigated. high _penetraﬂon depth_ of RE sources, espeqally when _no
The simulation results from the energy-flow model for two €lectric energy storage is used. Reference [3] discusses various
operation scenarios are compared with the field observations and configurations and operating strategies for small wind-PV-

an optimum combination of multiple diesels with reduced-size diesel systems with and/or without energy storage. However,

units is suggested. the issue of RE energy losses and sizing requirements are not
Index Terms— Autonomous wind-diesel, unit sizing, distributed addressed since the study focus is on small systems (below
generation, energy flow, Microgrid. 100-kW). In the case of autonomous wind-diesel systems that
operate based on continuous utilization of one or more diesel

I. INTRODUCTION generators without energy storage, various operating limits

Traditionally, remote communities in Canada have bedte imposed on the wind energy import to maintain adequate
supplied electricity almost exclusively by diesel units, dutevel of loading on the diesel generators for safe and reliable
to the reliability and confidence in the technology. Theperation, [4], [S]. The excess wind energy has to be dumped
Ramea wind-diesel project is the first medium penetratio¥nen the diesel plant operates at the minimum loading.
wind installation integrated to a diesel generator based powerThe main objective of this paper is to develop a design
supply system in Canada [1]. The project has been used Bgthodology and analysis approach for unit sizing of an
CANMET Energy Technology Center as a pilot project sitdutonomous wind-diesel system. Historically, the wind power
and benchmarking system to further advance the wind-die§ant is integrated to an existing diesel-based power supply
integration technology and analyze real-world operation &yStem in which diesel generators are normally oversized with
these systems in the context of remote Microgrids. Refererf@pect to the load. Hence, maintaining a minimum loading
[2] provides a RETScreéh case study for economical pre_requirement for diesel units in operation drastically reduces the
feasibility analysis of the project that demonstrates financi@yerall wind energy contribution to electricity supply of the
aspects of remote wind-diesel systems. network during low load periods and/or high wind conditions.

The remote Microgrid and Mini-grid projects aim to invesRe-sizing of the diesel units with respect to the wind plant and
tigate autonomous operation of the isolated power generatifiplementation of appropriate cycling strategies to optimize
and distribution systems which use multiple energy sourceBinning capacity of the diesel plant can help improve the
to supply a community load. The immediate applications a¥énd energy contribution.
for electrification of non-integrated areas and geographicalThe autonomous wind-diesel system of the Ramea island
islands based on alternative energy generation technologi8sthe province of Newfoundland, Canada is used as a base
particularly with high penetration of renewable resourcet verify a model for energy-flow analysis and evaluate the
The principal issues to consider are: optimal sizing of tH#iesel plant sizing methodology. After almost two years of

power generation plant, control strategies; technologies fgld observations and collection of an adequate amount of
data, the studies on the impact of wind integration on daily

) gerformance of the system and investigation of methods for
Authors are with Natural Resources Canada, CANMET Energy Technol-
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ogy Centre-Varennes, 1615 Lionet-Boulet Blvd., Quebec, Canada, J3X 19@,t'm'zat'on of the power plant can provide va!ugble kn‘_)Wl'
(emails: farid.katiraei@nrcan.gc.ca, chad.abbey@nrcan.gc.ca) edge and help support future development of similar projects.
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Fig. 1. One-line diagram of the remote wind-diesel distribution network

This paper considers a selected set of commercially availabkn feed its power generation into the system, as long as the
diesel generators and uses the annual load duration curvaliesel units are loaded above a certain level. A fully automated
the system to determine optimal diesel unit sizes that meet tigital control system facilitates the smooth integration of
following objectives: wind and ensures inter-operability with the existing remote
« To improve overall diesel plant efficiency and maximiz@rid.
the fuel savings, Fig. 1 shows the one-line diagram of the Ramea distribution
« To maximize total wind energy contribution to the gridnetwork including a diesel power plant, a wind power plant
(or equivalently minimize dumped wind energy), and two 4.16-kV feeders. The diesel power plant consists
. To introduce a diesel cycling and dispatch strategy th@f three Caterpillar D3512 diesel engines, each with rated
maintains adequate loading on multiple diesel sets whit@pacity of 925-kW at 1200 rpm. The wind power plant is
minimizing the number of diesel on/off cycling. composed of six identical Windmatic WM15S wind turbines
The study approach of this paper is to use an energy figith rated capacity of_65-kW at a rated wind speed of 14
and dynamic power flow model of the autonomous wind-dies@/'S (50 km/h). The wind power plant also employs a load
network to investigate the daily and monthly performance gggulator to control imported wind power generation at light-
the network under various wind and load regimes. The pag8fd conditions in order to always maintain the loading of
is structured as follows. Section Il describes the remote windi€Se! generators at least at 30%. The network load varies in
diesel system of this study. The rationales for diesel plafite range of 200-kW t01200-kW with an average of 550-kW
sizing are discussed in Section IIl. Section IV introduces ttf#"d annual energy consumption of about 4300-MWh.
energy-flow model. Section V presents a discussion on diesel
plant control and operating constraints for the model. Th® Diesel power plant

performance analysis of the autonomous wind-diesel systeMryee Caterpillar D3512 diesel engines are the main power
based on three case studies are presented in Section VI. Thferation sources of the remote wind-diesel power plant.
summary and conclusions are stated in Section VII. Diesel generators are 4.16-kV, 1200 rpm and 925 kKW with
power factor of 0.85. Each of the diesel units is equipped with
Il. STUDY SYSTEM an automatic voltage regulator and a governor system. Two
The Ramea wind-diesel project is the first medium penetrfrequency control modes are used including: (1) a speed-droop
tion wind installation integrated to a remote diesel generatoharacteristics for fast load following capability, and (2) an
based power supply system for a geographical island isochronous mode for load sharing and frequency regulation.
Canada. The wind developer, Frontier Power Systems, wifine or two of the three diesel generators are normally required
support from governmental funds from the Technology Eartp supply the local community load. Parallel operation and
Action Measure (TEAM) program [6], integrated 390 kWtycling periods of the diesel generators are coordinated by the
of wind into a community with a peak load of 1.2-MW.diesel generators’ master controller.
Good wind resources, correlation with high-load periods, andThe fuel consumption characteristics of the diesel engines
community acceptance and support have made this islan@dra given in Table | at different load values [7]. Table |
favorable site for development of a medium penetration wiridustrates that fuel consumption of a diesel engine increases
energy system. While the utility, Newfoundland and Labraddny about 23% for operation at 25% loading in comparison
Hydro, remains ultimately responsible for supply of the loadp the rated load. This may be identified as an important
wind generation from this independent power producer (IPRjctor in determination of the minimum loading constraint of
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TABLE |

and supervise operation of the wind turbines, to facilitate its
FUEL CONSUMPTION FORCAT D3512DIESEL ENGINE

integration into the system, which is controlled and primarily

Toad Engine Power Fod Raie =T sypplied_ by diesel generatlor plapt. The WDICS configuration,
. Efficiency Fig. 1, is composed of (i) a diesel plant master controller
18/(‘;;;;’;0 ggg‘f\; '-'"gg/gour kwgé;'”e (DPMC), (ii) a wind plant master controller (WPMC), and
90/ 8325 886.0 209.2 298 (i) a SCADA system with internet access for monitoring
80/ 740.0 789.8 186.6 3.97 and data acquisition. DPMC is a fully integrated and digital
;g;g?é-g égi-g %gg 2'3‘2‘ automatic controller that supervises the overall wind-diesel
60/ 555.0 £09.0 144.0 385 network operation as well as synchronization, load sharing,
ig; ‘3“;(2)-8 iﬁé“‘l‘ Eg-g g-gg and load following control of the diesel generators. WPMC
3072775 3196 823 337 perfor_ms au_tomatic control and protectiqn of the wind power
25/2313 272.0 719 3.22 plant including start-up of the wind turbines when the wind
20/1850 2237 61.4 3.01 speed rises above 4 m/s (14.4 km/h), and shutdown of the
TABLE Il turbines for wind speed beyond 22 m/s (79.2 km/h). It also

communicates with DPMC to report power generation of the
turbines and to update the maximum limit for wind power
Cut-in speed (turbine Sart-up) 4 s ( 14.4 ki) import. The communication link between DPMC and WPMC
Wind speed for rated output 14 m/s (50.4 km/h) is a 1-km wireless connection.

Cut-out speed (turbine shut-down) | 22 m/s (79.2 km/h)

Restart speed (after shut-down) 19 m/s (68.4 km/h)
Tower height 25 meter I11. DIESEL PLANT SIZING

WIND-TURBINE SPEED CHARACTERISTICS FORVINDMATIC WM15S

Optimal unit sizing of a diesel power plant requires careful
consideration of several factors including detailed analysis of

the diesel generator. However, the determinate factor is tr&%y and seasonal load fluctuations, annual load growth, and

the”?‘“lfn funde_r Ilgrt_-lload co(rjldmons significantly INCr€asgRcorporation of practical constraints for feasible and reliable
the risk of engine failure, and can cause premature ageifjdse operation. If diesel units are only sized based on peak
of the diesel generator. Operation at light load also reduc, dlor average load values, on an annual base, with some
the load f(_)IIOW|rf19hcapab|I|ty Of_ tTf ﬁlen((jarator,d althougrr: thgafety margins and additional capacity for future expansion,
r?sponsel tlmedo ht ?ge:jnefr]ator IS highly hepeq gnt onlt ZWHE diesel plant will generally be very oversized. The reason
of controls and the load characteristic. The minimum loading o remote community loads are normally characterized
constraint of a diesel generator is normally set between 30-30 being highly variable, with the peak load as high as 5

percent. to 10 times the average load [4]. A practical approach is to
B. Wind | employ multiple units, e.g. a set of two or three diesels, with
- Wind power plant various sizes and apply a diesel cycling and dispatch strategy

The wind power plant consists of six Windmatic windo optimize the loading of each unit to achieve maximum fuel
turbines, a 200-kW controllable dump load, and six capacitgfficiency.

banks. The Windmatic WM15S is a horizontal axis, two-speed, Fig. 2 shows the fuel efficiency curve for several commercial

up-wind turbine which uses two induction generators, a 68ize diesel generator reported in the manufacturer catalogue.
kW unit and a 13-kW unit for the energy conversion angthe fuel curve for each generator is depicted between 25% and
direct connection to the distribution system. The smaller unityoo of the rated capacity with diesel loading normalized to a
is used for start-up and turbine roll over, switching to the-Mw base. The dash-line curve shows the fuel efficiency for
larger unit at high wind speed, about 7 m/s. The wind-turbinfie 925-kw Caterpillar D3512 currently utilized in the Ramea
speed characteristics are given in Table Il. A 30-kVAr fixedliesel plant as a base for comparison. According to Fig. 2,
capacitor bank is connected in parallel with the output of eagh general, fuel efficiency of a diesel generator drastically
wind turbine to partially compensate for the reactive powggduces when the loading goes below 30-40% of the rated
needs of the induction generators, Fig. 1. The start-up of thRsel capacity. Supplying the load with a 925-kW unit, the
wind turbines is currently assisted by the diesel plants; eagfgsel generator should be replaced with a 635-kW unit at
wind turbine operates as a motor until it is accelerated beyogHout 530-kW loading and/or with a 560-kW unit when the
synchronous speed, at which point it begins to generate powghding goes below 450-kW as the total load demand reduces.
The diesel plant also provides the balance of the reactiygis is to maximize the fuel efficiency of the diesel plant,
power, while the capacitor banks are switched on/off to corrgetmultiple units with different sizes are used. The given
the wind plant’s power factor to above 0.9. However, transiefiresholds are determined according to the intersection points
reactive power support and the fine tuning is provided by th# the corresponding fuel curves in Fig. 2.

synchronous generators. A challenging aspect of an autonomous wind-diesel system
) ) with no energy storage is maximizing the wind energy absorp-
C. Wind-Diesel control tion rate, or the amount of wind energy imported, which also

A wind-diesel integrated control system (WDICS), designeaffects diesel fuel efficiency. For reasons associated with risk
by the Atlantic Wind Test Site [8], has been used to controf failure, premature generator ageing and adverse impact on
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Fig. 3.  Comparison between monthly variations of load demand, and
] o ] ~ MLC/SRC thresholds for each diesel units (Load: minimum, average, and
fuel consumption, the minimum loading of each unit is limitechaximum values; DG: 925-kW, 635-kW, and 560-kW)

to 30%. Consequently, the excess wind power is dumped when
load demand is low. Managing the diesel loading based on
multiple units with different sizing and applying an optimal IV. ENERGY FLOW MODEL
running strategy can effectively reduce the dumped windA dynamic energy-flow model of the wind-diesel power
energy and provide substantial fuel saving. However, tigiglivery network is developed for analysis of daily, weekly,
dispatching strategy has to be technically reliable, practicaiyd monthly performance of the autonomous system. A block
feasible, and economically viable. This paper investigates diagram representation of the model is shown in Fig. 4. The
alternative approach for the Ramea diesel plant configuratigrodel consists of several blocks including (i) diesel power
by replacing one of the three diesel units with a smaller sigéspatching and on/off cycling control with fuel consumption
diesel unit. The selection is between a 560-kW and/or a 63®d efficiency estimate, (ii) gross wind power generation and
kW diesel by comparing the fuel curves in Fig. 2 and thdumped energy calculation, and (iii) generation/load balancing
previous discussion. block. The model uses 1-minute time step for analysis. Inputs
. o ) ) to the model are wind-speed and load demand values generated
An investigation of diesel loading coverage based on annygdm two sets of collected field data from system operation in
load duration curve for selected sizes are performed. Aio4 and 2005. The available data includes monthly collected
effective loading coverage of a diesel unit is defined as the_minyte averages and daily monitored 1-second data that are
area between the minimum loading constraint (MLC) angseq to generate 1-minute load and wind-speed information.

the spinning reserve constraint (SRC). Fig. 3 shows monthfye various elements of the energy flow model are explained
variations of the minimum, average and maximum load valugs ihe following subsections.

for the remote community based on 2005 data. MLC and SRC
thresholds are also shown in Fig. 3 for three diesel generatqrs
of 925-kW, 635-kW, and 560-kW. MLC thresholds for the ~ _ ) o
latter two units, based on 30% of the rated diesel capacitiesPOWer generation of each wind turbine is calculated by
are below the minimum monthly load of the network (200-kv@PPlying adjusted wind-speed data per turbmg, to v, in

for 2004 and 2005). However, a 635-kW unit with a SRC dfid- 4, t0 a generic power-speed curve for the turbines, [2].
540-kW suitably meets the average load (550-kW). Analysid'e effective wind speed for each turbine is calculated by
of the annual load duration curve based on collected data fBH!tiPlying the recorded wind-speed averages from the site
2005 also illustrates that the load is in the acceptable ranffih corresponding wind-speed coefficients that represent rela-

of a 635-kW diesel generator 57% of time, compared to 3gbpnships between average wind-power generation of turbines
for a 560-kW unit, [2]. and their geographical distributions in the area. The total wind

generation is then given by,
The above rationales can suggest a decision in favor of ot
considering a 635-kW unit as the optimal unit size. However, P! = Pwor + Pwaz + -+ Pwas, - ()
due to the positive correlation between community load anghere Py, to Pygg are the real power outputs of the
power generation of the wind plant, detailed daily and seasog#t wind turbines. The reactive power requirement of each
analyses of the wind-diesel power system performance aigbine is also determined based on a curve that represents
required to ensure the right selection for concurrent operatigBwer factor variation of the 65-kW induction generator, as

of wind and diesel plant. An energy-flow model is developeghe interface medium of the turbines, as a function of real
and used for this purpose. power output.

Wind power calculation and import
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Fig. 4. Block diagram of the energy-flow model for the autonomous wind-diesel system of Fig. 1

In the next step, the wind power import and dumped A power limit value @) is determined and applied to
load values are calculated based on the minimum loadittge next step of calculationg;,,;; is equal to the difference
requirements for the diesel units and the corresponding linhietween total power generation of the diesel plant and MLC.
imposed on the maximum wind power import from the windror this analysis, the MLC value is set to 30% of total real
plant. The wind power limit is updated at each time step baspdwer capacity of diesel generators in operation. Hence,
on variations in load demand and diesel generators loading, as ref rated
explained in Section IV-B. The difference between the wind ~ Ltimit = max ((Pp 0.3 % Ppicser), and0), (6)

iesel
power generation and the wind power import determines tQhgere Prated s the rated real-power capacity of the diesel

control set-point for the dump load. The wind power impotjant based on diesel units in operation as determined in
and dumped load values are given by, Section V-B.
Potal if potal < p. . After calculating the total loading of the diesel generators,
Pimport = PW if P%t‘” - D . (2)  the diesel plant master controller, DPMC in Fig. 1, performs
limit | WG > Plzmzt . .
the task of generator cycling, as required, to update the
and diesel generators operating status, turn on/off of additional

generators, share the power among multiple generators, and
calculate fuel consumption of each unit based on the given

where Piports Primit, @and Py, represent wind power fuel curves in Fig. 2.

import, limit on wind power delivery, and the excess wind

power to be dumped, respectively. V. DIESEL PLANT CONTROL AND OPERATING
It should be mentioned that start-up and shut-down intervals CONSTRAINTS

for wind turbines are not considered when the energy-ﬂow-l-he diesel power plant is the main generation source of

model uses a 1-minute time step. the remote electricity network of the island. Although the
community load fluctuates in a wide range and may drop

B. Generation and load balancing to 200-kw, the wind generation plant is not designed to

ogerate independent of the diesel generator. Hence, under

The generation and load balancing block in Fig. 4 Speclfl%my load and/or wind power generation condition, the diesel

total real and reactive power generation of the diesel power .
(?nt controller needs to secure operation of at least one

plant at each time step based on the input data for lo ) o .
. ) . lesel generator with adequate spinning reserve capacity to
demand, the calculated wind power import and reactive power . .
' support sudden load changes and wind power fluctuations. Two
of the wind plant. Hence, o . -
indications of the load at each time step are used for decision
plgeigf%l = Pioad — Pimport (4) making and to compare the diesel loading with the operating
ref 0 Q19— 1 X Quar) ) constraints: (i) 1-minute load values which is entered to the
Diesel — “load we capso model as inputs and interpreted as instantaneous load, since

where pr¢f , and Q") are total real and reactive powerthe time step is also 1-minute, and (ii) 5-minute load averages

Diese Diesel

generation of the diesel plant. Als@.o4! andQ..,, are total Updated at each step.

reactive power of the six wind turbines and reactive power of a The following operating constraints are incorporated into the
capacitor bank, respectivel§l,,.; andQ;..4 represent lumped diesel plant control model as part of the energy flow analysis:
values for real and reactive power of the community load « Minimum loading constraint (MLC), which is set at 30%
including power losses of distribution lines. In (&)represents of the total real power capacity of the diesel;{“?)),
the number of 30-kVAr capacitor bankg)(,,) required at « Spinning reserve constraint (SRC), which is determined
each step to partly compensate reactive power of the wind based on the 5-minute average loading and set at 0.85 %

plant. of the rated real-power capacity of the diesB}f’°?

esel/*

Pdum.p = max ((Pé{(/)g‘bl - Pimport)v and 0) ) (3)
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. . o ! TABLE Ill
« Maximum power constraint (MPC), which is defined
. . OPERATING STATE OF THE DIESEL POWER PLANT BASED ON GENERATORS
based on instantaneous power of the diesel plant and COMBINATIONS

incorporates both real and reactive power supplied by the

diesel plant. MPC is set to 0.95 % of the total apparent Logical | Diesel 1 | Diesel 2 | Diesel 3 | Upgrading | Downgrading
power of the diesel plantS(ied ) that includes a safety sate | (DGL) | (DG2) | (DG3) | Htates states
margin when a 1-minute time step is used. However, ; 82 gf; 8;; 3 S i é
diesel generators can momentarily tolerate up to 10% 3 Off On off | 2 |4 2 2
4 Off On On 7 7 3 5
ov_e_rload. . . . . 5 Off Off On 6 4 6 6
o Minimum operating time for each unit (MOP), which 6 On Off on 7 7| 1 5
refers to a minimum on-time requirement for a diesel 7 On On On v 1 7] 2 4
generator after each start-up to avoid short periods of
switch on/off and minimize cycling. Previous studies have T
shown that an optimal cycling can be achieved for MOP TN N\
greater than 20 minutes [10]. P oV ’ N
The limit on wind power import is only dictated by the MLC. ®/ ™ \\ /
However, if either the SRC or MPC thresholds are reached, an 5— @/ -
additional generator or a generator with larger capacity should ' D (
be brought online. N S
\\\\\ /: fﬁ///’ /////
A. Diesel cycling and dispatch strategy Upgrading —

Downgrading

Based on the current structure of the diesel plant with three
equally sized diesel generators and the annual load duratig§) 5. Logic cycling diagram for three diesel units
curve of the network for 2004-2005, [2], a 925-kW diesel
generator can supply the community load 88% of time. One
of the other two 925-kW generators would be needed to mé®iLT) is assigned to each state that defines the loading
high-load intervals. Considering the proposed diesel sizimgndition at which a downgrading transition is required. The
approach based on a reduced size generator and two of M€l values are determined based on the intersection points of
current 925-kW generators, various combinations of diestle fuel curves in Fig. 2. However, downgrading does not occur
operations can be achieved. if the operating duration of a targeted generator for switch-off
Table Il shows the possible combinations of three diesil less than MOP, a minimum operating time of 20-minutes.
generators, one with a reduced size (DG1) in comparison
tp other two_generator of qugl size (DG.2 and DG3). Tl‘g Load sharing
first column in Table IIl identifies the logical states corre-
sponding to on/off status of the diesel generators as specifiedormally, one or two units of the fleet of three diesel gener-
in the following three columns of the table. The next tw&tors operate together. In a rare loading condition, addition of
sets of columns identify upgrading and downgrading statdge third unit may be required. Diesel plant master controller
respectively, based on the rated capacity of the diesel plARPMC) supervises start-up, synchronization and parallel op-
at each state and possible choices for an upper state vifation of the diesel units. This process is typically introduced
higher capacity or a lower state with smaller capacity. THS @ delay in the energy-flow model. The corresponding delay
upgrading and downgrading states are derived from a logi¢BfY vary in the range of a few seconds to one or two minute,
cycling diagram for the diesel plant as shown in Fig. 5. THéepending on a generator capacity and its controls. Fig. 6
logical cycling diagram of Fig. 5 maps the relationship amor@!ows a paralleling and load sharing process between two 925-
the seven states and illustrates possible changes for a skffegenerators, based on the the collected 1-Hz field data, for
based on increase and/or decrease in capacity and switctfifigoPerating point of the network in which the load demand
constraints. It should be noted that the cycling diagram &tached about 850-kW. The average time required, based on
Fig. 5 is valid, independent of the selected size for DG1 arisgveral observations, is less than a minute; therefore, the delay
DG2/DG3. does not affect the energy flow-model with an analysis time
An upgrading transition is required when the total loadingt€P of 1-minute.
of the diesel plant surpasses the MPC and/or SRC thresholdd e total loading of the diesel plant is shared among diesel
for the current state. A satisfactory state is the one with lowd#its proportional to their rated capacities. The rated capacity
capacity among the two available upgrading choices, given®h the diesel plant is calculated based on the diesel generators
Table IlI, for which the 5-minute average and instantaneoil Operating position identified by the state number given in
load values are below the MPC and SRC, respectively. ~ Table Ill. Hence,
A dpwngrading transition is p_erformed_ to optimize total Stated _ ¥(Sp. % Status;) fori=1to 3, (7)
capacity of the diesel generators in operation and select an ap- 7 ‘
propriate combination with higher total loading for the diesailhereS,g”;t;;‘il is the rated apparent power of the diesel plant
plant. To initiate downgrading, a medium loading thresholdased on diesel units in on-positiofp, is the apparent
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Jan 30th 2005, Starting @ 4:11 pm TABLE IV
900 FUEL CONSUMPTION IN LITERS FOR A THREEMONTH ANALYSIS OF FIG. 7
o0 —'"'"S._L
——DG1
700 e DG3| | Casel | Casell | Caselll
600 1 H‘L‘_L December | 108,040 105,190 | 104,780
g 500 = April 77,281 71,933 72,463
< o St
a 400 - June 91,853 88,225 88,237
300
200 ‘:J-‘r
100 J— An essential conclusion from Fig. 7 is that a reduced-size
0 . . . . .
L 11 21 31 a1 51 61 71 81 O 101 111 191 191 141 151 161 171 181 Fhesel unit significantly reduces the fgel consumption as shown
Time(s) in Table IV. Although a 635-kW diesel unit is used more

frequently than a 560-kW unit, the fuel saving in Case Il is
Fig. 6. Typical diesel generator paralleling and load sharing process bagdfhilar to Case Il with slightly higher saving in winter, when
on field observations (Jan. 2005) peak load is higher, Table IV.
To investigate the impact of reduced-size diesel unit on over-
all performance of the diesel plant, two operating scenarios are

power of the i-th unit. AlsoStatus; identifies the operating considered:

status of the i-th diesel unit withbn =1 andOff = 0. The

loading of each diesel unit withn state is given by . Spengrio A: Diesgl plant.operation without energy con-
tribution of the wind turbine.

pref o Spa, if Status; =1, (8) « Scenario B: Diesel plant operation with the wind farm.

PDG?? = I Diesel rated . . . . .
SDiesel The no-wind operating condition of Scenario A is modelled
where Pp¢, is the loading of the i-th diesel generator. by dumping the total wind energy harvested.

Table V presents results for a typical month of analysis
(December 2005) based on Case | and Case lll. Table V
also provides a comparison between the model results for

The energy model in Fig. 4 is used to analyze daily arfdase I-B with the field observations extracted from electricity
monthly performance Of the autonomous Wind_diesel Systeﬁﬁ.le data for the remote wind-diesel SyStem. The last column
with various diesel sizes. Three cases based on DG1 si#édable V provides a cross-comparison between wind-diesel
at 560-kW, 635-kW, and 925-kW are considered. The dies@peration performance for Case I, current operating practice

plant configuration for each study cases are as follows; ~ ©Of the system, and the proposed Case Ill in percentage of the

. . . change in corresponding values.
o Case I: Three diesel generators of the same size, i.€. 9 P 9

DG1 = DG2 = DG3 = 925-kW. From the diesel plant perspective, Case Il with a reduced-

. Case II: A 560-KW unit (DG1) with two 925-KW units size 635-kW unit has S|gnn_‘|cantly improved fuel eff|C|en(_:y
and reduced fuel consumption for the same loads and wind-
(DG2 and DG3),

. Case Ill: A 635-kW unit (DG'1) with two 925-KW units _speed condltlon_s, Table V._Usmg a diesel with smaller size
increases the wind absorption rate by 6.7% and correspond-
(DG2 and DG3). . .
. . ) ingly reduces the amount of the wind energy dumped by about
System performance in terms of total wind energy import, angho,  An adverse effect of reduced diesel size is that the total
energy contribution of the small DG unit versus the 925-kWumber of start/stop cycles of the diesel generators is increased
units for each case on a monthly basis are compared.  py 500, The change in number of cycling periods may impose
Figs. 7(a-c) show the results from energy contributiofyrther mechanical limitations and maintenance requirements
analyses for three months of operation in 2005, namely, Apibr the diesel plant operation and needs further investigation
June, and December. The selected months represent diffeggiyf consultation of the diesel manufacturers. It should be also
load coverage characteristics fpr three cases. The averggeed that the number of on/off cycles is very sensitive to
load of the system, based on Fig. 3, for June and Decemigs selected value for the minimum operating time (MOT)

are either within the load coverage areas for reduced-sigg the diesel units and can be adjusted based on operating
units represented by Case Il and Case Il (Fig. 3c), or aboMgyuirements.

SRC thresholds of both cases (Fig. 3a). The average load for
April 2005 is within the loading coverage of a 635-kW, but

it is higher than the SRC threshold of a 560-kW, Fig. 3b.
Comparing the wind energy contributions for Case Il and An energy-flow model for unit sizing of a remote wind-
Case IIl with the ones for Case | in Figs. 7(a-c) illustrates tHéiesel Microgrid was introduced in this paper. The model was
effective impact of the size reduction of one diesel unit on thélidated using field observations and monitored data for an
increase in total wind energy import. The wind contributioRUtonomous wind-diesel system of a geographical island in
of Case Il is also higher than those of Case Il and Casécpnada. The current design and operating characteristics of
by an order of 7 to 20 percent higher dependent on the witlee autonomous wind-diesel system was used as the base case
resource availability and system loading. study. Alternative unit sizing and configuration approaches

VI. PERFORMANCE ANALYSIS

VIl. CONCLUSIONS
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100%

Percentage of total load

Case | Case Il Case Il

a) December 2005

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0% -

Percentage of total load

Case | Case Il Case Il

b) April 2005

0 Wind import

B Reduced-sized unit
925-kW unit

Percentage of total load

Case Il

Case |

Case Il

¢) June 2005

Fig. 7.
a 635-kW unit for Case Il or a 560-kW unit for Case Il)

TABLE V

Energy contribution of diesel units and wind plant for three months of operation based on study Case | to Ill, (Note - a reduced-sized DG is either

WIND-DIESEL SYSTEM PERFORMANCE INDECEMBER 2005 - GMPARING
CASE | AND CASE Il FOR DIFFERENT OPERATING SCENARIOS

Casel Caselll

and/or shut-down of the wind turbines. However, the imple-
mentation of soft-starting methods and application of new
turbine technologies using a power-electronic interface can
effectively correct any potential power quality impacts and

Study
Scenarios
Total load
(MWh)
Wind
import
(MWh)
Dumped
wind energy
(MWh)

Fuel
consumption
(Litres)

Fuel
efficiency
(kWh/litre)
Diesel cycle
start/stop

A:
No wind
483.98

B:
with wind
483.98

Field
(sale data)

A:
No wind
483.98

B:
with wind
483.98

Changein
% of Casel-B

482.57 0

+6.7%
0.0 75.269 62.160 0.0 80.279 (improved)

Not
Available

- 30.5%
91.686 16.412 91.686 11.402 (improved)

-3%

127,930 (improved)

108,040 116,158 | 125,730 | 104,780

+1.99 %
(improved)
+51%

3.783 3.778 3.73 3.849 3.853

Not

198 Available

124 286 298

(1]

[2]
were investigated to look at the possibility of enhancing syste
performance based on several optimization criteria including:
(i) wind energy absorbtion rate, (ii) diesel fuel consumption
and (iii) overall fuel efficiency of the diesel plant. Using them
energy-flow model, monthly and seasonal performance of thgj
system for alternative approaches based on a diesel plant with
multiple units at different sizes were analyzed. Comparison ch]
the performance indicators extracted from study results wit

even lead to performance improvements.
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