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ABSTRACT

Distributed generation (DG) systems have attradtemleased interest due to ever increasing energy
consumption, rising public awareness of environmemngrotection, and steady progress in power
deregulation. Different renewable energy sourcethéndistribution system are integrated throughA&n
bus. Dynamic models for the main system compon@tsiely, wind energy conversion system (WECS),
PV energy conversion system (PVECS), fuel cellctetdyzer, power electronic interfacing circuits,
battery, hydrogen storage tank, gas compressogasgressure regulator, are developed earlier.cBaise
the dynamic component models, a simulation modeltfie proposed hybrid energy system has been
developed using HOMER (Hybrid Optimisation Model felectric Renewables). The overall energy
management strategy for coordinating the power lamong the different energy sources is presented
with cost-effective approach.

Keywords: Distributed Generation, Hybrid Energy System, Electrical Distribution System, HOMER

1. INTRODUCTION strategies. Fuel cells are good energy sources to
Iprovide reliable power at steady state, but they

Rapid progress in wind, PV and fuel cel . .
pidprog cannot respond to electrical load transients as fas

power generation technologies, the ever increasinagS desired. This problem is mainly due to theinslo
energy consumption, and the rising public j

. . internal  electrochemical and thermodynamic
awareness for environmental protection have turne .
) L . responses [4]. Nevertheless, different renewable
alternative energy and distributed generation as
. nergy sources can complement each other, forms
promising research areas. Due to natur ; . )
: . ) ; . .. hybrid alternative energy systems with proper
intermittent properties of wind and solar irradiati . ) .
. control have great potential to provide higher
standalone wind/PV renewable energy systems

: : uality and more reliable power to customers than a
normally require energy storage devices or som .

. . system based on a single resource. And because of
other generation sources to form a hybrid syste

r‘ﬂﬁis, hybrid energy systems have caught worldwide
Because some of renewable energy sources can .

: . research attention.
complement each other, multi-source alternative
energy systems with proper control have great There are many combinations of different
potential to provide higher quality and morealternative energy sources and storage devices to
reliable power to customers than a system based buaild a hybrid system. The following lists some of
a single resource. However, the issues on optimtie stand-alone or grid-connected hybrid systems
system configuration, proper power electronig¢hat have been reported in this paper [4].
interfaces and power management among dn‘fere[B Wind/PV/FClelectrolyzer/battery system
energy sources are not resolved yet. Thereforg; )
more research work is needed on new alternative Micro-turbine/FC system

energy systems and their corresponding contr@) Micro turbine/wind system
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4) Gas-turbine/FC system can be used as system backup. However, when
5) Diesel/FC system connected to a utility grid, important operatiordan
6) PV/battery performance requirements, such as voltage,

frequency and harmonic regulations, are imposed
on the system.

2. THE PROPOSED SYSTEM

7) PVIFClelectrolyzer
8) PV/FCl/electrolyzer/battery system
9) FC/battery, or super-capacitor system

10) Wind/FC system CONFIGURATION
11) Wind/diesel system Figure 1 shows the system configuration for the
12) Wind/PV/battery system proposed hybrid alternative energy system. In the

13) PV/diesel system system, the renewable wind and hydro power are

14) Diesel/wind/PV system &

15) PV / FC /Super-conducting Magnetic Energy Fubrlander 100 _..ﬂ
Storage (SMES) system Bl e

From the above listed hybrid energy systems, - B0 ki'hd
it is noted that the main renewable energy sources El—' 3 bt ot @

are wind and photovoltaic power. Due to natural Hydro L1EP
intermittent properties of wind and photovoltaic - +—» [7]

power, stand-alone wind and/or PV renewable Ql_’ Corvverter

energy systems normally require energy storage Diesel

devices or some other generation sources to form a AL DC

hybrid system. The _storage device can be a battelEYgl.Proposd Hybrid Hydro-Wind—Diesel system
bank, super-capacitor bank, SMES, or a FGgjth hattery backup and an AC-DC converter taken
electrolyzer system. In this study, a multi-sourcgg the primary source while diesel and battery is
hybrid alternative distributed generation systemised as a backup and storage system. This system
consisting of wind, connected with hydro-diesekan be considered as a complete “green” power
and battery is proposed. Wind and hydro-diesel aggeneration system because the main energy sources
the primary power sources of the system to take fuhnd storage system are all environmentally friendly
advantage of renewable energy in the proposethd it can be. A battery bank is used to supply
system. The hydro-diesel combination is used asteansient power to fast load transients, rippled an
backup and long term storage system. For a stamgpikes in stand-al one applications. For grid-
alone application, a battery is also used in theonnected applications, the battery bank can be
system as short term energy storage to supply fégken out from the system; the utility grid wilkea
transient and ripple power. In the proposed systerfidre of transient power.

the diff(_arent energy sources are integrated through  HoOMER can model grid-connected and off-
an AC link bus. grid distribution systems serving electric and
fhermal loads, and comprising any combination of
photovoltaic (PV) modules, wind turbines, small
hydro, biomass power, reciprocating engine
enerators, microturbines, fuel cells, batteriex] a

A hybrid alternative energy system can eithe
be stand-alone or grid-connected if Utility grid is
available. For a stand-alone application, the syste

needs to have sufficient storage capacity to hand Jdrogen storage. The analysis and design of

the power variations from the altgrnatlve ENerY¥istribution systems can be challenging, due to the
sources involved. A_ syste_m of t_h|s type can b?arge number of design options and the uncertainty
considered as a micro-grid, which has its OWR, yey narameters, such as load size and fututle fue
generation sources and loads .For a gnd—connectﬁqce_ Renewable power sources add further
application, the alternative energy sources in th@omplexity because their power output may be
micro-grid can supply power both to the local loadgtermittent, seasonal, and non-dispatchable, and
and the utility grid [S]. In addition to real power the availability of renewable resources may be
these DG sources can also be used to give reactivecertain. This software was designed to overcome
power and voltage support to the utility grid. Thehese challenges. The Proposed System
capacity of the storage device for these systems c&€onfiguration has been performed by three
be smaller if they are grid-connected since thd gri

s
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principal tasks namely simulation, optimization,the quantity of power purchased annually from the
and sensitivity analysis. grid.
3.SIMULATION The quantity uses to represent the life-cycle

cost of the system is the total net present cdgs T

In the simulation process, it models the_. :
single value includes all costs and revenues that

performance of a particular system configuratiory ccur within the project lifetime, with future cash

each hour of the year to determine its teChniC‘ﬂows discounted to the present. The total net
feasibility and life-cycle cost. Its higher-level present cost includes the i?litial cépital cost Iuf t
capabilities, optimization and sensitivity analysis

o ; i, . .~ “system components, the cost of any component
rerlglcg:s th:jsetsémlr?éfn hcc?vr\;abéllty. a-l;trifu;pmlsag?:replacements that occur within the project lifetime
proct . A P YS®Ille cost of maintenance and fuel, and the cost of
configuration, a combination of system component urchasing power from the grid. Any revenue from

of _specmc sizes, and an operating strategy th e sale of power to the grid reduces the total NPC
defines how those components work together,

would behave in a given setting over a long period For many types of renewable energy systems,
of time. This software can simulate a wide varietyarticularly those involving intermittent distrilaa

of micro power system configurations, that is a&nergy sources, a one-hour time step is necessary t
micro power system is a system that generatesodel the behavior of the system with acceptable
electricity, to serve a nearby load. Such a systeatcuracy. In this proposed hybrid system, it is not
may employ any combination of electricalenough to know the monthly average (or even daily
generation and storage technologies and may lwerage) wind power output, since the timing and
grid-connected or autonomous, meaning separatee variability of that power output are as impatta
from any transmission grid. Comprising anyas its average quantity. To predict accurately the
combination of a PV array, one or more winddiesel fuel consumption, diesel operating hours, th
turbines, a run-of-river hydro-turbine, and up tdlow of energy through the battery, and the amount
three generators, a battery bank, an ac—dc comyertef surplus electrical production, it is necessary t
an electrolyzer, and a hydrogen storage tank. Thisiow how closely the wind power output correlates
software system can be useful for grid-connected oo the electric load, and whether the wind power
autonomous and can serve ac and dc electric loadgends to come in long gusts followed by long lulls,

Figure 1 shows schematic diagram of proposeﬁlr tends to fluctuate more rapidly. HOMER’s one-

hybrid model that HOMER [13] could simulate. our time step is SL_Jffl_C|entIy small to capture the
most important statistical aspects of the load and

Systems that contain a battery bank and one re intermittent renewable resources, but not so

more generators require a dispaich strategy, Whi% all as to slow computation to the extent that

is a set of rules governing how the system Charge(\)Sptimization and sensitivity analysis become
the battery bank.

impractical.

This software models a particular system opumal System Type
configuration by performing an hourly time series '
simulation of its operation over one year and als ..}
steps through the year one hour at a time
calculating the available renewable power =
comparing it to the electric load, and deciding Wha§
to do with surplus renewable power in times 0%"
excess, or how best to generate (or purchase frc”
the grid) additional power in times of deficit. Whe
it has completed one year’s worth of calculations
HOMER determines whether the system satisfie
the constraints imposed by the user on suc "% <
guantities as the fraction of the total electrical
demand served, the proportion of power generattge e Types
by renewable sources, or the emissions of certagmg) r-aromos:
pollutants. HOMER also computes the quantitieZ===raBsttery
required to calculate the system’s life-cycle costom inemslmattars

such as the annual fuel consumption, annual Fig2 portion of hourly simulation results for the
generator operating hours, expected battery life, o proposed hybrid system.

55
Wind Speed (m/s)
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Figure 2 shows a portion of the hourly simulatiortimes of deficit. When it has completed one year’s
results that when modeling a wind-hydro-dieselorth of calculations, this model determines
system connected to AC grid Wind Turbine; thavhether the system satisfies the constraints
proposed hybrid system models a wind turbine asimposed by the user on such quantities as the
device that converts the kinetic energy of the windraction of the total electrical demand served, the
into ac or dc electricity according to a particulaproportion of power generated by renewable
power curve, which is a graph of power outpusources, or the emissions of certain pollutants. It
versus wind speed at hub height. also computes the quantities required to calculate
the system’s life-cycle cost, such as the annual fu
outpulfagfhthgosvri’n dHtca'r\gliEr:Z i‘r:]ag:l;gﬁre_sstégeprz?gssrconsumption, annu_al generator opgrating hours,
) . : : expected battery life, or the quantity of power
First, it determines the average wind speed for th urchased annually from the grid
hour at the anemometer height by referring to th '
wind resource data. Second, it calculates the The simulation process determines how a
corresponding wind speed at the turbine’s huparticular system configuration, a combination of
height using either the logarithmic law or the powesystem components of specific sizes, and an
law. Third, it refers to the turbine’s power cuee operating strategy that defines how those
calculate its power output at that wind speedomponents work together, would behave in a
assuming standard air density. Fourth, it multgpliegiven setting over a long period of time. The
that power output value by the air density ratiosimulation process serves two purposes. First, it
which is the ratio of the actual air density to thealetermines whether the system is feasible. And also
standard air density. To calculate the air densitgonsiders the system to be feasible if it can
ratio at the site elevation it is assumed thataine adequately serve the electric and thermal loads and
density ratio is constant throughout the year. Isatisfy any other constraints imposed by the user.
addition to the turbine’s power curve and hultBSecond, it estimates the life-cycle cost of the
height, the user specifies the expected lifetime afystem, which is the total cost of installing and
the turbine in years, its initial capital cost iolldrs, operating the system over its lifetime. The life-
its replacement cost in dollars, and its annual O&Mycle cost is a convenient metric for comparing the
cost in dollars per year. economics of various system configurations. Such
comparisons are the basis of optimization process,
described in the tablel below gives the overall
4. OPTIMIZATION RESULTS optimized results of a proposed hybrid system in
e Overall Optimization Results. The below
entioned table displays a list of the four system
onfigurations that it found to be feasible. Theg a
listed in order (from top to bottom) of most cost-
gffective to least cost-effective.

In the optimization process, the propose(ﬁ,nh
system was simulated with many different systerm
configurations in search of the one that satidfies
technical constraints at the lowest life-cycle ctrst
the sensitivity analysis process, it was performe
with multiple optimizations under a range of input
assumptions to gauge the effects of uncertainty or
changes in the model inputs. Optimization
determines the optimal value of the variables over
which the system designer has control such as the
mix of components that make up the system and the
size or quantity of each. Sensitivity analysis belp
assess the effects of uncertainty or changes in the
variables over which the designer has no control,
such as the average wind speed or the future fuel
price. It models a particular system configuration
by performing an hourly time series simulation of
its operation over one yeatr. it steps through ey
one hour at a time, calculating the available
renewable power, comparing it to the electric load,
and deciding what to do with surplus renewable
power in times of excess, or how best to generate
(or purchase from the grid) additional power in

s
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Tablel: Important overall optimization results for Table2: Categorized results of proposed hybrid DG
the proposed hybrid system system
FL |Hydo|Dsl |L16P | Comverter |Initial | Operaing ~ TowINPC | COE  Rencwable TR W
v v | | el m[;(ym V) fcion B Hydo D3P Comerer it | Opening  ToulNPC COE Renewble
! . :8 E 1 tégggg H% mgl 'ii?i E;; [0 kW) (W) () ool oo (8 ($/k\\h) fraction
‘ ] 68360 [440  §I562 045 0 " . I
O R R S R T | R E 2 R R A
T N (NN N T T UL Vb *" R
4 64 040 | 4 b 04 )
‘ 0 |4 0, ; pow R TYTRRIT
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s b [0 10 [Sb[u__SI6s fo 05 I A R G
66 1| SETS0 (4610 S16T |02 )36
6 [0 [8 [0 |seoem |40 SI68T 050 0% I Il HQ SR 050 00
166 [10 [5 |8 S0 3 S1%0 [050 0% [ 166 SO0 406 SN0 03 0%
) 0 |16 |6 ST 41 s Jos 0%
166 (10 [48 |10 ST 13 s Jos 0% o . .
I O O T S O T D In the Optimization results using the proposed wind
66 10 18 12 SO0 1465 ST |05 0 — Hydro-diesel with grid results gives us economic
166 [0 [ [¢ STL30 4313 S8 [0S 03 details about each system configuration has been
16§ 110 |4 |10 SESMO 4906 SIBID 0S5 0% displayed in which the highlighted row indicates
7 :8 4” f zljgg jff iiggg gg:g ggg that the proposed hybrid DG system gives less
l i . 12, 4320 ! All A - .
) 0[5 ¢ [SOM 460 SIBI |0ss 0% operating cost of $3179 per year with 97% of
66 10 5% 0 |sI600 30 SIBOD 050 08 utilization of renewable sources.
! :8 4‘6 ?‘7 zmg ;;g: iizgfsz ggﬁ ggg From the simulation of the proposed hybrid
W0 % 1 heslm o (55 oW system using HOMER the fig 3 gives the average
w6 10 2 12 SO 309 M [0 o wind speed versus the_ time for an year is shown
[ Jws [0 8 |2 S0 36§ [0 oy below.fig 4 shows the impact of wind speed of the
2 0 jn |8 STATN 4650 I [0 0% proposed hybrid system versus the ac power .fig
[ 166 |10 | ¥ 14 SO6MD |2 SIISI |0SW 09 5and fig6 shows frequency variation in % versus
7 :8 — 2?3)930 :'02;3 mfﬁ: 32? ggﬂ change in wind speed over 1 hour and 24 hour
I TR 59/1'550 i $1:4;574 TR respectively. Similarly the Fig7shows power output
[ L6 [0 (16 |2 [soue 30 smsi [05B oy (KW) versus wind speed (m/s) of a sample wind
) IR S [45 SR 03B 0% plant is also presented.
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Fig 3. Average wind speed versus time for an year
The table2 below gives the categorized results of a

proposed hybrid system. In the Categorized
Optimization Results table, the result displays/onl
the most cost effective configuration of each gyste
design.
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u 5. CONCLUSIONSAND
RECOMMENDATIONS
The simulation and optimized results

AC Primary Load (%)

Fig 4.Wind speed versus ac load

f Chandes in Wind Speed over 1 hour

Frequeniy (%)

Ll

.............................

presented in this paper suggest the role of the
hybridDG generation system is a reliable power
source and the suitability of developed model for
energy management studies of hybrid distributed
generation systems with electrical distribution
systems. In particular the ability of the Wind emer
conversion system in picking up the load whenever
wind is available, and the ability of the Micro
power system (working as a backup generator) in
meeting the load demand whenever there is not
sufficient wind, are demonstrated. Also,
simulations results shows that the economic
advantages of the studied combination of hybrid
power systems gives less operating cost of $3179
per year with 97% of utilization of renewable
sources. For economical reasons the technical
challenges of interconnecting the distributed
generation units with the distribution lines are
ignored and the results are analysed based on cost

Fig 5. Frequency variation in % versus change infactors.

wind speed over 1 hour

f Changes in Wind Speed over 24 hours

3
.
o =0 MH
5 To E S
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Fig 6. Frequency variation in % versus change in

wind speed over 24 hour
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Fig7. Power output (KW) versus wind speed (m/s)

of a sample wind plant.
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The machine and controller parameters that have
been used in this paper during the simulations are
given below.

K. Sedghisigarchi and A. Feliachi, “Dynamic
and Transient Analysis of Power Distribution
Systems with Fuel Cells—Part I: Fuel-CellDescription: Trojan L16P

Dynamic Model,” IEEE Nominal Capacity: 360 Ah

1. Battery

Transactions on Energy Conversion, Vol. 19

Nominal Voltage: 6 V
No. 2, pp.423-428, June 2004.

Round trip efficiency: 85 %
Siegfried Heier, Grid Integration of Wind P y °
Energy Conversion Systems, John Wiley & Min. State of Charge: 30%
Sons Ltd, West Sussex, 1998. 2 Wind Data

E. G. Potamianakis, C. D. Voumas,pescription; Fuhrlander 100 (FL)
"Modeling and Simulation of Small Hybrid

Power Systems”, to appear in IEEE PoweRated Power: 100kW AC

Tech, Bologna ltaly, June 2003. S wind Speed Power Output
P.Kundur, "Power System Stability andl_N° (m/s) (kw)
Control", McGraw-Hill, 1993. 1 0.00 0.000
§ 2 1.00 0.000
T. V.a.ln Cutsem,. C. D. Vournas," Voltage 3 200 0.000
Stability of Electric Power Systems", Kluwer
Academic Publishers, 1998. 4 3.00 1.000
5 4.00 2.000
Wind Energy and Production of Hydrogen ¢ 500 8.000
and Electricity - Qpportunities for Renewablg 7 6.00 17.000
Hydrogen Preprint J. Levene, B. Kroposki, 3 = 00 30.000
and G. Sverdrup.
9 8.00 45.000
Getting Started Guide for HOMER Version| 1 9.00 63.000
2.1, April 2005. 11 10.00 79.000
HOMER Software from NREL. 12 11.00 94.000
13 12.00 108.000
14 13.00 119.000
15 14.00 125.000
16 15.00 122.000
17 16.00 120.000
18 17.00 112.000
19 18.00 107.000
20 19.00 101.000
21 20.00 97.000
22 21.00 96.000
23 22.00 95.000
24 23.00 94.000
25 24.00 97.000
26 25.00 101.000
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3. Hydro Turbine

Nominal Power: 16.6kW

Generated Type: AC

Available Head (m): 90

Design flow rate (L/s): 25

Minimum flow ratio (%): 75

Maximum flow ratio (%): 150

Pipe Head Loss: 10.49

Efficiency (%): 75

4. Primary Load

Hour Load (kW)

00:00 - 01:00 10.000
01:00 - 02:00 6.000
02:00 - 03:00 6.000
03:00 - 04:00 6.000
04:00 - 05:00 6.000
05:00 - 06:00 12.500
06:00 - 07:00 20.000
07:00 - 08:00 22.500
08:00 - 09:00 18.750
09:00 - 10:00 12.000
10:00 - 11:00 12.000
11:00 - 12:00 17.500
12:00 - 13:00 17.500
13:00 - 14:00 11.000
14:00 - 15:00 11.000
15:00 - 16:00 11.000
16:00 - 17:00 11.000
17:00 - 18:00 17.500
18:00 - 19:00 27.000
19:00 - 20:00 29.000
20:00 - 21:00 40.000
21:00 - 22:00 29.750
22:00 - 23:00 22.750
23:00 - 00:00 12.750
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