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This paper discusses the issue of modelling a hybrid renewable energy system for a micro-grid connected to a bulk
power system. The objective of the work is to create a tool for assessing the feasibility of an energy hybrid system
operation with an appropriate control strategy to ensure its efficiency. A hybrid of a solar, a wind and an energy
storage device was examined. The integrated model uses statistical indices of solar irradiation and wind speed data to
simulate power flow in the system. As the microgrid load demand is variable, power interchange with the bulk power
system is managed by a power system supervisor. The control strategy and the load profile of the microgrid must be
used to estimate the correct size of the hybrid system storage system. The proposed model was subjected to a case study.
References 9, figures 8.
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1. Introduction. Environmental concerns and limited reserves of natural energy resources have
resulted in ever increasing use of renewable energy sources. Wind turbine (WT) and photovoltaic (PV)
generators are used all over the world to supply customers in remote areas. However, use of a single form of
primary energy (e.g. solar or wind) may, due to the stochastic nature of these sources, result in periods when no
or low electricity is generated, meaning that it will not be possible to supply electricity at such times. Yet if
more than one renewable source is used for energy generation, for example a combination of WT and PV
generators, energy generation will be less dependent on one intermittent energy source. To make the system
more stable, an energy storage device (SD) must be included to accumulate energy during excess WT and PV
generation and to supply energy during deep falls in generation. Combining energy sources and storage devices
into one system is commonly known as a hybrid renewable energy system. Such a combination of energy units
considerably improves supply security; hybrid systems in remote areas, for example, may function as a support
system for grid-connected consumers and could increase supply efficiency. However, the high overall cost of
hybrid systems with respect to its duty factor is a concern when they are used widely. To counter this, it is
possible to minimize the total cost of electricity supply in a selected area when considering the power system
dispatch requirements through correct hybrid renewable energy configuration sizing.

Several authors have studied the problem of operating and optimal sizing of hybrid renewable energy
systems [3, 5—9]. The aim of this paper is to present a model of hybrid energy generation system connected
to the public grid. The model is based on mathematical modelling of the energy response of each hybrid

component and stochastic modelling of primary energy
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2. Description of the hybrid system. The hybrid

renewable WT/PV/SD system outline is presented in Fig. 1.
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generator consists of photovoltaic panels which have, according to standard test conditions, an aggregate
capacity of 600 kW. The photovoltaic generator is connected to the AC bus through a DC/AC inverter. The
photovoltaic generator is equipped with a control system that ensures sinusoidal input voltage and generator
operation at the Maximum Power Point (MPP) [7] for all solar radiations.

The storage device in the tested hybrid system is the component to be selected. In general, choice of
a storage device depends on the operational characteristics and pricing of the hybrid system [3—5,7].

3. Stochastic modelling of the hybrid system

A. Wind turbine. The output power from the wind turbine can be obtained by using a wind turbine
power curve. The tested wind turbine power curve provided by the manufacturer in relation to turbine power
controls is shown in Fig. 2.
A The statistic parameters of the wind speed can be
1+— ﬂv estimated by using a probability distribution function for
/ a specific site [1, 2]. Weibull probability density function

// (pdf) is used to describe wind speed variation:
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o, — standard deviation of the wind speed probability

function; I' — Gamma function.
The following values were obtained through
analysing the wind characteristic measurements of the relevant area: py=5.9 m/s andoy, =3.6 m/s. The

Weibull functions for the probability density f;- and relevant cumulative distribution Fj calculated by the

Fig. 2

wind speed statistic parameters are presented in Fig. 3.
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On the basis of the wind statistic p ameters,nisgldorando‘ii/ind funﬁ s for theAnwvestigated time
period can be obtained using Weibull rdridom nu generatdrsoftware. order t ply stochastic
modelling of the WT power input, the approximation of tWi\i‘iHP%%feﬂ‘Wﬁ{?@ Fig. 2) was achieved using
the following formulas: ’
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The pseudorandom wind and appropriate power input as time functions for the examined area and
WT ratings (P,om =1000 kW, V,,,, = 16 m/s) are shown in Fig. 4. The simulation was carried out using 15-
minute wind speed data averaging.

B. Photovoltaic Generator. PV generator performance is considered in the model by the maximum
power output at different PV module temperatures and various irradiation levels. This model makes it
possible to obtain PV generator output power at various climatic conditions at a specific site. The output
power of a PV panel can be calculated using the following equations:

Py =N-U,,1,,, (3)
where U,y =U,,, + Ky (T -T),

In these equations: 7, G — current temperature and irradiation level; N — number of cells in the panel; U,,,,
Lypp, Ky, Ki, Isc, G, Ts — specific data of the photovoltaic cell [4,9].
As is known from field measurements [1], solar irradiation over a long time period can be
approximated by a B probability density function:
—), (6)

T'(a+ G -
fG — ( B) ( ) 1(1 _
F()I'(B) Gpax G
where G,,,, — maximum irradiation for the time period in the explored area.
Parameters of the probability density function are calculated by the following formulas:

]mp :Impp "']SCG'GS_1 +K;-(T-T) 4.5)
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where 1, —mean irradiation; 6 ; — standard deviation of the irradiation probability function.
For the analysed area, solar irradiation is characterized by the following quantities: pg= 172 W/m?
and o =129 W/m’. The density function f; and relevant cumulative distribution function F_ are

presented in Fig. 5. The functions are calculated using solar irradiation statistic parameters. A pseudorandom
solar irradiation time function for a considered season can be obtained using solar irradiation statistic
parameters through f random number generator software. Having previously calculated the solar irradiation
time function and probability ambient temperature time period for the examined area, the PV power model
given by (3), (4) and (5) makes it possible to calculate the PV power input considering the specific PV
installation data. The pseudorandom solar irradiation and appropriate power input as a time function for the
examined area are shown in Fig. 6. The simulations were carried out in relation to 15-minute solar irradiation
data averaging.

[\

Fig. §

Fig. 6

For short-term predictions (a time period of a day or week) the solar irradiation time function can be
better determined through the daily irradiation characteristics of an analysed season.
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C. Generalized energy storage. Generalized energy storage (SD) is modelled on the basis of the
following energy relations:

Egpy (1) = Egp(t =1)(1 = V) + [(Byr (1) + Ppy (1) — Peg(1))AtIn; Egpmin < Esp(£) < Egp nax (7
where Eg,(t)i Eg,(t—1) — the SD energy charge at the time ¢ and (#-1); Egp > Espmax — Minimum and
maximum permissible levels of the SD charge (kWh); P, (#) — current required level of the hybrid system’s
output power; At =¢—(¢—1) — time step of power averaging; v — self-discharge rate within time step Az; n
— SD efficiency.

D. Simulation example. The simulation uses the statistic parameters for wind speed variation in the
specific site presented above. Pseudo stochastic power output has been generated on the basis of those data
and the analysed wind turbine power curve by means of MathCAD software. The assumed solar irradiation
characteristics for the examined case study were those of typical sunny day in the summertime. The time step
of power averaging in the simulation is equal to 15 minutes. The simulation was carried out for a period of

48 hours. The storage device size ( Egp .. ) Was assumed to be 1500 kWh and the minimum permissible
level of the SD charge (£,

microgrid components over 48 hours without using the SD under a constant dispatch limit of 800 kW power
generation (P ) from the hybrid system into the public grid. For comparison, Fig. 8 presents the power

) was assumed to be 200 kWh. Fig. 7 presents the power flows in the

min

flows in the microgrid components using SD under the same conditions and dispatch limit on the hybrid
system power generation. As can be observed from the simulation results in Fig.7, the hybrid system power-
generating capability (Pyr+ Ppy ) cannot be fully exploited in the analysed conditions due to the limiting of
the hybrid system power input Pgs. Due to the operation of SD (Fig.8), the power generation Pgs into the
public grid is more stable than it is without SD operation.

Fig. 7 Fig. 8

4. Conclusion. This paper provides a model for simulating stochastic power flows within a grid-
connected hybrid renewable energy system. The climate characteristics were implemented in the model
using its statistic parameters. An example hybrid renewable energy system operation condition was analysed
taking into account a power system dispatch limitation. The presented simulation results clearly show that
the proposed model can be a useful tool for sizing the components of a hybrid renewable energy system and
predicting its energy management in selected sites.
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B cmamve paccmompenvl 6onpocel mModenuposanus 2UOPUOHOT INEKMPOCMAHYUY C 80300HOGISLEMbIMU UCOYHUKAMU
9Hepeuu OJisl TIOKAbHOU cemu, NPUCOCOUHEHHOU K dNeKmposHepeemuyeckoll cucmeme. Lleavio pabomul ObL10 cozdanue
uncmpymenma Oasi 060CHO8AHUSL PAbOYUX XAPAKMEPUCUK 2UOPUOHBIX IJIeKIMPOCMAHYUL C BbIOPAHHbIMU CIpanme-
eusimMu pe2yiupoganus 0ns obecneuenusi dpgexmusnocmu ux npumenenus. Hccreooeana eubpudnas ycmanoexa,
cooepaicawyasi COMHEUHYIO U eMpPOBYI0 INEKMPOCMAHYUY, d MAKNHCe akKymyasmop suepeuu. T1ockonvky snekmpono-
mpebnenue 6 JOKAIbHOU Cemu UMEHSIemcsl 60 8PEMeHU, OOMEH MOWHOCMU C NeKMPOIHEPSeMmUYecKol CUCMeMOU
KoHmpoaupyemcs oucnemuepom. Tlosmomy, cmpameeusi pe2yiuposanusi u epagurx nompebienus 8 JOKAIbHOU cemu
OOMICHbL  NPUHUMAMbC 80 GHUMAHUE 051 KOPPEKMHO20 PACHemd eMKOCU aKKYMYISmopa 3Hepeuu uOpuoHol
anexkmpocmanyuu. Ilokazano npumenerue pazpabomannol MoOenu Ha npumepe KOHKPEMHOU TOKANbHOU Cemu.

bubmn. 9, puc. 8.

Knroueswie cnoea: MonenupoBaHue, JIOKAbHAs CETh, THOPHUIHAS JICKTPOCTAHITU.

MMOBIPHICHE MOJIEJIFOBAHHSI I'BPUHOI EJEKTPOCTAHIIII 3 BIZJTHOBJIFOBAHUMU
JUKEPEJIAMM EHEPT'Ti

Bapeubkuii IO."Z, Xanzeanka 3.
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B cmammi posenanymo numanHsa MoOent08anHs 2iOpuoHoi enekmpocmanyii 3 6iOHOBNI08aAHUMU Odcepenamu enepaii 0
JIOKATIbHOT Mepedrci, ujo NPUEOHAHAa 00 elekmpoeHepeemuynoi cucmemu. Memoro pobomu € cmeopeHHs 3acody 00epyH-
MYBAHHA POOOYUX XAPAKMEPUCTUK 2iOPUOHUX eNeKMPOCMAHYIl 3 8UOPAHUMU cMpameziamu pe2yiioeants 0 3a0e3-
neuenns egppexmusnocmi ixnvb020 3acmocygants. JJocniodxiceno 2iOpuory yCmanosKy, wo MiCmums COHAYHY Mmd 6im-
o8y enekmpocmanyii i akymynamop euepeii. OCKinbKu e1eKmpoCnoNCUBAHHS 8 TOKANbHIU Mepedici 3MIHIOEMbCA 3 Ya-
COM, OOMIH NOMYIHCHOCMI 3 eNEKMPOEHEPLEMUYHOIO CUCTEMOIO0 KOHMPOMOEMbCs Ouchemyepom. Tomy, cmpamezis pe-
2YNI0BAHHA | 2pApIK CRONCUBAHHS 8 TOKANbHIL Mepedci NOMPIOHO 8paxosyeamu Oisi KOPEKMHO20 PO3PAXYHKY EMHOCHI
akymynamopa enepeii eiopuonoi enekmpocmanyii. Ilokaszano 3acmocysanus po3pobnenoi mooeni Ha NPUKIAdi KOHK-
pemHnoi noxanwroi mepexci. biomn. 9, puc. 8.
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