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ABSTRACT

The deployment and integration of hybrid power systemthe distribution network is increasing because

the potential to provide higher quality and more relialdegr to consumer than a system based on a s|ngle
source. The combination of two or more energy sources aridtégration into the distribution network
coupled with the varying load introduce different dynamics into teeesythan the system with single source.
The impact of stochastic load and increasing penetrafibylwid distributed generation on transient stability
is presented in this paper. To investigate this impadgtail modelling of grid connected hybrid wind/solar
PV and small hydropower system with a single machinaitefisystem is carried out. The configuration| of
the proposed grid connected hybrid distributed generation (HD@ists of a doubly-fed induction generator
(DFIG), a solar PV and a small hydropower system (SHP)exiad together. The wind turbine is integrated
through PWM converter into the existing grid while the sél&lr consists of DC sources integrated throuigh
PWM inverter and the hydro power is directly connectedgua synchronous generator. The simulations were
performed in DIgSILENT power factory software.

Keywords: Hybrid distributed generation; stochastic load caiticlearing time; wind turbine; Solar PV;
hydropower system; based load; additional load.

1. INTRODUCTION Wind power) and the dynamics associated with
transient stability when HDG is used are completely
The deployment of hybrid power system into thélifferent from the single energy source. These
distribution network is increasing due to its potentiafliversities in the dynamics contribute to the
to provide quality and reliable power [1]. When it iscomplexities of the network and make the system
used as distributed generator, i.e., connected to tREONe to serious instabilities which can results into
distribution system in a horizontally integratedolackout. Furthermore, when these generators are
market, it provides voltage control and improvecconnected to the distribution network which was not
voltage profile. However, the objective of providingoriginally designed for bi-directional power flow, it
good stability when a three-phase fault occurred wiProduces further complexities and increases the
not be realized without detail transient stabilitypossibilities of instabilities. Hybrid distributed
analysis of HDG. This is because some energgeneration with multisource therefore can be defined
sources are weather dependent (e.g. Solar PV a8 & small set of co-operating units generating
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electricity and heat, with diversified primary energy energies because PV does not supply energy
carriers (renewable and non-renewable),which are during the nights.

located closed to the consumers end. The coordinatior8. Lack of inertia constant contributes to the poor
of their operations takes place by utilizing advanced voltage regulation and the low power quality
power electronics [2]. They are either grid connected produce by PV arrays. It therefore increases
or standalone systems, renewable or non-renewable instability during fault [7].

systems [2]. Currently, there is wide-spread use of 9. Most renewable energies are weather dependent
distributed generation across the globe though the with constant daily load variation leading to
level of penetration is still low [3]. By year 2020, the negative impact on the entire system [5].
penetration level of DG in some countries such as

USA is expected to increase by 25% as morBuring varying load condition, the load cannot be
independent power producers; consumers and utilisustained under seasonal changes and the natural
companies imbibe the idea of distributed generatiointermittent properties of wind and solar PV. As a
[3]. The rapid progress in renewable energy poweesult, energy storage system is required in order to
generation technologies and the awareness pfoperly manage the system. In grid connected HDG,
environmental protection have been the major reasotige grid provides the energy support that enhances the
why alternative energy and distributed generation is system energy management and possibly the stability
promising area [4]. of the system.

Because some of renewable energy sources cHowever, the stability of the system is influenced by
complement each other, multi-source alternativebad variation coupled with intermittency of the
energy systems have great potential to provide highenergy sources and high penetration level of HDG.
quality and more reliable power to consumers than Bhese configurations among many other things need
system based on a single source [5-6]. The larger ttee be investigated to understand the interactions
penetration level of hybrid distributed generatiorbetween the hybrid distributed generation and the
(HDG) in a power system, the more difficult itgrid.
becomes to predict, to model, to analyse and to
control the behaviour of such system [5]. There ar€he research studies already published in this area are
many reasons why integration of HDG should benostly on the deployment and integration of single
investigated. Some of which are: source energy system [7-14]. Ref [13] investigated the
impact of high penetration of DG on transient
1. The variability of the hybrid energy sourcesstability. The DGs considered in the case study are
causes instability to the grid in a way that issynchronous and asynchronous generators. It is found
different from the single energy source. that DG influences the system transient stability
2. Since the DG complements one another, thdifferently depending on DG penetration levels, DG
outputs are also interdependent resulting igrid connection strength, different DG technologies,
possibilities of higher degree of instabilitiesand DG protection schemes. Reference [14]
compare to a single energy source. investigated the impact of high penetration of Solar
3. Some HDGs using induction generators are nétV on the transient stability. Several other papers
grid friendly because they consume reactiveeported the poor dynamic state of the system as the
power instead of generating it. So when thipenetration level increases. Also, several hybrid
generator is combined with other renewablg@ower systems have been developed [15-16]. An
energies e.g. solar PV, there is tendency afolated network for very low voltage decentralized
higher degree of instability energy production and storage based on photovoltaic
4. Most power converters do not have adequatnd wind was developed, mainly considering the
control mechanism to actively support DG andcenergy management and control of the photovoltaic
HDG integration. and wind hybrid system [17]. A grid connected hybrid
5. Also, existing protection mechanism might noscheme for residential power supply based on an
be able to take care of the problem of biintegrated PV array and a wind-driven induction
directional power flow that takes place due tagenerator were discussed [18, 19]. Hybrid power
DG connection in radial networks. systems based on steady state, unit sizing,
6. New design controllers are needed taptimization technigues in other to extract maximum
effectively manage the multi-energy sourcepower from the hybrid system and standalone have
distributed generation in other to servicebeen well researched. However, none of the papers
remote villages. reviewed above mentioned transient state and none
7. Possibilities of insufficient supply will be also considered additional energy sources such as
higher in a location where Solar PV alone osmall hydropower system. Most of the papers did not
Solar PV combined with other renewableconsider the integration of HDG into the distribution
system. Rather, HDG was connected into the



transmission system. Interactions of HDG with thelescribes the arrangement of the proposed
grid, effect of additional power transmitted acrosgonfiguration and the transient stability indicator.
distribution corridor on transient stability, unexpectedection 5 presents the simulation and section 6
fault, bi-directional power flow from Hybrid DG, discusses the results. Conclusion is described in
electromechanical oscillations due to system witkection 7.

different inertia constant, torsional interactions of

wind turbine with power system control and grid ar@, DISTRIBUTED GENERATION AND

some of the new things to investigate for effective HYBRID DISTRIBUTED GENERATION
integration of HDG in other to prevent the future grid  cONCEPT

from any unexpected cascaded events. Others issues

are stochastic load and its effect on the HDG. Thigma| generators connected to the distributed network
study investigates the dynamic impact of stochastif other to service the consumer load is called
load and penetration level of h_ybrid Wm_dlsc"ardistributed generation. Also, a large wind farm
PV/small Hydro power on transient stability. Toconnected to the network to meet consumer demand is
investigate this impact, the modelling of gridyso assumed to be distributed generation. Presently,
connected wind / PV/small hydro power with a singlghe promising sources of distributed generation are
machine infinite system is carried out in DIGSILENTying turbine and Solar PV. A Solar PV harvests
power factory. The configuration of the proposednergy directly from sunlight and converts it to
grid connected hybrid distributed generation (HDGectricity. Due to the high initial cost, the number of
consists of variable speed Wind turbine with doublys,stomer involved in the usage of solar PV is still
fed induction generator (DFIG), Solar PV and small,y, | ater, as the cost of PV began to decrease, there
hydro power. The wind turbine is integrated throughyiii pe an increasing usage across the globe and
PWM converter int_o the existing grid Whil_e the solargeyeral other applications will be developed [7].
PV incorporated into the system consists of DGyowever, the low running cost and the maintenance
sources integrated through PWM inverter. The smallpst of these Solar PVs as well as the long life usage
ggﬂg’rg&‘)"r’er system is modelled as synchronoyggage it an attractive alternative energy source.

. ) _Also, wind turbine especially the doubly-fed
The rest of the paper is organized as follows: SeCt'QHduction generator has the ability to provide

2 summarizes distributed generation and hybr'gupplementary active and reactive power to the
distributed generation concepts while section 3 giveéxisting grid.

the mathematical modelling of HDG. Section 4
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Fig. 1. Matrix describing the hybrid distributed generation [7]

DFIG converts energy inherent in wind to electricitypaper namely the import mode, the balanced mode
through wind turbine, shaft, induction generator andnd the export mode, but only the export mode is
various controllers to ensure proper grid integratioanalysed. The export mode is shown in Fig2 and it
and friendliness. Like solar PV, wind output powerescribes how the load is supplied by the centralized
depends on the availability of wind. generator and the distributed generator. The modes
Many of the primary energy sources arere further explained below:

complimentary and abundant in nature which gives it

a good opportunity to increase availability, powetmport mode: In this mode, the load demands are
quality and flexibility of power supply when they aresupplied by GEN2 and HDG with additional supply
fully optimized. The objective of the integration is tofrom the GRID.

capitalize on the strengths of both conventional and

renewable energy sources, both cogeneration and ndslanced mode: In this mode, the load demands are
cogeneration types. The combination of hybrid powamet by the combination of GEN2 and HDG without
generation was represented in matrix form in ref [7any extra supply from the GRID. This means that the
and is shown in Fig. 1. Fig 2 shows a simplifiedoower generated by HDG and GEN 2 is sufficient to
configuration of the proposed hybrid distributedmeet the load demands.

generation. Three scenarios are mentioned in this



Export mode: In this mode, HDG and GEN2 supy
the loads and export the excess generation tc
GRID. This is shown in Fig 2.

The penetration level for HDG is defined

PHDG
PHDG+Pc¢g

% PLups= x 100 (1)

where %Plpg is the percentage penetration of

DG/HDG, Ryppc is the active power generated

HDG and R is the active power from the centraliz
generators (GRID and GEN2).

PcetPhpe = Ploap

whereP_oap is the power deliveret the loau

In all the simulations, the active and the reac
power of GEN2 are kept constant.

3. MODELLING OF HYBRID
DISTRIBUTED GENERATION
3.1 Modelling Doubly-Fed Induction

Generator (DFIG) For Stability Studies

DFIG is widely preferred as the electrical gener
for a wind turbine because it is easycontrol and its
robustness [20]. DFIG is a wound rotor induct
generator with voltage source converter conneate
the sliprings of the rotor. DFIG interes with the grid
through the rotor and stator terminal. The induc
generator is connected to the grid through theois
terminals, but the rotor terminals are connectethé
grid via a partiaload variable frequency AC/DC/A
converter (VFC) [21] as sk in Fig. 3

BUS 2 BUS 3
s| LoaD2
LINE 1
BUS 1 BUS 4
< < [ GEN2
LINE 3 TRANFORMER 1 HDG
LINE 2
LOAD 1 <

TRANFORMER 2

Fig. 2. Proposed modeling configuration for export mode
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L AC ( T DC

Rotor-side converter

Grid-side converter
Fig. 3. DFIG with its converter [21]

To represent induction machine under sys
disturbance, it is desirable to use a do-cage model
which represents transient and sub transient beha
of the machine accurately [2Z5]. For modelling the
DFIG converters, it is assumed that the converter
ideal and the DC link voltage between the conve
is constant. The rotor side converter is connecte
the rotor of DFIG via brushes while therid-side
converter is connected to the grid. A capacito
connected between theonverters that a as DC

voltage source. The DC voltage source decouple
rotor side converter from the gridde converter. Th
rotor side converter is modelled as atage source
whereas the gridide converter is modelled as
current source [26]27]. The torque and the speed

controlled by the rotor side converter. The rofoeed
is controlled by the @omponent of the injecte
voltage, through rotor side conter. The d-
component of the rotor side converter voltage &
for compensation for the generator magneti:
reactive power. The main objective for the -side
converter is to keep the dick voltage constant. |
DFIG, the rotor side converter is drolled by using
different control techniques such as scalar andow
controls. In scalar control, the torque and fluxéna
coupling effect while in vector control, the torqaed
flux has a decoupling effect.

The DFIG equipped with fouwjuadrant a-to-ac
converter increases the transient stability mafi
the electric grids compared to the fi-speed wind
systems based squirrekge generators [28]. TI



stator and the rotor modelling of DFIG are giverfrom the airflow (W),A= Tip speed ratisy= is the

below: rotational speed of the wind turbine shaft. Theugal
of Q fed into the grid in equation 11 above depends
Ugs = _Rsids_wslpqs"f'% (2) on the control of the power electronic in the grid
sides. This does not affect active power except tha
' Qs the efficiency of the inverter can be incorporaietd
Ugs = —Rglgs + wsthgs + it (3) the last two variables. In this paper, the genersto
represented by third order model as indicated in
Ugr = —Ryigy — Swsqr + dYar (4) DIgSILENT [20]. In this case the model is obtained
dt by neglecting the stator transients for the fiftidey
Ao model of induction machine. It shows that there are
Ugs = —Rylgr + sw5ar + (5) three electrical equations and one mechanical

equation. The model is in d-q expressed in rotor
wheres s the slip,u is the voltagei is the currentR  reference frame. In rotor reference frame, theisl iaix
is the resistance, andis the flux, is the synchronous the rotor reference frame is chosen collinear ® th
speed of the stator field. All quantities are meadu rotor phase winding and the position of the rotor
in per unit. The subscripts d and q stand for dieecl reference frame is the actual position of the rotor
quadrature component, respectively while subscriptsThe dynamic model of the generator is completed by
and s stand for rotor and stator respectively. mechanical equation as indicated below:

The real and reactive power at the rotor and thtoist The electrical torque can be expressed by:
can be calculated by:
T, = 1pdriqr - 1pqridr (15)
By = ugslgs + uqsiqs (6)
Obviously, there is a change in generator speed as
Qs = Ugslas — Uasigs (7)  result of the difference in electrical and mechahic
torque. This is expressed as:

B = (ugrlgr + uqriqr) €)
dw 1
. . — =55 T —Te) (16)
Qr = (uqudr - udrlqr) ©) at an > ¢
For DFIG Where H is the inertial constant(s) and this is

specified in DIGSILENT as acceleration time constan
) ) ) ) 0 in the induction generator typd.,, and T, are the
P= P+ B = Ugslas + Ugsigstitariar + ugrigr (10)  mechanical and electrical torque, respectively.

Q=0Qs+0Qr = Ugslas — Uaslqs + Ugrlar —tarlar (11) 32 Modeling of Small Hydro Turbine
Rotor equations modeling The power available in water current is proportiona

) ) to the product of head and flow rate [29].
The general relations between wind speed and

aerodynamic torque hold [17]: The general formula for any hydro power is:

Cp(AB)

1
Te =3 prR3v? 1 (12) Prya = p gQH 17)
And the power is shown as Where:Pyq is the mechanical power produced at the
turbine shaft (Watts)y is the density of water (1000
P, =§ Cp(4, B)ARV3 (13) kg/m), g is the acceleration due to gravity (9.81

m/s), Q is the water flow rate passing through the
turbine (ni/s), H is the effective pressure head of
water across the turbine (m). The hydro-turbine
converts the water pressure to mechanical shaft

The power coefficieniC,, of the wind turbine in
equation 13 is a function of tip-speed rativhich is

given by: power, which further rotates the generator coupled
WR the same shaft [30-32]. The relation between the
A= - (14) mechanical and the hydraulic powers can be obtained

by using hydraulic turbine efficiency, as expressed
T=turbine aerodynamic torque (Nmp= specific by the following equations:
density of air (kg/m3)y= wind speed (m/sR=radius
of the turbine blade (m), CP= coefficient of power By =1 Phya (18)
conversion,f = pitch angle,P,=power extracted



Q= Av
whereA is the area of the cross sectiorfmndv is Where L, is the output current of solar cell (A},

the water flow speed (m/s), is the solar cell operating voltage (M, is the
And the whole equation is derived from Bernoulli’soutput power of solar cell (W). The output power
theorem which states that: depends on the temperature and the irradiance [38].
Y o h+ R = P (19) 3.4 Load Modelling
2g pg  pgQ

For dynamic performance analysis, the transient and
steady-state variation of the lodd and Q with
changes in bus voltage and frequency must be
modelled. For power system analysis, load can be
. . . hought of as real and reactive power launched to
\?vﬁlli;] Egllaffgrzgr IS g ?gﬁ\%ﬁ:f;ﬁilctrl)r?ﬁfossmégouq wer voltage distribution system at buses. Thed loa
enerav. It consis%z of manv cells conr)llected ineseri €1 be modelled as: constant real and reactive powe
and gyérallel The volta eyand current outout is constant current, constant impedance as well as any
P L ) 9 ; P ndom combination of the above. Stochastic models
nonlinear relationship. It is essential therefardrack ossess some inherent randomness. The same set of
the POWer since the maximum power output of the P arameter values and initial conditions will leadain
array vares .W'th solar radiation or !oad curreftie ensemble of different outputs. Assumption is made
eq“"’?"e”t diagram of a sqlar .ceII Is representgd t{hat the load has an initial complex pov&iThe load
one diode model as shown in Fig. 4. is modelled as real and reactive power load [39]:

where p is the pressure of water (Kym

3.3 Solar Cell Modeling

R I S =P+jQ (22)
. where P and Q are real and reactive power,
o= respectively
. I l Iml ]
4. ARRANGEMENT OF THE PROPOSED

a(j) . v, CONFIGURATION

Fig. 5 shows the modified single machine infinitesb

system modelled in DIGSILENT. This power system
model consists of an infinite bus system (Grid)
. : represented by GEN1, one centralized generator
Fig. 4. Model for Single solar cell (GEN2), a hybrid distributed generation (HDG)

The output terminal of the circuits is connectedhi®
b tached to Bus 2 (not shown) and two equal loads

: - t

load. The output current source is the dlfferega .

between the photocurrent Ip and the normal dio OADl and LOADZ)'.GENl.'S con_nected_to bus 3
1a line 3. The transmission lines (line 1, linead

current b. Ideally the relationship between the outpuf’ } R
voltageV,,, and the load currer, of a PV cell or a I!ne 3) are model_led as equivalent transmission _
module can be expressed as if we assume that {fi¢S: Line 1 and line 2 are 100km long each, while
currentlg, in shunt resistor Ris neglected. [33-36]. line 3 is 40km long. GEN 2 is connected to busaavi
100MVA transformer (transformer 1) and has a

Viy+IpvRs capacity of 80MW and 60MVAr. The DG/HDG
—) —1] consisting of wind generator (DFIG), SOLAR PV and
(20) small hydropower system (SHP) is connected to bus 2

via another 100MVA transformer (Transformer 2, not
wherel,, is the photocurrent of the PV cell (in shown in Fig. 5). Each DFIG is rated 8MW, 0.89

. . . power factor lagging. The SOLAR PV is rated 8BMW

amperes)/, is the saturation current,, is the load real power at unity power factor. When SOLAR PV
current (in amperes)pv is the PV output voltage(in 4jone is connected to the HDG bus, a capacitor bank
volts), Rs is the series resistance of the PV cell (iRg sed at that bus to compensate for reactive powe
ohms) and m, K and Tc represent respectively thene nydropower is rated 8MW and 4MVAr. LOAD1
diode quality constant, Boltzmann’s constant angnd LOAD2 are connected to bus 2 and bus 3,
temperature. q is electron charge (1.602%°10) respectively, and are rated 80MW and 40MVAr each.
[37]. To investigate the effect of a large disturbance, a
three-phase fault was applied in the middle of he
and cleared after 200ms by removing the line.

%:5_5:5_H“Mmmm

The power output of a solar cell is given by

pv Ipv (21)



The penetration level in the test system is varied in tmaximum allowable time to maintain synchronism. It

following order. measures the robustness of the system to various
contingencies. If the fault is clear within this time, the
(i) Import modePLypg = 40% power system remains stable. But if it is clearedrafte
(i) Balanced mode&}Lypc =50% this time, the power system is most likely to loss
(iiiy Export modePLyp; =80% synchronism. The criterion for instability is when the

first swing rotor angle exceeds 120 degrees, otherwise
To combine these three DGs together, an effectiibe system is stable. The setting of threshold is always
truth table was drawn (Table 1) and it can bdased on power system characteristics. To assess the
understood from the inference on column 5. Pleaggansient stability of every scenario, we apply a
note that in Table 1, 0 indicates that the generator wtgmporary 3-phase fault at the mid-point of line 2
not integrated to the network while 1 indicates that thehile the load varies and the generation type varies
generator was integrated. For this paper, only scenagtso. The CCT is obtained by increasing the fault
4, 6 and 7 were considered (see Table 1). Thduration untili GEN 2 loses synchronism at 120
transient stability indicator used is critical clearingdegrees. The second index is rotor angle swinging or

time and oscillation duration. oscillation duration. When the CCT is exceeded, the
synchronism of the generators can no longer be
4.1 Transient Stability I ndicator maintained. The generators will go out of step leading

to an increase in rotor angle separation and the

The commonly used transient stability index is th@enerator will refuse to settle.
critical clearing time. The critical clearing timetlse

o
o
o b B
> 3 3 3 GEN 1
_Z GEN2 TRANSFORMER 13 BEKV230KV i LINEY i : ‘ '
: ¥ L] - S ;. :
2 1 =t o
; LINE3 ‘
¥ Transformer 1 "
3- - e md -y
> LINE2
Fig. 5. Arrangement of the proposed configuration in DIgSILENT
Table 1. Truth table for hybrid distributed generation
SCENARIOS WIND TURBINE SOLAR PV SMALL INFERENCE
(DFIG) HYDROPOWER
1 0 0 0 No DG Integration
2 0 0 1 Small hydropower
only (Base case 1)
3 0 1 0 Solar PV only
(Base case 2)
4 0 1 1 Solar PV and Smal
hydropower
5 1 0 0 Wind Turbine only
(Base case 3)




6 1 0 1 DFIG and Smal
Hydropower
7 1 1 0 DFIG and Solar PV
8 1 1 1 DFIG, Solar PV,
and Small
Hydropower (SHP)

5. SMULATION RESULTS WITH shown in Fig 7 with the label (SOLAR PV
VARYING LOAD AND DIFFERENT (base load) and DFIG (Additional load).
TYPESOF HDG 3) Half of the base load was supplied by the SHP

but the increasing load was supplied by the

In the simulation, the base load is 80MW and DFIG and vice versa. This is shown in Fig 8

40MVAr for each load (LOAD1 and LOAD2). Note with the label (SHP (base load) and DFIG

that only the export mode is considered. The (Additional load).
description of the modelling done in this section
explains what happen during the peak load and duriridie first assumption means that the steps increased in
the non-peak load. During the peak load, a certathe load were supplied by SHP while SOLAR PV
generator will be switched on to cater for thesupplied half of the total base load and vice versa.
additional load and during non-peak load théince there are two loads (each 80+j40MVA), the
generator can be switched off. The particulatotal base load is 160+j80 MVA. While the first load
generator to be switched off or on is being identifiedncrease is 24+j12MVA (reactive power has also
in this simulation and modelling. increased).
Consider the year 30 where the total load is
200+j100MVA (see last row in Table 2). The total
Table 2. Thegrowth in demand for 30yearswith6  base load (LOAD1 & LOAD?2) is 160+j80OMVA. The

yearsinterval load increase is 120+j60MVA for one load.
Years LOAD (MVA) DG supplies the half of the base load (80+j40 MVA)
0 80 +j40 (base load) and GEN2 supplies the other part of the base load
6 104+j52 (80+j40 MVA).
12 128+j64
18 152+j76 6. RESULTSAND DISCUSSIONS
24 176+j88 _ _
30 200+j100 6.1 Stochastic Load and HDG Penetration

Level Impact on Rotor Angle using

The increase in load is covered by using one DG Qscillation Duration

while the other DG covered half of the base load. In

other words, after the first 6 years, the increase it loahe graph depicted in Fig. 6 shows that when SOLAR
is estimated to be 24+j12MVA. One DG suppliedPV supplies the additional load increase

80+j40MVA (half of base load) while the other DG (120+j60MVA) and SHP supplies half of the base

supplied 24+j12MVA. The choice of which DG to useload, the system has the larger first swing and more
to supply the step increase in load demand dependsswbsequent oscillations as compared to when SHP
the availability of the primary source and the locationsupplies the additional load increase. Also, when
When DG is used to supply the increasing load, it SOLAR PV supplies the load increase, which is

assumed that the primary energy source is abundanthigher than the base load, the impact of SOLAR PV

such location. will be higher or dominant. When SHP is used to
) supply additional load increase, the transient stability
Three assumptions were made: is improved because SHP can also supply reactive

] power to the grid.
1) Half of the base load was supplied by the

SOLAR PV but the increasing load demand-rom Fig 7 it can be seen that the transient stability
was supplied by SHP and vice versa. This ismargin is decreased when DFIG is used to supply the
shown in Fig 6 with the label (SOLAR PV load increase compared to when SOLAR PV supplies
(base load) and SHP (Additional load). the load increase. This is because in Fig 7, much of
2) Half of the base load was supplied by thehe load is supplied by DFIG which in this paper
SOLAR PV but the increasing load wasshows the worst transient stability case. When
supplied by the DFIG and vice versa. This iSOLAR PV is used to supply the load increase in Fig



7, the stability is improved and the system settleGonsider the last row of Table 3. (i.e., year 30) where
down within 6 seconds. the total load is 200+j100MVA. Since half of the base
load (LOAD 1) is 80+j40, the load increase is
Fig 8 shows that the transient stability margin i320+j60MVA. Table 3 shows the CCT values during
improved when SHP is used to supply the increasingep increase in load demand.
load and DFIG is used for the base load compared t9om Table 3, it is observed that the transient stability
when DFIG is used to supply the additional loagf the system depends on the DG that is used to
Increase. supply the highest megawatt (i.e., dominant). For

Il the th h . h bili .example, in column 2 of Table 3, DFIG is used to
!n all the three grap S (Figs. 6-8), the stability i upply the additional load while SOLAR PV supplied
improved when SHP is used to supply the loa

. ; e base load. When the load was 104+j52 MVA,
increase but worsened when DFIG is used to supp, FIG only supplied 24+{12MVA, while SOLAR PV
the load increase. '

; . . .. isused to supply 80+j40MVA. In this case, the impact
The transient stability depends on the combination f SOLAR PV on the transient stability dominates. As

different DGs. For example, the transient stability i i ; : -
. y . e additional load increases, the transient stability
Fig 6 worsened when SOLAR PV supplied the I()"j(%{::argin decreases because the DFIG now supplies the

incregse, but in Fig 7 when SO.LAR PV supplied th%dditional load increase and becomes dominant
load increase and DFIG supplied the base load, ﬂ&%mpared to SOLAR PV. Comparing column 2 with

stability is improved. column 3, the transient stability is improved when

. . SOLAR PV supplies the additional loads compared to
6.2 Stochastic Load and HDG Penetration \yhen DFIG supplies the additional loads (see the

Level Impact on Critical Clearing Time  average values of the CCT in Table 3, last row).
(CCT)

RELATIVE ROTOR ANGLE OF SYNCHRONOUS GENERATOR IN DEGREE(EXPORT MODE)

SHP (BaseLoad), SJOLAR PV{Afiditional Lohd) e e oy ST o o
_45| /
oA / -
50 L p SO| AR PV {Base load), SHP (Additional Lpad) |

f
IR

RELATIVE ROTOR ANGLE IN DEGREE

0 1 2 3 4 5 6 7 8 9 10
TIME IN SECOND

Fig. 6. Rotor angle of (GENZ2) indicating L oad supply by SOLAR PV and SHP and vice versa
(year 30)
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RELATIVE ROTOR ANGLE IN DEGREE

RELATIVE ROTOR ANGLE IN DEGREE

REIQ_.[J)XTIVE ROTOR ANGLE OF SYNCHRONOUS GENERATOR(GEN2) IN DEGREE (EXPORT MODE)

n ‘ —— DFIG(Additional load), SOLAR F";(étase Load)
20 DEIG{ANditional | oagyl—— DFIGEsss Load) SOLAR PV (Addifonsl Loxd)
I \ SOLAR PV(basefoad)

-40 ’ n \

_50 } ; :! -

-70 P A

-80 5{Base|[oad), SPLAR PYy(Addiional Load

90
-100

0 1 2 3 4 5 6 7 8 9 10

TIME IN SECOND

Fig. 7. Rotor angle of (GENZ2) indicating L oad supply by SOLAR PV and DFIG and vice versa

(year 30)
RELATIVE ROTOR ANGLE OF SYNCHRONOUS GENERATOR(GEN?) IN DEGREE (EXPORT MODE)
% —SHP (Base Load) DFIG (Additional Load]
P ——DFIG (Base Load), SHP(Additional Load)
30 T ——SAP [Base Load], DFIG{Addmional Load]
AD .
DFIG |Base Load)| SHP{Additional Load)
-0 /
A of / 5 )
A0 AR X i LN :
| ' V| A /- A \,_// L
1 \ L S ‘_Jz ‘-\‘ i 4
0 : y
80 .
)
40
0 1 e 3 4 5 f 7 8 g 10

TIME IN SECOND

Fig. 8. Rotor angle of GEN 2 indicating load supply by SHP and DFIG and vice versa
(year 30)

Table 3. CCT during step increasein load demand
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LOADS DFIG DFIG (base SOLAR PV SOLAR PV SHP SHP

load) and (Additional
(MVA) (Additional SOLAR PV (base load) Load) (Additional (base load)
Load) and Load) and
SOLAR PV (Additional and SHP and SHP and DFIG
Load) . (baseload)  DFIG .
(base load) (Additional (Additional
Load) (base load) Load)
CCT (ms)
104+j52 395 310 420 500 400 470
128+j64 380 300 450 490 390 450
152+j76 210 290 470 480 220 140
176+j88 70 130 480 460 120 100
200+j100 65 150 490 450 150 95

Average (ms)

224 236 462 476 256 251

It is therefore observed that whenever DFIG suppliehe additional loads and DFIG is used to supply the
the largest megawatt, the transient stability ibase load.

worsened compared to other DGs. ) ) o

However, the case of combination of SOLAR PV and h€ simulation results indicate that CCT and
SHP is different (columns 4 and 5 in Table 3) take fopscillation duration are good indices that can be used
example when the load is 104+j52. Under this loalP access the stability of power system under three-
condition, when SOLAR PV supplies the additionaPhase fault. The level of penetrr?mon and_ _the nature of
load and SHP supplies the base load (column 5), tifae load of HDG affect the transient stability of power
transient stability margin is improved compared t&YStem.

when SOLAR PV supplies the based load and SHP

supplies the additional load (column 4). This is- CONCLUSION

because SHP initially supplied the highest load

(80+j40MVA). But when the load increases andvlodelling and simulation of grid integrated Hybrid
SOLAR PV was used to supply the increasing loadlistributed generation as well as the impact of
the transient stability margin decreases, but when SHitochastic load and penetration level of HDG on

supplies the increasing load in column 4, the stabilitffansient stability were investigated in this paper. By
margin improves. observing the oscillation duration and critical clegrin

time, we were able to assess whether the transient
However, when SHP supplies the additional load, thetability of the system was improving or deteriorating.
transient stability margin was lower initially The simulation results show that single source DG
compared to when SHP supplies the based lo&hd multi-source DG (HDG) will have different
(column 5). As more additional loads are added, tHE'Pacts on transient stability of power system. Since
transient stability margin continues to increase as cdf€ generators are better combined together to
be seen by the increase in the CCT values whi@hhance and to improve power availability, it is
increases from 420ms to 490ms. But in column 5, tHEecessary to investigate the stability of the system
CCT values decreased. Column 6 shows the ccwhen HDG is integrated. It is shown that transient
when SHP supplies the additional load and DFIGtability is improved when the combination of
supply the base load while column 7 shows thEYBRID SOLAR PV+SHP is used compared to
opposite. It can be seen from the average values of tygen HYBRID DFIG+SOLAR PV is used. However,
CCT that the average value of the CCT is lower whelfi€ transient stability is worsened whenever DFIG is
SHP is used to supply the base load and DFIG supgi¢mbined with other DGs to supply the additional

the additional load compared to when SHP supplidgad compared to when SHP and SOLAR PV are
combined. As the additional load increases, the

12



critical clearing time also decreases except in thee ca
of hybrid SOLAR PV (base load) and SHP (additional

load)
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