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Abstract: The deployment and integration of hybrid power system into distribution network is increasing because of the potential to provide
higher quality and more reliable power to consumer than a system based on a single source. The combination of two or more energy sources
and its integration into the distribution network couple with the varying load introduce different dynamics and output than the system with
single source. The impact of stochastic load and increasing penetration of hybrid distributed generation on transient stability is presented in
this paper. To investigate this impact, a detail modelling of grid connected wind/solar PV and small hydropower system and the hybrid
system with single machine infinite system is carried out. The simulation was done in DIgSILENT power factory software. The configuration
of the proposed typical grid connected hybrid distributed generation (HDG) consists of doubly-fed induction generator (DFIG), solar PV
and small hydropower system (SHP) alternatively connected together. The wind turbine is integrated through PWM converter into the
existing grid while the solar PV incorporated into the system consists of DC sources integrated through PWM inverter and the hydro power
is directly connected using a synchronous generator.

Keywords: Hybrid distributed generation, stochastic load critical clearing time. Wind turbine, Solar PV, Hydropower system, based
load, additional load



I. INTRODUCTION:

The deployment of hybrid power system into distribution network
is increasing due to its potential to provide quality and reliable
power [1]. When it is used as distributed generator i.e. connected
to the distribution system in a horizontally integrated market, it
provides voltage control and upgrade voltage profile. However,
the objective of providing good stability when three phase fault
occurred will not be realized without detail transient stability
analysis of HDG rather than the single source and recommend the
use of appropriate controller to solve the problems of fluctuation.
This is because some energy sources are weather dependent (e.g.
Solar PV and Wind power) and the dynamics associated with
transient stability when HDG is used are completely different from
the single energy source. These diversities in the dynamics
contribute to the complexities of the network and make the system
prone to serious instabilities which can results into blackout.
Furthermore, when these generators are connected to the
distribution network which was not originally meant for
generation, it produces further complexities and increases the
possibilities of instabilities. Hybrid distributed generation with
multi- sources therefore can be defined as a small set of co-
operating units generating electricity and heat, with diversified
primary energy carriers(Renewable and non-renewable), while the
coordination of their operation takes place by utilization of
advanced power electronics and are located closed to the
consumers end [2]. They are either grid connected or standalone
system, renewable or non-renewable system [2]. Currently, there
is wide-spread use of distributed generation across the globe
though the level of penetration is still low [3]. By year 2020, the
penetration level of DG in some countries such as USA is expected
to increase by 25% as more independent power producers;
consumers and utility company imbibe the idea of distributed
generation [3]. The rapid progress in renewable energy power
generation technologies and the awareness of environmental
protection have been the major reasons why alternative energy and
distributed generation is a promising areas [4].

Because some of renewable energy sources can complement each
other, multi-source alternative energy systems have great potential
to provide higher quality and more reliable power to consumers
than a system based on a single source [5-6]. The larger the
penetration level of hybrid distributed generation (HDG) in a
power system, the more difficult it becomes to predict, to model,
to analyse and to control the behaviour of such system [5]. There
are many reasons why integration of HDG should be investigated.
Some of which are:

1. The variability of the hybrid energy sources causes instability
to the grid in a way that is different from the single energy source.
2. Since the DG complements one another, the outputs are also
interdependent resulting in possibilities of higher degree of
instabilities compare to single energy source.

3. Some HDGs using induction generators are not grid friendly
because they consume reactive power instead of generating it. So
when this generator is combined with other renewable energies
e.g. solar PV, there is tendency of higher degree of instability

4. Most power converters do not have adequate control mechanism
to actively support DG and HDG integration.

5. Also, existing protection mechanism might not be able to take
care of the problem of bi-directional power flow that takes place
due to DG connection in radial networks.

6. New design controllers are needed to effectively manage the
multi-energy sources distributed generation in other to service
remote villages.

7. Possibilities of insufficient supply will be higher in a village
with Solar PV alone or Solar PV combined with other renewable
because PV does not supply energy during the nights.

8. Lack of inertia constant contributes to the poor voltage
regulation and low power quality produce by PV array. It therefore
increases instability during fault [7].

9. Most renewable energies are weather dependent with constant
daily load variation leading to negative impact on the entire system

[5].

During varying load condition, the load cannot be sustained
under seasonal changes and the natural intermittent properties of
wind and solar PV. As a result, energy storage system is required
in order to manage energy system. In grid connected HDG, the
grid provides the energy support that enhances the system energy
management and possibly the stability of the system.

However, the stability of the system is influenced by load variation
coupled with intermittency of the energy sources and high
penetration level of HDG. These configurations among many
other things need to be investigated to know the interaction
between the hybrids distributed generation and the grid.

The researches already published in this area are mostly on the
deployment and integration of single source energy system [7-14].
Ref [13] investigated the impact of high penetration of DG on
transient stability. The DGs considered in the case study are
synchronous and asynchronous generators. It is found that DG
influences the system transient stability differently depending on
DG penetration levels, DG grid- connection-strength, different
DG technologies, and DG protection schemes. Reference [14]
investigated the impact of high penetration of Solar PV on the
transient stability. Several other papers reported the dynamic state
of the system as the penetration level increases. Also several
hybrid power systems have been developed [15-16]. An isolated
network for very low voltage decentralized energy production and
storage based on photovoltaic and wind was developed, mainly
considering the energy management and control of the
photovoltaic and wind hybrid system [17]. A grid connected
hybrid scheme for residential power supply based on an integrated
PV array and a wind-driven induction generator were discussed
[18, 19]. Hybrid power systems based on steady state, unit sizing,
optimization techniques in other to extract maximum power from
the hybrid system and standalone have been well researched.
However, none of the papers reviewed above mentioned transient
state and none also considered additional energy sources such as
small hydropower system. Most of the papers did not consider the
integration of HDG into the distribution system rather it was
connected into the transmission system. Interaction of HDG with
the grid, effect of additional power transmitted across distribution
corridor on transient stability, unexpected fault, bidirectional
power flow form Hybrid DG, electromechanical oscillation due to
system with different inertia constant, torsional interaction of wind
turbine with power system control and grid are some of the new
things to investigate for effective integration of HDG in other to
prevent the future grid from any unexpected cascaded event that
can lead to serious technical challenges. Others are stochastic load
and its effect on the HDG. The distribution of loads among the
energies and the effect on transient stability which are considered
in this paper. This study investigates the dynamic impact of
stochastic load and penetration level of hybrid Wind/Solar
PV/small Hydro power on transient stability. To investigate this
impact, the modelling of grid connected wind / PV/small hydro
power with single machine infinite system were carried out in
DIgSILENT power factory. The configuration of the proposed
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typical grid connected hybrid distributed generation (HDG)
consists of variable speed Wind turbine with doubly-fed induction
generator (DFIG), Solar PV and small hydro power. The wind
turbine is integrated through PWM converter into the existing grid
while the solar PV incorporated into the system consists of DC
sources integrated through PWM inverter. The small hydropower
system is modelled as synchronous generator.

The rest of the paper is organized as follows: Section Il
summarizes distributed generation and hybrid distributed
generation concepts while section Ill gives the mathematical
modelling of HDG. Section IV describes the arrangement of the
proposed configuration and the transient stability indicator.
Section V gives the simulation and section V1 gives the results and
discussion. Conclusion is described in section VII.

Il. DISTRIBUTED GENERATION AND HYBRID
DISTRIBUTED GENERATION CONCEPT.

Small generators connected to the distributed network in other to
service the consumer load is called distributed generation. Also, a
large wind farm connected to the network to meet consumer
demand is also assumed to be distributed generation. Presently, the
promising sources of distributed generation are wind turbine and
Solar PV. A Solar PV cell harvest energy directly from sunlight
and converting it to electricity. Due to the high initial cost, the
number of customer involved in the usage of solar PV is still low.
Later, as the cost of PV began to decrease, there will be an
increasing usage across the globe and several other applications
will be developed [7]. However, the low running cost and the
maintenance cost of these PVs as well as the long life usage make
it an attractive alternative energy source.

Also, wind turbine especially the doubly-fed induction generator
has the ability to provide supplementary active and reactive power
to the existing grid.

It converts energy inherent in wind to electricity through wind
turbine, shaft, induction generator and various controllers to ensure
proper grid integration and friendliness. Like PV, wind output
power depends on the availability of wind.

Many of the primary energy sources are complimentary and
abundant in nature which gives it a good opportunity to increase
availability, power quality and flexibility of power supply when
they are fully optimized. The objective of the integration is to
capitalize on the strengths of both conventional and renewable
energy sources, both cogeneration and non-cogeneration types.
The combination of hybrid power generation was represented in
matrix form in ref [7]. Fig 2 shows the detail configuration of the
proposed hybrid distributed generation. Three scenarios are
mentioned in this paper namely the import mode, balanced mode
and the export mode but only the export mode is analysed. The
export mode is shown in Fig2 and it describes how the load is
supplied by the centralized generator and distributed generator.
The modes are further explained below:

Import mode: In this mode, the load demands are supplied by
GENZ2 and HDG with additional supply from the GRID.
Balanced mode: In this mode, the load demands are met by the
combination of GEN2 and HDG without any extra supply from the
GRID. This means that the power generated by HDG and GEN 2
is sufficient to meet the load demands.

Export mode: In this mode, HDG and GENZ2 supply the loads and
export the excess generation to the GRID. This is shown in Fig 2.

The penetration level for HDG is defined as:

_LHpe 5100 (v

PHDG+Pcg

% PLHpc=

where %PLupc is the percentage penetration of the DG/HDG,
PHpa is the active power generated by HDG and Pcg is the active
power from the centralized generators (GRID and GENZ2).
Pce+PHbe = PLoap

where PLoaD is the power delivered to the load

In all the simulations, the active and the reactive power of
GEN2 are kept constant.
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Fig 2: Proposed Modeling Configuration for Export Mode
111" Modelling of Hybrid distributed generation

A. Modelling Doubly-Fed Induction Generator
(DFIG) For Stability Studies

DFIG is widely preferred as the electrical generator for a wind
turbine because of easy control and robustness [20]. DFIG is a
wound rotor induction generator with voltage source converter
connected to the slip-rings of the rotor. DFIG interact with the grid
through the rotor and stator terminal. The induction generator is
connected to the grid through the stator terminals, but the rotor
terminals are connected to the grid via a partial-load variable
frequency AC/DC/AC converter (VFC) [21] as shown in Fig 3.

@ Grid

DC link

DC L AC

o
AC T DC

Rotor-side converter

Fig 3: DFIG with its converter [21]

Grid-side converter

To represent induction machine under system disturbance, it is
desirable to use a double-cage model which represents transient
and sub transient behaviour of the machine accurately [22-25]. For
modelling the DFIG converters, it is assumed that the converters
are ideal and the DC link voltage between the converters is
constant. The rotor side converter is connected to the rotor of DFIG
via brushes while the grid-side converter is connected to the grid.
A capacitor is connected between the converters that act as DC
voltage source. The DC voltage source decouples the rotor side



converter from the grid-side converter. The rotor side converter is
modelled as a voltage source whereas the grid-side converter is
modelled as a current source [26],[27]. The torque and the speed
are controlled by the rotor side converter. The rotor speed is
controlled by g-component of the injected voltage, through rotor
side converter. The d-component of the rotor side converter
voltage is used for compensation for the generator magnetizing
reactive power. The main objective for the grid-side converter is
to keep the dc-link voltage constant. In DFIG, the rotor side
converter is controlled by using different control techniques such
as scalar and vector controls. In scalar control, the torque and flux
have a coupling effect while in vector control, the torque and flux
has a decoupling effect.

The DFIG equipped with four-quadrant ac-to-ac converter
increases the transient stability margin of the electric grids
compared to the fixed-speed wind systems based squirrel-cage
generators [28]. The stator and the rotor modelling of DFIG are
given below:

Ugs = —Rsigs — WsPgs + dz’fs @)
Ugs = —Rsigs + wsiPgs + dft"s ®
Ugr = —Rylgr — SWsPqr + dz)fr @)
Ugs = —Ryigr + swsgr + dz}tqr (5)

where s is the slip, u is the voltage, i is the current, R is the
resistance, and y is the flux, is the synchronous speed of the stator
field. All quantities are measured in per unit. The subscripts d and
q stand for direct and quadrature component, respectively while
subscripts r and s stand for rotor and stator respectively.
The real and reactive power at the rotor and the stator can be
calculated by:

Ps = ugsiqs + Ugsis (6)
Qs = Ugsias — Ugsigs 7
B = (uariar + ugrigr) (®

Qr = (ugriar — Uariqr) €))
For DFIG

P = F+ B = ugslas + UgsigstUariar + Ugrigr
(10)

Q=0s+0Q,= uqsids - udsiqs + uqridr -
Ugriar (11)

Rotor equations modeling

The general relations between wind speed and aerodynamic
torque hold [17]:

T, = % pmR3v? —Cp(:'ﬁ) (12)
And the power is shown as
R, =% Cp (4 B)Arvy (13)

The power coefficient C,, of the wind turbine in equation 13 is
a function of tip-speed ratio A which is given by:

A= — (14)
Tt=turbine acrodynamic torque (Nm), p= specific density of air
(kg/m3), v= wind speed (m/s), R=radius of the turbine blade
(m), CP= coefficient of power conversion, § = pitch angle,
P=power extracted from the airflow (W), A= Tip speed ratio,

w= is the rotational speed of the wind turbine shaft

The value of Q fed into the grid in equation 11 above depends
on the control of the power electronic in the grid sides. This
does not affect active power except that the efficiency of the
inverter can be incorporated into the last two variables. In this
paper, for transient stability studies of power systems the
generator is represented by third order model as indicated in
DIgSILENT [20]. In this case the model is obtained by
neglecting the stator transients for the fifth order model of
induction machine. It shows that there are three electrical
equations and one mechanical equation. The model is in d-q
expressed in rotor reference frame. In rotor reference frame, the
d axis in the rotor reference frame is chosen collinear to the
rotor phase winding and the position of the rotor reference
frame is the actual position of the rotor.

The dynamic model of the generator is completed by mechanical
equation as indicated below:
The electrical torque can be expressed by:

T, = lpdriqr - lpqr’:dr (15)

Obviously, there is a change in generator speed as a result of the
difference in electrical and mechanical torque. This is expressed
as:

d 1
== Tn—T.) (16)
Where H is the inertial constant(s) and this is specified in
DIgSILENT as acceleration time constant in the induction
generator type. Tm and Te is the mechanical and electrical
torque respectively.

3.2. Modeling of Small Hydro Turbine

The power available in water current is proportional to the product
of head and flow rate [29].
The general formula for any hydro power is:

Phyd = pgQH 7)

Where: P is the mechanical power produced at the turbine shaft
(Watts), p is the density of water (1000 kg/m®), g is the acceleration
due to gravity (9.81 m/s?), Q is the water flow rate passing through
the turbine (m%/s), H is the effective pressure head of water across



the turbine (m). The hydro-turbine converts the water pressure to
mechanical shaft power, which further rotates the generator
coupled on the same shaft [30-32]. The relation between the
mechanical and the hydraulic powers can be obtained by using
hydraulic turbine efficiency #n, as expressed by following
equations:

By =0 Phya (18)

Q= Av
And the whole equation is derive from Bernoulli’s theorem which
states

v P _ Phnya
—+h+—=—- 19
2g pg  pgQ (19)

Where v is the water flow speed (m/s), A is the area of the cross
section (m?) p is the pressure of water (N/m?).

3.3. Solar cell modeling

Solar PV effect is a basic physical process through which solar
energy is converted directly into electrical energy. It consists of
many cells connected in series and parallel. The voltage and
current output is a nonlinear relationship. It is essential therefore
to track the power since the maximum power output of the PV
array varies with solar radiation or load current. The equivalent
diagram of a solar cell is represented by one diode model as shown
in fig 4

I C> Ip v

—0 -

Fig 4: Model for single solar cell

The output terminal of the circuits is connected to the load. The
output current source is the different between the photocurrent
Iph and the normal diode current Ip. Ideally the relationship
between the output voltage V and the load current | of a PV cell
or a module can be expressed as [33-36]

v+iRs

Iy = Ipn = Ip = Iy — Io[exp (%) —1] (20)
Where lpn is the photocurrent of the PV cell (in amperes), lo is
the saturation current, Ipv is the load current (in amperes), Vpv
is the PV output voltage(in volts), Rs is the series resistance of
the PV cell (in ohms) and m, K and Tc represent respectively
the diode quality constant, Boltzmann’s constant and
temperature [37].

The power output of a solar cell is given by
va = V;)v Ipv (21)

Where I, is the output current of solar cell (A). V,, is the solar
cell operating voltage (V), Py, is the output power of solar cell

(W). The output power depends on the temperature and the
irradiance [38].

3.4 Load Modelling

For dynamic performance analysis, the transient and steady-state
variation of the load P and Q with changes in bus voltage and
frequency must be modelled. For power system analysis load can
be thought as real and reactive power launched to lower voltage
distribution system at buses represented as network model. All of
model above can be modelled as: constant real and reactive power,
constant current, constant impedance as well as any random
combination of the above. Stochastic models possess some
inherent randomness. The same set of parameter values and initial
conditions will lead to an ensemble of different outputs.
Assumption is made that the load has an initial complex power

Sa,b,c < 9 = Pa,b,c + an,b,c (22)

The load is modelled as real and reactive power load for Y
connection. [39]

Sﬂ. C
ILa,b,c = (V 2 ) < 6a,b,c - ea,b,c =<a (23)

a,b,c.

Fig 5 shows the modified single machine infinite bus system
modelled in DIgSILENT. This power system model consists of an
infinite bus system (Grid) represented by GEN1, one centralized
generator (GEN2), a hybrid distributed generation (HDG) attached
to Bus 2 (not shown) and two equal loads (LOAD1 and LOAD?2).
GENL1 is connected to bus 3 via line 3. The transmission lines (line
1, line2 and line3) are modelled as equivalent transmission lines.
Line 1 and line 2 are 100km long each, while line 3 is 40km long.
GEN 2 is connected to bus 2 via a 100MVA transformer
(transformer 1) and has a capacity of 80MW and 60MVAr. The
DG/HDG consisting of wind generator (DFIG), SOLAR PV and
small hydropower system (SHP) is connected to bus 2 via another
100MVA transformer (Transformer 2, not shown). Each DFIG is
rated 8MW, 0.89 power factor lagging. The SOLAR PV is rated
8MW real power at unity power factor. When SOLAR PV alone is
connected to the HDG bus, a capacitor bank is used at that bus to
compensate for reactive power. The hydropower is rated 8MW and
AMVAr. LOAD1 and LOAD?2 are connected to bus 2 and bus 3,
respectively, and are rated 80MW and 40MVAr each. To
investigate the effect of a large disturbance, a three-phase fault was
applied in the middle of line 2 and cleared after 200ms by
removing the line.

The penetration level in the test system is varied in the following
order.

(i) Import mode, PLypg =40%
(ii) Balanced mode, PLypg =50%
(iii) Export mode, PLypg =80%

To combine these three DGs together an effective truth table was
drawn (Table 1) and it can be understood from the inference on
columb. Please note that in Table 1, 0 indicates that the generator
was not integrated to the network while 1 indicates that the
generator was integrated. For this paper, only scenario 4, 6 and 7
were considered. The transient stability indicator used is critical
clearing time and oscillation duration.



IV. ARRANGEMENT OF THE PROPOSED CONFIGURATION
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Fig 5: ARRANGEMENT OF THE PROPOSED CONFIGURATION IN DIgSILENT

TABLEL: Truth table for Hybrid Distributed Generation

SCENARIOS |WIND | SOLAR | SMALL INFERENCE
TURBINE | PV HYDROPOWER
(DFIG) (SHP)
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
)
4 0 1 1 SOLAR PV and  Small
Hydropower
5 1 0 0 Wind turbing only (Base case
3)
b 1 0 1 DFIG and Small Hydropower
1 1 1 0 DFIG and SOLAR PV
§ 1 1 1 DFIG, SOLAR PV, Small
Hydropower (SHP)

Transient Stability Indicator

The commonest system stability index is the critical clearing times.
The critical clearing time is the maximum allowable time to
maintain synchronism. It measures the robustness of the system to
various contingencies. If the fault is clear within this time, the
power system remains stable. But if it is cleared after this time, the
power system is most likely to loss synchronism. And the criterion
for instability is when the first swing rotor angle exceed 120 degree
otherwise it is stable. The setting of threshold is always based on
power system characteristics. To assess the transient stability of
every scenario, we apply a temporary 3-phase fault at the mid-
point of line2 while the load varies and the generation type varies
also The CCT is obtained by increasing the fault duration until
GEN 2 loses synchronism at 120degree. The second index is rotor
angle swinging or oscillation duration. When the CCT is exceeded,
the synchronism of the generators can no longer be maintained.
The generators will go out of step leading to an increase in rotor
angle separation and the generator will refuse to settle.

V. SIMULATION RESULTS WITH VARYING LOAD AND
DIFFERENT TYPES OF HDG

In the simulation, the base load is 80MW and 40MVAr for each
load (LOAD1 and LOAD2). Note that only the export mode is
considered. The description of the modelling done in this section
explains what happen during the peak load and during the non-
peak load. During the peak load, a certain generator will be
switched on to cater for the additional load and during non-peak
load the generator can be switched off. The particular generator to
be switched off or on is being identified in this simulation and
modelling.



Table 2: The growth in demand for 30 years with 6 years

interval
Years LOAD (MVA)
0 80 +j40 (base load)
6 104+j52
12 128+j64
18 152+j76
24 176+j88
30 200+j100

The increase in load is covered by using one DG while the other
DG covered half of the base load. In other word, after the first 6
years, the increase in load is estimated to be 24+j12MVA.One DG
supplied 80+j40MVA (half of base load) while the other DG
supplied 24+j12MVA. The choice of which DG to use to supply
the step increase in load demand depends on the availability of the
primary source and the location. When DG is used to supply the
increasing load, it is assumed that the primary energy source is
abundant in such location.

Three assumptions were made and they are:

1) Half of the base load was supplied by the SOLAR PV but the
increasing load demand was supplied by SHP and vice versa. This
is shown in Fig 6 with the label (SOLAR PV (base load) and SHP
(Additional load).

2) Half of the base load was supplied by the SOLAR PV but the
increasing load was supplied by the DFIG and vice versa. This is
shown in Fig 7 with the label (SOLAR PV (base load) and DFIG
(Additional load).

3) Half of the base load was supplied by the SHP but the increasing
load was supplied by the DFIG and vice versa. This is shown in
Fig 8 with the label (SHP (base load) and DFIG (Additional load).
The first assumption means that the steps increased in the load
were supplied by SHP while SOLAR PV supplied half of the total
base load and vice versa. Since there are two loads (each
80+j40MVA), the total base load is 160+j80 MVA. While the first
load increase is 24+j12MVA (reactive power has also increased).
Consider the year 30 where the total load is 200+j100MVA (see
last row in Table2). The total base load (LOAD1 & LOAD?2) is
160+j80MVA. The load increase is 120+j60MVA for one load.
DG supplies the half of the base load (80+j40 MVA) and GEN2
supplies the other part of the base load (80+j40 MVA).

VI. RESULTS AND DISCUSSION

A. Stochastic Load and HDG Penetration Level Impact
on Rotor angle using oscillation duration

The graph depicted in Fig 6 shows that when SOLAR PV supplies
the additional load increase (120+j60MVA) and SHP supplies half
of the base load, the system has the larger first swing and more
subsequent oscillations as compared to when SHP supplies the
additional load increase. Also, when SOLAR PV supplies the load
increase, which is higher than the base load, the impact of SOLAR
PV will be higher or dominant. When SHP is used to supply
additional load increase, the transient stability is improved because
SHP can also supply reactive power to the grid.

From Fig 7 it can be seen that the transient stability margin is
decreased when DFIG is used to supply the load increase
compared to when SOLAR PV supplies the load increase. This is
because in Fig 7, much of the load is supplied by DFIG which in

RELATIVE ROTOR ANGLE IN DEGREE

this paper shows the worst transient stability case. When SOLAR
PV is used to supply the load increase in Fig 7, the stability is
improved and the system settled down within 6 seconds.

Fig 8 shows that the transient stability margin is improved when
SHP is used to supply the increasing load and DFIG is used for the
base load compared to when DFIG is used to supply the additional
load increase.

In all the three graphs (Figs 6-8), the stability is improved when
SHP is used to supply the load increase but worsened when DFIG
is used to supply the load increase.

The transient stability depends on the combination of different
DGs. For example, the transient stability in Fig 6 worsened when
SOLAR PV supplied the load increase, but in Fig 7 when SOLAR
PV supplied the load increase and DFIG supplied the base load,
the stability is improved
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B. Stochastic Load and HDG Penetration Level Impact
on Critical Clearing Time (CCT)

Consider the last row of Table 3. (i.e., year 30) where the total load
is 200+j100MVA. Since half of the base load (LOAD 1) is 80+j40,
the load increase is 120+j60MVA. Table 3 shows the CCT values
during step increase in load demand.

From Table 3, it is observed that the transient stability of the
system depends on the DG that is used to supply the highest

10



megawatt (i.e., dominant). For example, in column 2 of Table 3,
DFIG is used to supply the additional load while SOLAR PV
supplied the base load. When the load was 104+j52 MVVA, DFIG
only supplied 24+j12MVA, while SOLAR PV is used to supply
80+j40MVA. In this case, the impact of SOLAR PV on the
transient stability dominates. As the additional load increases, the
transient stability margin decreases because the DFIG now
supplies the additional load increase and becomes dominant
compared to SOLAR PV. Comparing column 2 with column 3, the
transient stability is improved when SOLAR PV supplies the
additional loads compared to when DFIG supplies the additional
loads (see the average values of the CCT in Table 3).

It is therefore observed that whenever DFIG supplies the largest
megawatt, the transient stability is worsened compared to other
DGs.

However, the case of combination of SOLAR PV and SHP is
different (column 4 and 5 in Table 3) when the load is 104+j52.
Under this condition, when SOLAR PV supplies the additional
load and SHP supplies the base load (column 5), the transient
stability is improved compared to when SOLAR PV supplies the
based load and SHP supplies the additional load (column 4). This
is because SHP initially supplied the highest load (80+j40MVA).
But when the load increases and SOLAR PV was used to supply
the increasing load, the transient stability decreases, but when SHP
supplies the increasing load in column 4, the stability improves.
However, when SHP supplies the additional load, the transient
stability was lower initially compared to when SHP supplies the
based load (column 5). As more additional loads are added, the
transient stability continues to increase as can be seen by the
increase in the CCT values which increases from 420ms to 490ms.
But in column 5, the CCT values decreased. Column 6 shows the
CCT when SHP supplies the additional load and DFIG supply the
base load while column 7 shows the opposite. It can be seen that
from the average values of the CCT, the average value of the CCT
is lower when SHP is used to supply the base load and DFIG
supply the additional load compared to when SHP supplies the
additional loads and DFIG is used to supply the base load.

The simulation indicated that CCT and oscillation duration are
good indices to access the stability of power system under three
phase fault. The level of penetration and the nature of the load of
HDG affect the transient stability of power system.

VIl. CONCLUSION

The single source DG and the multi-source DG (HDG) will have
different impact on transient stability of power system. Since the
generators are better combined together to enhance good and
improved power availability, it is necessary to investigate the
stability of the system when HDG is integrated. Modelling and
simulation of grid integrated Hybrid distributed generation as well
as the impact of stochastic load and penetration level of HDG on
transient stability is investigated in this paper. The system was
observed by using oscillation duration and critical clearing time.
Based on the simulations transient stability is improved when the
combination of HYBRID SOLAR PV+SHP is used compared to
when HYBRID DFIG+SOLAR PV is used. However, the transient
stability is worsened whenever DFIG is combined with other DGs
to supply the additional load compared to when SHP and SOLAR
PV are combined. As the additional load increases transient
stability also decreases except in case of SOLAR PV (base load)
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