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Abstract— In this article, we worked under a hybrid
microgrid design that includes photovoltaic generation and elec-
trical network to perform a stability analysis of the microgrid
response considering off-grid and on-grid operation scenarios.
The methodology used for stability analysis was developed using
the ETAP software, from the modeling and simulation of 4 cases
corresponding to different operating scenarios of a 400 kW
concentrated electrical load micro-grid, in which possible stability
failures were identified. Finally, the worst type of failure that
occurred was tested and resolved, determining that the
photovoltaic system does not influence the stability in off-grid
operation, assigning the instability to the auxiliary devices of the
network, and to the speed of their response to the failures. It was
concluded that the critical clearance time and the critical
clearance angle of the fault are crucial to know if an electrical
power system will be able to return to a stable condition or become
unstable.

Keywords— Power System Stability, Hybrid Microgrid,
ETAP, Fault clearance, Prosumer

Resumen— El este articulo se trabajo bajo un disefio de
micro-red hibrida que incluye generacion fotovoltaica y red
eléctrica para realizar un analisis de estabilidad de la respuesta de
la micro-red considerando escenarios de operacion aislada y
conectada a la red red. La metodologia de analisis de estabilidad
se desarrollé utilizando el software ETAP, a partir del modelado y
simulacion de 4 casos correspondientes a distintos escenarios de
operacion de la micro-red de carga concentrada de 400 kW, en los
que se identificé las posibles fallas de estabilidad. Finalmente se
probé y resolvié el peor tipo de falla ocurrida, determinando que
el sistema fotovoltaico no influye en la estabilidad en operacion
aislada, adjudicando la inestabilidad a los dispositivos auxiliares
de la red, y a la rapidez de respuesta de los mismos a las fallas. Se
concluyo que el tiempo de despeje critico y el angulo de despeje
critico de la falla son cruciales para saber si un sistema de energia
eléctrica podra volver a una condicion estable o volverse inestable.

Palabras Clave— Estabilidad de Sistema de Potencia, Mi-
crorred Hibrida, ETAP, Despeje de Falla, Prosumer.

I. INTRODUCTION

It is well known that “Power System Stability” has become
an important and trendy topic used in the generation and
transmission of power, according to [1]. here is a field that has
gained notoriety in electrical generation systems called
microgrids which allow bidirectional power flow (from suppli-
ers to consumers, and vice versa), using digital technology and
encouraging the incorporation of renewable generation sources
[2].

Microgrids are on-site generation and storage resources that
serve a localized electrical load and also can be con-nected/
disconnected from a larger electrical grid in cases of outage or
instability [3]. Hybrid systems incorporate gen-eration assets,
often in the form of renewable energy like wind generation,
photovoltaic generation and battery-based energy storage [4].
The implementation of a Smart grid and microgrids need the
development of electrical equipment such as, smart meters,
protection relays, special transformers and so on. For instance
[5] proposed a novel transformer which permits the integration
of renewable sources direct to the grid avoiding the cost of
high-power converters, as well as allowing the bidirectional
power flow.

Keeping the balance between power supply and load has
become problematic for usability in recent years [5]. Microgrid
implementation improves the control of the power supply-
load balance by offering storage and generation services to
the main grid [6]. Therefore, it is imperative to study and
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evaluate the behavior and stability of these systems to identify
failures, elements of the network that cause them and predict
future results and implement new technologies that serve as
improvements to guarantee the optimal functioning of the
system in terms of reliability. and stability [7]. This type of
analysis is carried out in the present work through the
modeling and simulation of a microgrid using the ETAP
software, in which a hybrid microgrid between photovoltaic
and electrical generation with a configured load of 400 kW is
considered.

The parts of the paper are organized as follows: in section
IT Power System Stability. Section III brief description of the
Modeling and Simulation used. Section IV the details of the
methodology while in section V the performance assessment
of methodologies is reported. Conclusions are given in section
VL

II. POWER SYSTEM STABILITY

The power system is a highly nonlinear system that oper-
ates in a constantly changing environment; generator outputs,
operating parameters, and loads mutate continually. When
disturbances occur, the stability of the system depends on the
initial operating condition and the nature of the disturbance
[8].

Power system stability is the capacity of an electric power
system, for a given initial operating condition, to recover equi-
librium of operation after being exposed to a large disturbance
(sudden load changes, switching operations in power elec-
tronic devices, faults in the system, etc.) with most operation
variables controlled, so, practically the entire system remains
undamaged [9,10].

According to the literature, the power system stability is
classified into Steady State, Transient and Dynamic Stability.

o Steady State Stability studies are constrained to small and
gradual changes in the system operating conditions. The
attention here is limiting the bus voltages close to their
nominal values. At the same time guaranteeing that phase
angle between two buses are not too large and performing
evaluations for the overloading of the equipment and
branches. These evaluations are usually performed by
power flow studies [11].

o Transient Stability involves the study of the power system
following a major disturbance. Following a large distur-
bance a synchronous generator response to fast changes
in electromechanical swings and during these changes the
rotor angle stabilizes at a new value or the rotor angle
gradually increases which may lead the system to a loss
of synchronism [12].

« Dynamic Stability is the capacity of a power system to
keep stability under continuous small disturbances
because of unplanned fluctuations in loads and generation
levels [13].

A. The Swing Equation

Under normal operating conditions, the relative position of
the rotor axis and the resultant magnetic field axis is fixed. The
angle between the two is known as the power angle or

torque angle. During any disturbance, the rotor will decelerate
or accelerate with respect to the synchronously rotating air
gap Mmf, and a relative motion begins [14,15]. The equation
describing this relative motion is known as the swing equation,
represented as follows:

d?o
M — = = — 1
g2 Pa=Pm — Pe (1)
Where,
2H
M = (2)
ws

Pa is the accelerating power,

Pm is the mechanical power,

Pe is the electrical power output,

ws is the synchronous angular velocity of the rotor, &
is the synchronous machine rotor angle,

M is the inertia constant coefficient.

H is the inertia related constant.

B. The Power-Angle Equation

The simplest form of the power angle equation and is basic
to an understanding of all stability problems. The relation
shows that the power transmitted depends upon the transfer
reactance and the angle between the two voltages [16-18].
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P
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Where,

Pe is the electrical power output,

E represents the transient internal voltage of the generator.
Vs the voltage at the receiving end and is regarded as that of
an infinite bus or as the transient internal voltage of a
synchronous motor whose transient reactance is included in the
network.

X is the transfer reactance between E and V.

C. Equal-area criterion

This method is a graphical explanation of the energy stored
in the rotating mass and help to know the keeping of the
stability of the machine after a disturbance. The colored areas
Al and A2 must be equal, and similarly.

From Figure 1, a critical clearing time could be calculated,
which is the maximum elapsed time from the initiation of the
fault until its isolation such that the power system is transiently
stable. Also, the critical clearing angle can be found through
the following expression:

Ser = cos™ 1 [(m — 26¢) sindg — cosdy) 4)
Where,
0o is the generator power angle pre-fault condition.
The critical clearing time is:
A4H (er— 0
ter = ex=la) 5)
ws
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Figure 1. Equal-area criterion- sudden change of load [12].

Where,

ws is the synchronous angular velocity of the rotor,
dg is the generator power angle pre-fault condition,
018 the critical clearing angle.

III. MODELING AND SIMULATION

In order to perform a power system stability analysis, it is
necessary to develop an adequate model of a hybrid microgrid,
with capabilities to operate off-grid and also on-grid. The
hybrid system designed consists of six buses, the power grid, a
diesel generator, and a photovoltaic plant as power sources
connected at a main distribution bus, along with four power
transformers servicing 40 users represented by a static load
with power factor of 1. A simplified diagram of the system is
shown in Figure 2 and Figure 3.

The input data regarding all the elements that comprise the
system is detailed in the following tables:

IV. METHODOLOGY

A stability analysis of the diagram shown in Figure 2 was
conducted by ETAP software based on the next conditions:

P P
Synchronous :
Machine Photovoltaic Plant
Generation
P
P P

Figure 2. Box Diagram of the System.

Table T
POWER GRID.
D Rating %7 100MVA Base
MVAsc KV R X X/R
Grid 1 1000 34.5 ] 0.99504  9.95037 10

Busz

¥Zi

Bz cBS
Genl g

2w @—’— —(D——0—

0,48 ¥V

15883 12

2,5 mwa
0,48/13,8 KV
6,25 42

0,5 My/0,45 MvA  Battery
400 V/0,48 KV

Buss
Busl 0,208 KV
34,5 v

cBL B4 BS
Grial g o
1000 MVAze O D>
T4

34,5 kv n

20 mvA
34,5/13,8 KV
10 42

Loadl
0,4 MVA

Figure 3. Case of study 1: Hybrid microgrid single line diagram.

Table II
GENERATOR.
Rating %7
ID MW KV | Xd&® %P.F. RPM Poles H
Gen 1 2 048 ] 19 | 80 1800 4 0.384*
*Value automatically calculated by ETAP
Table III PHOTOVOLTAIC
PANELS.
Rating
D KW \Y A
481.1  450.6 402.05 1120
Table IV
INVERTER.
D DC Rating AC Rating
MW \Y A MVA  kV A
Inv 1 0.5 400 1250 | 0.45 0.48 541.3
Table V
TRANSFORMERS.
D Rating
MVA  Prim. kV  SeckV %7 X/R Vector group
T1 20 34.5 13.8 10 20 Dynl1
T2 2.5 0.48 13.8 6.25 6 Dynll
T3 1 13.8 0.48 5 3.5 Dynl1
T4 1 13.8 0.208 5 3.5 Dynll
Table VI
BUSES.
D kV
Bus 1 34.5
Bus2, Bus3 0.48
Bus 5 0.208
Bus 4 13.8
DC Bus 1 0.4
Table VII
CIRCUIT BREAKERS.
ID kV
CBI1 34.5
CB4, CBS5, CB6, CB7 13.8
CB2, CB3 0.48
CB8, CB9 0.208

From the diagram depicted in Figure 2, four cases will
be analyzed. Case 1 (Figure 3) consists about the system in
normal operation, all circuit breakers closed, Gridl in swing
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1[t]
Table VIII
TRANSIENT STABILITY PARAMETERS.

Method of solution Newton-Raphson

Maximum number of iterations 99
Precision of the solution System 0.00010000
frequency 60
Units metric

operation, Genl in voltage control operation and Invl in
voltage control operation, loadl at 100% and all transformers
operating.

Case 2 (Figure 4) consists in the system in operation with
only two sources, CB1 and CB4 open, Gridl out of service,
Genl in swing operation and Inv1 in voltage control operation,
loadl at 100%, T2, T3 and T4 transformers operating, T1 out
of service. Case 3 (Figure 5) consists in the system in operation
with only one source of power. In this case we consider the
system is operating in off-grid mode. The photovoltaic plant
is the prime source of power. CB1, CB4, CB2 and CB5 open,
Gridl and Genl out of service, Invl in swing operation, load1
at 100%, T3 and T4 transformers operating, T1 and T2 out of
service.

Finally, in case 4 (Figure 6) consists in the system in
operation with only two sources, CB2 and CBS5 open, Genl is
out of service, Gridl in swing operation and Inv1l in voltage
control operation, loadl at 100%, T1, T3 and T4 transformers
operating, T2 out of service.

In each of the proposed cases, a 3-phase fault and sub-
sequent clearance events are introduced in Bus4 in order to
determine the behavior and stability of the system. The events
are as follows:

PUAL
450,6 kU
40205 ¥

Tnvl
0,5 MU/0,45 HuA  Batvery
400 V/0,48 KV

Buss
0,208 kv

87 ces cBs
T4

Load:
0,4 M

Figure 4. Case of study 2: Hybrid microgrid single line diagram without the
Public grid.

0,5 Mi/0,45 mya  Battery

400 ¥/0,48 1V

Buss
0,208 &V

87 B8 cBS

T4

1 mva
13,8/0,208 KV
552

Loadl
0,4 mvA

Figure 5. Case of study 3: Hybrid microgrid single line diagram with only
photovoltaic generation.

Loadl
0,4 mA

Figure 6. Case of study 4: Hybrid microgrid single line diagram without
synchronous machine generation.

Table IX
TRANSIENT STABILITY PARAMETERS.
ID Time (s) Device Action
Event 1 1.0 Bus 4 3 phase fault
Event 2 1.5 Bus 4 clear fault

Some performance curves of the following elements were

plotted:

o For the Generator Genl: Power angle (relative), Power
Angle (absolute), Speed, Mechanical Power (MW) and
Electrical Power (MW).

o For the buses Bus1, Bus2, Bus3, Bus4 and Bus5: Voltage,
Voltage Angle and Frequency.

V. RESULTS
A. Case 1

When the 3-phase fault occurs in 1.0s, both the relative and
the absolute angle of the Genl begins an oscillatory process,
the speed increases and the electrical power decreases, as in
the case of simulation, the control element (governor) for the
mechanical power is not considered and this value remains
constant.

At the moment of clearing the fault, the relative angle of
the Genl rotor remains in oscillation but manages to quickly
stabilize at 2.0s at its pre-fault values. The same happens for
the values of speed and electrical power delivered.

In the case of Busl, Bus2, Bus3, Bus4 and Bus5, they
recover the voltage, angle and frequency almost immediately
when the fault clears in 1.5s, the bus that represents the
greatest variation until it recovers its initial condition is Bus2
corresponding to the connection point of Genl and followed by
Bus3, connection point of Invl and the photovoltaic plant
system, it presents an angle compensation due to its voltage
control operation. In general lines, the system represented in
case 1 remains stable after the events introduced after 2.0s,
meaning for Genl that the clearance angle (.) in 1.5s is within
the initial angle (Jg) and the critical clearance angle (d..),
under the criterion of equal areas, the area A1 would be equal
to the area A2 and therefore Genl returns again to its initial
state.

B. Case 2

In this case, after the failure in 1.0s and its clearance in
1.5s, the rotor angle of the Genl and its speed begin a steep
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Figure 7. Genl absolute power angle.
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Figure 8. Genl relative power angle.
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Figure 10. Genl electrical power.

decline that cannot be reversed, therefore causing instability
in the delivery of electrical power to the system, in addition
to the consequent collapse of the constant mechanical power
and exit of the unit after approximately 5.5s.

At the time of the exit of the Genl unit, the frequency on the
buses stops at its oscillation and stabilizes 100% immediately;
however, the voltage magnitude cannot recover and stabilizes
around 68% of its nominal value. Bus3 corresponding to the
connection point of Invl, and the photovoltaic plant presents
a drastic variation in its voltage angle at the moment of

— Genl
0,647
0,62
E 0,60
0,58
0,5 + + + + + + + +
0 1 2 3 4 5 6 7 8
Time (Sec.)
Figure 11. Genl mechanical power.
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— Bw3
[ — - Buwq ---Buws5
3
H
5 100] =
2
Q
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50 [
'k
. L.
0 T T T
0 1 2 3
Time (Sec.)

Figure 12. Busl, Bus2, Bus3, Bus4 and Bus5 voltage.
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Figure 13. Busl, Bus2, Bus3, Bus4 and Bus5 voltage angle.
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1157 — Buw3
—- Buwsd Buss
110
i
o 105 / |
8 ¥
‘: ‘: KA
100 & h————
1
Y
954
) y .
t + +
1 2 3
Time (Sec.)

Figure 14. Busl, Bus2, Bus3, Bus4 and Bus5 frequency.

failure; after its clearance, it begins an oscillatory process in
conjunction with the angle of the rest of the buses during
the period of instability of the Genl unit, after its exit, the
angle of all the buses stabilizes at similar values. After several
simulations, at any fault clearance time, the system remains
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Figure 19. Busl, Bus2, Bus3, Bus4 and Bus5 voltage.
Figure 15. Genl absolute power angle.
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In this case the system shows a better response than previous
Figure 17. Genl electrical power. cases and regains stability almost immediately after the fault
clearance. Bus3 increases its voltage angle as it is in voltage
e control operation. The frequency remains invariable, during
041 and after the events introduced. In overall the system is stable.
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unstable, and the generator stops and the voltages in all buses  Figure 22. Busl, Bus2, Bus3, Bus4 and Bus5 voltage.
never recover to their pre-fault values.
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Figure 23. Busl, Bus2, Bus3, Bus4 and Bus5 voltage angle.
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Figure 24. Busl, Bus2, Bus3, Bus4 and Bus5 voltage angle.

D. Case 4

In this case the system shows a better response than previous
cases and a similar behavior from Case 3. In overall the system
regains stability almost immediately after the fault clearance.
Busl maintains its voltage magnitude above the 80% level
during the fault while other buses instantaneously go to zero
during the fault. Bus3 increases its voltage angle as it is
in voltage control operation. Frequency remains invariable,
during and after the events introduced. In overall the system
is stable.

- Busl
--- Busy

1004
804

60

- Bus2 =

1204 = gpes

40
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204

T T
2 3

Time (Sec.)

and
v

Figure 25. Busl, Bus2, Bus3, Bus4 and Bus5 voltage.

VI. CONCLUSIONS

The results indicate that the photovoltaic system is more
stable while in off-grid mode or on-grid mode and it has no
negative impact on the stability of the system. However, while

— Bwsl — Bus2
80q - -~ Buss —  Bw3

—- Buwsd

Degree

1 F R S S
Time (Sec.)

Figure 26. Busl, Bus2, Bus3, Bus4 and Bus5 voltage angle.
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— Bw?
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0 1 2 3 4 5
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Figure 27. Busl, Bus2, Bus3, Bus4 and Bus5 voltage angle.

in off-grid mode with the local generation unit connected, there
is an element of instability introduced into the system that
needs to be addressed by means of the use auxiliary devices
such as power system stabilizers (PSS) and/or adjustments in
the exciter elements and governing system of the synchronous
generator unit/s.

The system under all these scenarios has several limits in
its performance. The worst condition for stability would be
when the power grid utility Gridl fails or is not available; in
this case the system relies on the operation of Genl and/or the
PV array with all the synchronizing requirements considered.
The best condition regarding stability, are all sources operating
including the power grid and photovoltaic arrays, reducing the
rotating elements which introduces instability situations that
need to be resolved.

The critical clearance time and critical clearing angle are
crucial in whether an electric power system will be able to
return to a stable condition or turn unstable. If the disturbance
or the fault takes a longer time to be cleared than the critical
clearance time, the system will become unstable.

ACKNOWLEDGMENT

The authors gratefully acknowledge the support for this
paper through the research project "Andlisis y Disefio de
un mercado eléctrico comunitario mediante la integracién de
generacion renovable, sistemas de almacenamiento de energia
local y algoritmos de control inteligente." funded by the
Escuela Superior Politecnica de Chimborazo.

60



Kq REVISTA PERSPECTIVAS

VOLUMEN 3, N°2/ JULIO - DICIEMBRE 2021 e-ISSN: 2661-6688 e-ISSN: 2661-6688

REFERENCCES

[1] M. J. Basler and R. C. Schaefer, “Understanding power system stability,”
IEEE Conf. Rec. Annu. Pulp Pap. Ind. Tech. Conf., pp. 37-47, 2007, doi:
10.1109/PAPCON.2007.4286282.

[2] A. Rai, “Technical Challenges in Microgrid,” Int. J. Psychosoc. Rehabil.,
vol. 24, no. 5, pp. 3440-3447, 2020, doi: 10.37200/ijpr/v24i5/pr202054.

[3] H. Pourbabak, T. Chen, B. Zhang, and W. Su, “Control and energy man-
agement system in microgrids,” arXiv, 2017, doi: 10.1049/pbpo090e_ch3.

[4] A. Castillo and D. F. Gayme, “Grid-scale energy storage applications in
renewable energy integration: A survey,” Energy Convers. Manag., vol.
87, pp. 885-894, 2014, doi: 10.1016/j.enconman.2014.07.063.

[5] L. Gan, P. Jiang, B. Lev, and X. Zhou, “Balancing of supply and
demand of renewable energy power system: A review and bibliometric
analysis,” Sustain. Futur., vol. 2, no. November 2019, p. 100013, 2020,
doi: 10.1016/j.sftr.2020.100013.

[6] Application of energy storage technology in the microgrid. 2019.

[7]1 E. Hossain, E. Kabalci, R. Bayindir, and R. Perez, “A comprehensive
study on microgrid technology,” Int. J. Renew. Energy Res., vol. 4, no.
4, pp. 1094-1104, 2014, doi: 10.20508/ijrer.20561.

[8] S. S. Refaat, H. Abu-Rub, and A. Mohamed, “Transient analysis and
simulation of a grid-integrated large-scale photovoltaic (PV) energy sys-
tem,” QScience Connect, vol. 2017, no. 2, p. 8, 2017, doi: 10.5339/con-
nect.2017.qgbc.8.

[9] D. Harikrishna and N. V. Srikanth, “Dynamic stability enhancement
of power systems using neural-network controlled static-compensator,”
Telkomnika, vol. 10, no. 1, pp. 9-16, 2012, doi: 10.12928/telkom-
nika.v10il.146.

[10]A. Monica and Narayanappa, “Transient stability analysis of TNGT
power system,” 2014 IEEE 8th Int. Conf. Intell. Syst. Control Green
Challenges Smart Solut. ISCO 2014 - Proc., pp. 149-154, 2014, doi:
10.1109/1SC0O.2014.7103935.

[11]V. C. Ogboh, K. C. Obute, and A. E. Anyalebechi, “Transient Stability
Analysis of Power Station (A Case Study of Nigeria Power Station),” Int. J.
Eng. Sci., vol. 7, no. 8, pp. 28-42, 2019, doi: 10.9790/1813-0708022842.

[12] Hadi Saadat, Power System Analyisis, 2nd Ed., vol. 1 McGraw-Hill,
2004, pp.486-488.

[13Dnline Course about Power System Analyisis
https://nptel.ac.in/content/storage2/courses/108104051/chapter_9/9_1.html.

[14] Prabha Kundur (Canada, Convener), John Paserba (USA, Secretary),
Venkat Ajjarapu (USA), Goran Andersson (Switzerland), Anjan Bose
(USA) , Claudio Canizares (Canada), Nikos Hatziargyriou (Greece), David
Hill (Australia), Alex Stankovic (USA), Carson Taylor (USA), Thierry Van
Cutsem (Belgium), and Vijay Vittal (USA), "Definition and Classification
of Power System Stability", IEEE/CIGRE Joint Task Force on Stability
Terms and Definitions.

[15] Nur Agilah Binti Mohamad Amin, Thesis" Power System Transient
Stability Analysis Using Matlab Software ", Faculty of Electric and
Electronic Engineering Universiti Tun Hussein Onn Malaysia.

[16] F. Vaca-Urbano and M. S. Alvarez-Alvarado, "Power quality with solid
state transformer integrated smart-grids," 2017 IEEE PES Innovative Smart
Grid Technologies Conference - Latin America (ISGT Latin America),
2017, pp. 1-6, doi: 10.1109/ISGT-LA.2017.8126684.

[17] J. Duncan Glover, Thomas J. Overbye, Mulukutla S. Sarma, Power
System Analyisis & Design, 6th Ed., vol. I CENGAGE Learning, 2015,
pp-689-709.

[18] J. Grainger, W. Stevenson Jr., Andlisis de SIstemas de Potencia Ist
Spanish Ed., vol.1, McGraw-Hill, 1996, pp. 654-684.

61





