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Abstract: - The present power system is gaining momentum towards designing equivalent circuit models. The
Ward and REI methods involve the admittance reduction method as well as being merged with the EMS model
to derive boundary parameters, but these methods are limited and valid for a predefined condition. Therefore, it
is required to design an equivalent circuit that adopts the real power system for analysis. In this paper, a new
method is proposed to design a scaled-down power system model without changing the impedance of
components. In this regard, a Low Voltage Simulink Model (LVSM) of the IEEE 57 bus network was designed
in MATLAB/ Simulink so that it could be useful for laboratory model design purposes. The main objectives of
this paper are to propose a mathematical procedure to scale down the network parameters and design a 3-phase
LVSM of an IEEE 57 bus power system network within the Simulink platform. The performance of LVSM was
analyzed with no-load, balanced load, and unbalanced load models. These simulation studies were validated
and compared with the theoretical results to prove that the proposed LVSM modeling has good mathematical
accuracy, robustness, and validity for practical model implementation.
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Nomenclatur
1 ?th Bus / Load / Generator component

[V tmio I l¢mi Voltage and Current in test case system

|P|tmir 1Qlemi Active and Reactive powers in test case system
[V0sair 1lsqi  Voltage and Current in LVSM

|Plsgi, 1Qlsqi Active and Reactive Powers in LVSM
Rimi»Xemi  Resistance and Reactance in test case system
Reair Xsai Resistance and Reactance in LVSM

[81tmir 1D]em;i Voltage and Current angle in test case system
[8]sqir 1D]sq; Voltage and current angle in the LVSM

1 Introduction technologies, [1]. At present, real-time simulation
The power system engineers always strive to design (RTS) -is used for modeling; t.his modeling. is
practical models of big power system networks to categorized as long-term 'rnodehng 'for plann%ng
predict practical outcomes. In earlier days, there purposes, .short-term modeling, and -time mode'lmg
were Analog equivalent models; in these for operational management. Table 1 shows various
transmission lines, basic elements and generators software packages used for the type of modeling,
represented variable voltage sources. After that, purpose, and study. Apart from those, there are
digital simulation was born. In this, the digital commercial sgftware programs that model the
computer is used for load flow and other problems. power system 1n economic and mar.ket aspects, [2].
Nowadays, the complexity of the power system has Various types of d¥g1tal real-time simulators
increased drastically due to the addition of (DRTS)_ fgr .modeln'lg, hardware, softwqre,
renewable sources, power converters, and smart communication interfacing, I/O protocols, solution
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methods, and applications are explained in detail,
[3].

MATPOWER has facilitated an extensive suite
of tests to ensure quality code. Many researchers are
using MATLAB to find the testing framework for
designing their own MATLAB programs. There are
various software packages used for power system
simulation developed by the researchers. MATLAB
and Simulink have been supported in designing the
power system, which includes power electronics,
FACTS, control systems, renewable sources, etc.
The state-space modeling and GUI-based PSB
components are discussed in, [4]. Simulink has been
developed as an educational package since 1997.
ULg collaborated with Bologna University and
developed various traditional components such as
synchronous  generators, transmission lines,
transformers, etc. in the Electrical Energy Systems
Lab of NTUA, [5]. A Power Analysis Toolbox
(PAT) was developed by West Virginia University’s
Advanced Power Engineering Research Centre
(APERC). It includes facts and is flexible enough to
perform load flow, transient, and small signal
analysis of power systems, [6], [7]. Mat Dyn is
open-source software meant to focus on transient
stability analysis and time domain simulation. The
design criteria, advantages, and code structure are
discussed in, [8], [9]. The PSAT was the first open-
source software that ran on the GNU/Octave and
network editor to perform power system analysis.
Other than those features, it has continuation power
flow (CPF), GUI, and GNE, [10]. It has been used
by many universities for teaching both UG and PG
courses and has also formed an online virtual
laboratory to support students via the Internet, [11],
[12].

The “PowSim” simulator was designed by the
University of Bath for real-time simulations; the
operation of the algorithm was verified on IEEE 57
bus traditional methods and the reduced British
National grid system, [13], together with
knowledge-based systems, [14]. Dynamic modeling
and analysis with real-time simulators; Hydro-
QuObec (IREQ) in, [15], reduction of a power
system to a dynamic equivalent model in, [16], as
well as generator dynamics and transient
disturbances in, [17]. For information analysis of
future power systems, an architecture was proposed;
it has an alternate communication network that
adopts suitable computing, [18]. Interfacing the
simulator with the physical power system is an
improvement in hardware testing by using Kron’s
method of network tearing, components, and
procedure, discussed in, [19]. Several ways of
probabilistic-based modeling and diagnosis by using
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Bayesian networks (BN) and arithmetic circuits
(ACs) are discussed in, [20]. The Energy
Management System (EMS) has a limited part of the
interconnected system; therefore, an equivalent
circuit is required to determine operating constraints
offline. Other than the Ward and REI methods,
based on boundary-measured parameters (voltage,
angle, and powers), an equivalent circuit is designed
in, [21].

Table 1. Simulation software’s for power system
analysis and modeling

S.no. | Modeling / Type of Study | Software Package
Analysis
1 Dynamic dynamic DINIS,
voltage control, | DIgSILENT,
Transient ERACS, ETAP,
stability, IPSA, PSSIE,
critical clearing | SKM Power Tools,
time, faults Power World,
2 Steady State | Load flow, | DIgSILENT,
DG’s DINIS, ERACS,
contribution, IPSA, Open DSS,
Fault level, | ETAP, Power
Voltage step World, PSS/E,
SKM Power Tools,
3 Electro FACTS /| ATP-EMTP,
Magnetic HVDC design, | EMTP-RV,
Transient SSR, Insulation | PSCAD/ EMTDC
(EMT) coordination
4 Real-Time Protection and | Opal-RT, RTDS
Simulation Control testing;
(RTS) Real-time
simulations
5 Multi- Electrical, MATLAB
Domain Power (including
Analysis Electronics, Simulink and
Mechanical, SPS/Simulink),
and Fluid | DYMOLA
dynamic
systems.

6 Hybrid Dynamic ETRAN  (PSS/E
Simulation analysis and PSCAD)
between  two

systems
7 Harmonic Impedance DIgSILENT,
Analysis scan, Load flow | ERACS, ETAP,
with VSC IPSA, PSS Sincal,
SKM Power Tools

Without admittance reduction, with boundary-
measured parameters, a new methodology is
proposed in this paper, which mainly focuses on
scale-down bus-measured parameters by keeping
impedance constant for all components such as
transmission  lines, synchronous  generators,
transformers, loads, etc. Therefore, the size and
operating ranges (voltage, current, and power) of
every component are scaled, making it easy to
design a power system. This paper designs a 3-
phase low-voltage Simulink Model (LVSM) of the
IEEE 57 bus test case system in Simulink. The test
case data and power system one-line diagram
obtained from, [22], scale down according to the
methodology. The performance of LVSM was
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obtained from the no-load, balanced load, and
unbalanced load simulations. Thus, simulation
results show power flows in lines and bus powers,
as well as voltage, angle, and currents. These
analyses prove the accuracy of the methodology and
LVSM validity while designing the model.

The other sections are organized as follows:
Section II discusses the proposed methodology and
LVSM design. Section III explains the simulation
results of three load tests. The key points of the
results and the scope of future work are discussed in
Section V.

2 Methodology and LVVSM Design

The Scale-Down modeling concept in this paper
discusses two main steps, first, scale the ratings of
all components according to the proposed method,
and second, develop a 3-phase equivalent power
system model in MATLAB / Simulink.

2.1 Proposed Mathematical Procedure
In order to develop LVSM, consider standard power
system data of all components such as voltage,
current, powers and line parameters. The present
concept relies on the following assumptions.

e Balanced power system network.

e Magnitude of phase angle independent of
scaled voltage.

e The magnitude of resistance, reactance, and
shunt component remain the same
irrespective of its current.

e Therefore, p.f will be the same in both
cases.

e All transmission lines are assumed to be as
per km distributed pi model lines (R=0).

o Temperature assumed to be constant.

e With the above assumptions, the following
conditions are also used to derive the
methodology.

e The voltage of any component directly
proportional to the current (V a I).

e Active and  Reactive power  of
load/generator / bus directly proportional to
the square of its  voltage (P

aV?and QaV?).

Let us consider a power system network, to
Scale down each component rating consider the
standard data such as voltage, current, and powers
w.r.t its bus. Define the operating voltage of the
model according to the design requirement and find
the scaling factor of voltage, which is known as the
Voltage Scaling Factor (VSF). It can be defined as
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“the ratio magnitude of test case voltage (|V|sni) to
scale down voltage (|V]s4;) ith component of in
the network by assuming magnitude of phase angles

equal (18] ¢mi = [6]sai)™

V.S.F = i
[Vlsai

e))

Similarly, Current Scaling Factor (CSF) is also
used to scale down the current rating of the
component in the network. It can define as “the ratio
of the current (I;,,;) of component in the test case to
scale down current (Iz4;) of ith component in the
network by assuming magnitudes of phase angles

equal (|10 ¢m;i = 9]sa:)”-

C.S.F = Wemi

[lsai @

Consider active and reactive powers of load /

generator / transformer, either (1) or (2) equation is

using for calculation of new power rating of the
component.

Active power (|P|sni) of actual network
defined as:

4 2mi
|Ple; = Ll 3)
tmi
Similarly, for LVSM |P|sq; as,
V124
|Plyg; = )
sdi
V' Rsqi = Remi (%)
~ From equations (3), (4) and (5),
|Plemi — |V|§mi (6)
|P|sdi |V|§di
However,
[Plsqi _ 1
IPlemi ~ V.S.F? )
|P| mi
~ Vv |P|sdi = V'St.Fz (8)

Reactive power (|Q|sni) of actual network defined
as:

|Q|2ml
|Qlemi = S 2 )
Similarly, for LVSM |Q|s4; as,
V2,
1Qlsa; = 24 (10)
sdi
V' Xsai = Xemi (11)
From equations (9), (10) and (11),
1Qletmi — |V|§mi (12)

|Q|sdi |V|§di
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However,
|Q|sdi _ 1
Qlemi  V.S.F? o (13)
Q .
“V 1Qlsas = o (14)

The equations (1), (2), (8) and (14) are used to
calculate the voltage and power ratings of LVSM
components. However, CSF can also use to
calculate power ratings as well as losses of the
equipment.

2.2 IEEE 57 Bus Test Case LVSM

The methodology proposed in the previous section
is used to design the IEEE 57 bus test case as
LVSM, it consists of 7 voltage sources, 57 buses, 9
distribution transformers, 6 voltage regulating
transformers, and 63 pi-model transmission lines.
The structure of 3- phase LVSM designed in
MATLAB / Simulink as per scaled bus voltage and
powers of load / generator / transformer as shown in
Figure 1. Whereas the total network identified as
two sub-networks SN1 and SN2; red highlighted
SN1 (1 - 17 buses) has 414 (I-1) volts as well as SN2
(18 - 57 buses) has 207 (1-1) volts.

The standard data of the test case system
corresponds to the balanced network; therefore, the
calculated parameters of all components also
correspond to the balanced LVSM. The
transmission lines are composed of per km
distributed pi sections, each section parameters are
Rs=0.12 Q / km, Ls=1.5273 mH / km and Csh=0.02
MFD/km (typical line parameters of 138kv line)
without mutual coupling between lines, [23]. As per
the line parameters data, for each line no. of pi
section and length calculated. All generators are
voltage sources which supply balanced voltage, and
every load is termed as constant PQ balanced load.
Each bus is considered as a boundary point to
connected lines, which is used to measure voltage,
angle, and power injection to the connected lines.

Fig. 1: 3-phase equivalent one-line diagram of IEEE
57 bus test case network
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3 Results Analysis

The steady-state simulation carried out with the
discretized 3-phase LVSM Simulink model, with a
time step of 50us and simulation performed for 1s.
Three simulation studies were considered to assess
the accuracy and robustness of LVSM while
designing a practical model. Those are the No-load
test which does not consider the load at buses, the
Balanced-load  which consists of balanced
distribution of load at buses and the Unbalanced-
load which considers the unbalanced distribution of
load at buses. All these simulations verify the
boundary (bus) parameters such as voltage, angle,
and powers at buses as well as power flow through
the m-model lines and distribution / voltage
regulating transformers. In each test case, the
simulation results analyzed sub-network as shown in
Figure 1.

3.1 No-load LVSM

In this test, the voltage shown at the bus has an error
due to the small current through lines, Table 2 and
Table 3 show results corresponding to the ‘R’ phase
only. It can be observed that bus 14 draws more
reactive power so that it has a 2.86% voltage error,
as well as due to more active power at bus 9 cause
the largest current of 0.37amp in SN1.

Table 2. Phase R: No-load simulation results of
414(1-L) voltage buses

Bus Vr Angle I Angle Prys Qrys
no. volts (deg.) amps (deg.) watts var
(rms) (rms)
1 238.62 | -0.21 | 0.17 -16.76 115.8 34.17
2 238.79 | -0.14 | 0.11 -14.00 76.37 18.66
3 238.18 | -0.29 | 0.26 -26.57 165.7 81.46
4 238.56 | -0.32 | 0.05 89.80 0.124 -34.76
5 239.09 | -0.24 | 0.02 | -171.43 | -12.16 1.87
6 23899 | -0.18 | 0.13 5.89 95.09 -9.996
7 237.62 | -0.51 0.11 -38.33 59.53 46.25
8 238.57 | -0.24 | 0.19 -16.71 129.2 38.01
9 237.76 | -0.41 | 037 -28.32 234.1 123.4
10 | 23796 | -0.72 | 0.05 -1.32 35.65 0.537
11 | 23534 | -1.00 | 0.15 101.98 -24.06 -100.8
12 | 237.83 | -0.40 | 0.36 -27.52 228.3 116.11
13 | 233.07 | -0.98 | 0.12 137.63 64.64 -56.98
14 | 232.16 | -1.12 | 0.32 -57.45 123 182.8
15 | 23527 | -0.84 | 0.36 -39.71 197.5 158.7
16 | 23853 | -0.38 | 0.03 -59.40 12.32 20.49
17 | 238.87 | -0.32 | 0.02 1.05 12.5 -0.317
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As shown in Table 3, in SN2 almost all the
buses show negative voltage error because of the
absence of loads, but bus 26 show 1.15% error. It
was observed bus 49 drew more active and reactive
powers as well as current; therefore, it has more
voltage than all other buses.

Table 3. Phase R: No-load simulation results of
207(L-L) voltage buses

G. Veera Bhadra Chary,
Raghavaiah Katuri, K. Mercy Rosalina

Bus | ol | Arde | amps | Aol | P | Qo
) (rms) (rms) )

54 125.44 | -0.47 0.09 108.71 -11.82 -33.16
55 126.43 | -0.43 0.09 110.67 -11.91 -30.06
56 125.46 | -2.03 0.07 107.61 -9.239 -25.31
57 124.49 | -2.06 0.08 105.21 -9.154 -28.89

3.2 Balanced Loads LVVSM
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Bus vz’l*;s Angle arﬁps Angle | Prys Quvs With the addition of constant PQ load at buses, the
0| (i) | (de8) | (1) | (deg) | watts var LVSM equivalent to the scale-down model of the
18 12284 | -0.43 0.07 2370 23.97 10.29 IEEE 57 bus test case SyStCIl’l. Since all loads
19 1 12090 | 128 | 008 | @027 | 2375 | 1923 equally distributed among l% Y B phases; therefore,
20 111939 1177 T 010 | 2792 | 2358 | 229 results have shown w.r.t ‘R’ phase, and the Table 4
- _ i r : : and Table 5 results considered only load buses. Bus
21 | 12453 | -1.77 | 0.16 | 13390 | 41.62 | -40.52 14 is connected to the transformer, which is more
22 | 12528 | -1.55 | 0.15 | 13512 | -41.73 | -39.22 loaded than the 12th bus; therefore, it has 8.37%
23 | 12517 | -1.59 | 0.18 | -44.09 | 51.05 | 46.64 more error in SN1. However, the current drawn by
24 | 12319 | 217 | 019 | 4629 | 5069 | 49.04 this .b1.1s is 4.83amp, which is more than the
s 11307 | 218 1 003 | 7215 | 2923 | 104 remaining buses because of a large connected load.
26 | 11813 | 216 | 029 | -4253 | 7966 | 67.57 Table 4. Phase R.: Balanced loads simulation results
27 | 12107 | -1.14 | 029 | -41.10 | 8047 | 6727 of 414(L-L) voltage buses
28 | 122.16 | -0.77 | 029 | -40.55 | 80.77 | 67.09 Bus | Vg volts | Angle | Izamps | Angle Prys Qrys
. deg. deg. tt.
20 | 12282 | 054 | 020 | 2181 | 6939 | 27.12 1o (ms) | (deg) | (mns) | (deg) | wats | var
1 23316 | -2.24 | 190 | 2536 | 1219 519
30 | 12340 | 224 | 0.02 | 69.54 | 2.695 | -7.996
2 23322 | -124 | 134 | -41.18 | 718.1 600
31 | 123.64 | 236 | 001 | 1721 | 2636 | -0.925
3 232.83 | -2.31 197 | 2605 | 1258 551
32 | 123.15 | 242 | 0.03 | -77.41 | 2546 | 9.798
5 233.84 | -2.87 | 004 | 11407 | -1409 | 274
33 | 123.15 | 242 | 000 | 0.00 0 0
6 23536 | -2.39 | 183 | -1337 | 1267 | 2447
34 | 12008 | 242 | 021 | -43.36 | 58.1 50.23
8 23333 | -3.28 | 254 | -1635 | 1729 | 4003
35 | 12075 | 219 | 021 | -42.76 | 5823 | 49.68
9 230.70 | -4.01 319 | 2073 | 2110 | 6322
36 | 12120 | 2.04 | 021 | 137.65 | -58.32 | -49.29
10 22573 | -6.84 | 015 | -5048 | 71.15 | 68.09
37 | 12223 | -1.95 | 074 | -59.82 | 1446 | 2278
12 22837 | -632 | 483 | -1745 | 3242 | 6357
38 | 12569 | -1.43 | 031 | 7594 | 2446 | -1129
13 22031 | -6.80 | 0.15 92.82 | -1659 | -97.57
39 | 122.00 | -2.05 | 0.17 | -34.13 | 53.43 336
14 21899 | -6.77 | 081 3469 | 4683 | 2473
40 | 12026 | -2.03 | 041 | -79.88 | 32.08 | 1435
15 22480 | =512 | 133 | 2557 | 8378 | 3119
Al 123241 -L02 1000 1 g g9 | 1689 ] 3336 16 | 22817 | -6.58 | 045 | -1008 | 307 | 18.79
42 | 12446 | -1.54 | 0.09 | |, g9 | 1673 | 2877 17 22881 | -532 | 062 | -1049 | 4236 | 3827
43 | 122.90 | -1.00 | 0.02 | 94.51 | -0.8944 | -8.995
44 124.89 -1.25 031 76.03 24.67 113 The 35th bus haS more VOltage error Of 78%,
25 112309 1 085 | 032 | 763 | 5.3 BTE which is because of the' large power drawn by the
nearest voltage regulating transformer. However,
46 | 128.92 | -1.14 | 033 | -66.01 | 55.39 116 .
bus 49 has more load; therefore, it draws more
47 | 12783 | -1.23 | 033 | 6621 | 55.1 116 current than all other buses in SN2.
48 | 12745 | -127 | 034 | -66.28 55 116
49 | 130.07 | -1.01 | 1.04 | -67.86 | 1622 | 3728
50 | 12931 | -091 | 0.13 | -93.30 | -1.587 | 49.11
51 | 12795 | 073 | 0.14 | -93.14 | 1.755 | 51.98
52 | 123.82 | 052 | 0.11 | 10642 | -11.66 | -37.49
53 | 12433 | -0.51 | 0.10 | 107.05 | -11.71 | -36.23
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Table 5. Phase R: Balanced loads simulation results
of 207(L-L) voltage buses
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Table 6. Balanced loads- power flow through step-
down and voltage regulating transformers

Bus Vi Angle I Angle Prys Qrys
no. volts (deg.) amps (deg.) watts var
(rms) (rms)

18 | 11836 | -4.44 | 0.94 -24.93 313.4 116.8
19 | 113.58 | -7.45 0.24 -32.77 72.41 34.23
20 | 11097 | -8.62 0.17 4477 | 4494 | 32.83
23 | 116.14 | -8.55 0.40 -39.35 1183 70.4

25 | 113.63 | -9.50 | 0.36 -32.63 113.2 | 48.05
27 | 11438 | -6.96 | 0.77 -33.09 | 2374 116.2
28 | 116.74 | -5.60 | 0.90 -32.79 | 2785 142.7
29 | 11845 | -4.67 1.67 -25.09 555.6 | 206.3
30 | 112.54 | -10.31 | 0.20 -31.37 61.57 | 23.56
31 | 111.10 | -11.40 | 0.11 -3491 33.08 14.34
32 | 111.83 | -10.81 | 0.04 171.77 | -11.74 | 0.5894
33 | 111.71 | -10.88 | 0.10 -37.58 29.56 14.81
35 | 110.16 | -10.27 | 0.54 -42.37 149.5 | 93.52
38 | 116,90 | -8.21 0.51 6.30 170.3 | -44.16
41 116.81 | -6.40 | 0.28 164.10 | -97.71 | -16.33
42 | 114.83 | -8.63 0.12 | -161.24 | -37.88 | 19.55
43 | 11647 | -6.40 | 0.05 -1.57 15.68 | 0.2914
44 | 116.90 | -7.49 0.79 -1.78 2739 | -27.36
47 | 11921 | -7.84 | 0.96 -41.12 | 285.6 186.6
49 | 122.86 | -6.91 235 -49.42 639.5 583

50 | 120.76 | -7.76 | 0.44 -42.83 131.1 91.43
51 | 12130 | -6.92 0.17 171.00 | -61.32 | -2.165
52 | 116.79 | -6.10 | 0.37 -21.27 1245 | 33.58
53 | 116.30 | -6.63 0.24 -17.18 82.44 15.25
54 | 119.18 | -5.55 0.32 136.00 | -88.28 | -69.66
55 122.61 -4.08 0.41 14198 | -1264 | -84.62
56 | 11524 | -9.67 0.07 107.66 | -11.04 | -21.02
57 | 11433 | -9.76 | 0.13 0.11 43.71 -7.66

Table 6 shows the transformers power flow,
these results are useful for finding the rating of
transformers while designing the LVSM. More
power flew through the distribution transformer
connected between 13-49 buses. Grey colored cells
in the table show voltage regulating transformers,
among those, the transformer connected between
24-25 Dbuses draws more power. However,
transformers have almost negligible power losses.
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S. | b PryB QryB S. b T PryB QryB
no watts var no watts var

1 4 18 308.61 128.39 9 9 55 248.67 163.78
2 7 29 567.67 226.41 10 | 21 20 20.70 5.28
3 11 41 301.47 79.44 11 24 | 25 151.89 82.48
4 15 45 302.99 45.24 12 | 24 26 -118.7 -73.81
5 14 | 46 346.49 271.99 13 | 34 32 92.99 52.35
6 10 51 293.4 79.46 14 | 40 56 -39.02 84.23
7 13 49 779.26 687.75 15 | 39 57 74.53 20.41
8 11 43 18.64 2.10

Table 7 and Table 8 show power flow in the pi-
model transmission lines, some of the lines
interconnected between generator buses drawn
zero/negligible power and losses shown in grey
colored rows. In SN1 among all lines, the line
between 12-13 buses has more power flow as well
losses.

Table 7. Power flow through n-lines in 414(1-1)
voltage section and line power losses

S Line From ?;;Power Losses
SR
1 1 2 0 -2.99 0 0
2 2 3 0 -9.07 0 0
3 3 4 243.85 69.73 0.65 -5.13
4 4 5 -7.2 -22.27 0.01 -17.08
5 4 6 -60.18 -33.22 0.16 -30.8
6 6 7 247.31 94.94 2.05 -13.49
7 6 8 0 -18.49 0 0
8 8 9 0 -5.39 0 0
9 9 (10 159 28.42 1.27 -30.21
10| 9 | 11 | 439.24 228.30 5.87 5.93
11| 9 |12 0 -31.56 0 0
121 9 | 13| 273.60 168.65 4.79 -13.17
13113 | 14 | 186.21 110.18 0.63 -5.89
14 | 13 | 15 | -107.99 | 11891 0.62 14.72
5] 1 15 | 371.69 197.50 4.57 -0.58
16 | 1 16 | 11032 -20.15 0.69 0.67
171 1 17 | 237.40 21.50 1.72 -15.95
18] 3 15 | 637.93 349.94 7.85 20.4
191 5 6 | -124.21 -30.34 0.28 -12.49
20 | 7 8 | -351.29 | -147.16 2.93 -3.19
21 | 10 | 12 | -209.74 | -67.89 1.69 -19.76
22 | 11 | 13 83.28 110.84 0.46 -12.67
23 | 12 | 13 | 744.88 498.71 13.04 40.3
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Line From bus Power Losses

S. flow
P, P

no Fb | Tb RYB Qrys RYB Qrys

(watts) (var) (watts) (var)

24 | 12 | 16 | 279.12 -4.05 1.76 2.12

25 | 12 | 17 | 14335 0.85 1.04 -33.69

26 | 14 | 15 | -318.84 | -266.56 2.87 0.72

Line power flows in SN2 shown in Table 8,
more power flew in a line connected between 46-47
buses, but more losses in a line connected between
37-38 buses. Whereas, the effective active and
reactive power losses found in LVSM were
93.43watts, 64.75var respectively.

Table 8. Power flow through n-lines in 207(1-1)
voltage section and line power losses

Line From bus Power Losses
S flow
L I Prys Qrys Prvs Qryn
(watts) var) (wats) (var)
1| 18] 19 61.44 29.22 0.9 -5.44
2 19|20 30.54 29.26 0.25 -4.45
312122 -50.69 -35.28 0.12 -1.08
4 |22 | 23| 148.63 85.61 0.13 0.28
5123 24 91.50 66.43 0.92 0.32
6 | 26| 27 | -147.50 | -102.67 2.56 7.12
7 |27 | 28 | -234.06 | -114.29 1.86 6.21
8 | 28 | 29 | -276.92 -141.2 1.58 5.5
9 1251 30 66.19 24.81 0.3 -1.37
10 | 30 | 31 33.89 9.98 0.19 -5.37
11 | 31 | 32| -18.29 -10.74 0.08 -8.97
12 | 32 | 33 34.01 16.71 0.01 -0.39
13 | 34 | 35 | -119.60 -78.96 0.5 1.07
14 | 35 | 36 | -174.10 | -107.03 0.68 2.08
15| 36 | 37 | -163.32 | -220.87 0.83 2.86
16 | 37 | 38 | -267.00 | -272.43 431 15.88
17 | 37 | 39 | 102.85 48.69 0.15 0.1
18 | 36 | 40 | -11.46 111.76 0.17 0.14
19 | 22 | 38 | -199.44 | -119.81 0.44 1.35
20 | 41 | 42 112.05 29.09 1.24 9.24
21 | 41 | 43 1.23 3.18 0 -5.61
22 | 38 | 44 | -126.94 43.27 0.28 0.35
23 | 46 | 47 | 283.64 208.65 2.12 7.47
24 | 47 | 48 14.52 96.78 0.06 -0.1
25 | 48 | 49 | -227.87 | -202.26 3.12 10.59
26 | 49 | 50 87.72 91.41 0.51 0.11
27 | 50 | 51 | -101.78 -3.193 0.57 0.983
28 | 29 | 52 | 107.31 25.43 0.62 -0.06

E-ISSN: 2224-350X

G. Veera Bhadra Chary,
Raghavaiah Katuri, K. Mercy Rosalina

From bus Power

Line Losses
S flow
) P
no Prys Qrys e Qrys
Fo | Tb (watts) var) (var)
(watts)

29 | 52 | 53 62.69 5.69 0.11 -0.89

30 | 53 | 54 | -117.41 -83.41 1.32 2.09

31 | 54 | 55 | -155.73 -98.10 1.99 4.66
32 | 44 | 45 | -235.22 26.72 1.9 5.87
33 | 56 | 41 | -101.50 -1.61 1.58 -1.09
34 | 56 | 42 | -46.56 16.04 0.25 -3.7
35157 | 56 | -13.63 -25.78 0.06 -3.19
36 | 38 | 49 | -229.79 | -223.41 49 17.08
37 | 38 | 48 | -240.46 | -292.33 1.87 6.81

3.3 Unbalanced loads LVSM

In this test, all constant PQ loads shared as 26%,
34% and 40%, uniformly on R, Y, B phases
respectively; therefore, more voltage regulation was
found on the B-phase. Table 9 shows, bus 14 has a
9.76% large voltage error and a load angle of 8.35
deg lag in SN1.

Table 9. Voltage magnitude and angle of buses in
414(1-1) VOLTAGE section

Bus vz Angle Vv Angle Vs Angle
o volts (deg) volts (deg) volts (deg)
| ams) | O s & ams) &

—_

23432 | -1.83 | 233.16 | -122.29 | 231.98 | 117.41

23434 | -1.08 | 23342 | -121.25 | 231.89 | 118.63

23397 | -1.92 | 232.87 | -122.35 | 231.63 | 117.35

23543 | -2.26 | 233.37 | -122.86 | 232.71 | 116.83

236.09 | -1.93 | 23540 | -122.45 | 23458 | 117.22

| N| | W[ N

23447 | -2.64 | 233.39 | -123.35 | 23221 | 116.17

9 232.30 | -3.27 | 230.67 | -124.07 | 229.11 | 115.34

10 | 230.11 | -5.40 | 22420 | -126.67 | 222.89 | 111.58

12 | 23094 | -4.98 | 227.71 | -126.40 | 226.42 | 112.44

13 | 225.03 | -5.46 | 218.76 | -126.55 | 217.17 | 111.63

14 224 -5.47 | 217.34 | -126.47 | 215.67 | 111.65

15 | 22849 | -4.16 | 223.71 | -124.94 | 222.19 | 113.76

16 | 231.99 | -4.99 | 22631 | -126.53 111.80

17 | 232.64 | -4.02 | 227.04 | -12520 | 226.77 | 113.29

Table 10 represents that because of more power
drawn by the 34 bus, the preceding 35th has a large
voltage error of 10.22%, and the 31 bus has a more
voltage angle of 14.42 deg., in SN2.
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207(1-1) VOLTAGE section

oo | 0 e | 3, | e [ 2 T
no. (rms) (deg.) (rms) (deg.) (rms) (deg.)
18 | 119.61 | -3.55 | 118.10 | -124.43 | 117.37 | 114.69
19 | 11647 | -6.00 | 112.57 | -127.09 | 111.74 | 110.78
20 | 11435 | -7.04 | 109.84 | -128.14 | 108.78 | 109.34
23 | 119.81 | -6.93 | 114.86 | -128.05 | 113.81 | 109.33
25 | 117.53 | -7.85 | 112.37 | -12891 | 111.07 | 108.27
27 | 117.12 | -5.57 | 113.35 | -126.61 | 112.72 | 111.32
28 | 118.83 | -4.47 | 11599 | -125.38 | 11541 | 113.06
29 120 -3.37 | 117.93 | -124.55 | 117.42 | 114.28
30 | 117.09 | -8.49 | 111.02 | -129.57 | 109.59 | 107.11
31 | 11646 | -9.37 | 109.31 | -130.48 | 107.68 | 105.58
32 | 116.50 | -8.95 | 110.34 | -130.05 | 108.74 | 106.54
33 | 116.44 -9 110.20 | -130.11 | 108.60 | 106.44
35 | 11452 | -8.46 | 108.73 | -129.57 | 107.30 | 107.19
37 | 11643 | -7.79 | 111.10 | -128.90 | 109.82 | 108.17
38 | 12045 | -6.63 | 115.67 | -127.73 | 114.65 | 109.75
41 119.07 | -5.21 116.18 | -126.18 | 115.18 112.22
42 | 118.69 | -7.04 | 113.60 | -128.07 | 112.26 | 109.22
43 118.73 | -5.21 115.84 | -126.18 | 114.85 112.22
44 | 120.10 | -6.03 | 115.76 | -127.09 | 114.87 | 110.65
47 | 122,69 | -6.28 | 117.96 | -127.40 | 117.04 | 110.17
49 | 125.51 | -5.55 | 121.99 | -126.66 | 121.09 | 111.51
50 | 124.15 | -6.13 | 119.52 | -127.37 | 118.65 | 110.24
51 | 123.67 | -5.47 | 12048 | -126.76 | 119.76 | 111.48
52 | 119.70 | -4.76 | 115.69 | -125.72 | 115.02 | 112.18
53 | 119.69 | -5.14 | 115.01 | -126.15 | 114.27 | 111.42
54 | 121.51 | -4.38 | 11841 | -125.31 | 117.63 | 113.05
55 | 12347 | -3.33 | 122.59 | -124.14 | 121.74 | 115.26
56 | 119.40 | -7.95 | 113.88 | -129.05 | 112.50 | 107.98
57 | 118.48 | -8.02 | 112.96 | -129.14 | 111.62 | 107.86

The highest load at bus 12 on phase ‘B’; as
shown in Table 11, draws the highest current of 5.75
amps. However, the highest angle is 38.84 deg

which is at bus 2, in SN1.
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Table 11. Current magnitude and angle of buses in

414(1-1) VOLTAGE section

Bus I Angle Iy Angle b Angle

no. 525 (deg.) gﬁ‘s’) (deg.) (j‘r‘;“:) (deg.)
1 1.54 -24.65 1.93 -144.82 2.21 93.35
1.12 -38.84 1.32 -159.88 1.58 75.78
1.63 -25.35 1.99 -145.45 228 92.64
0.04 117.87 0.05 -3.90 0.05 -131.5
1.48 -12.95 1.87 -132.76 2.13 105.58
2.05 -15.86 2.59 -136.13 2.97 102.86
2.61 -20.01 3.23 -140.52 3.72 98.29
10 0.12 -46 0.15 -173.39 0.17 68.74
12 3.80 -15.93 4.92 -138.51 5.75 102.07
13 0.13 97.59 0.16 -28.47 0.16 -150.3
14 0.72 -35.89 0.81 -153.28 0.90 84.59
15 1.16 -25.86 1.33 -144.13 1.49 92.96
16 0.38 -10.83 0.46 -127.69 0.52 107.87
17 0.51 -10.06 0.63 -128.76 0.72 107.25

O | 0| | | W[

In SN2, the transformer at bus 13 is heavily
loaded so as shown in Table 12 secondary side bus
49 draws the highest current of 2.62 amps on the ‘B’
phase.

Table 12. Current magnitude and angle of buses in
207(1-1) VOLTAGE section

Bus arlrlip Angle alep Angle arlrﬁip Angle
. deg. deg. deg.
no. | oo | @eg) | | ey | (00 (des)

18 0.76 -24.01 096 | -144.81 1.11 93.97

19 0.21 -32.39 024 | -152.23 | 0.26 | 85091

20 0.16 -44.22 0.17 | -164.06 | 0.18 73.97
23 0.36 -38.83 0.40 | -158.98 | 0.43 79.43
25 0.29 -29.64 037 | -151.85 | 042 | 84.11
27 0.68 -33.01 0.77 | -152.21 | 0.85 85.58
28 0.78 -32.53 090 | -151.98 1 85.89
29 1.39 -24.09 1.69 | -144.39 | 1.93 93.19
30 0.16 -32.35 0.2 -150.32 | 0.23 84.91
31 0.09 -32.35 0.11 | -153.62 | 0.13 81.63
32 0.03 -173.70 | 0.04 51.13 0.04 | -77.46
33 0.08 -35.56 0.10 | -156.67 | 0.12 | 79.87
35 0.48 -41.18 0.54 | -161.53 | 0.59 | 75.67
38 0.45 13.11 052 | -111.88 | 0.55 | 118.93
41 0.24 170.05 0.29 44.84 033 | -81.27

42 0.12 -156.17 | 0.13 79.51 0.13 | -46.94
43 0.04 1.86 0.05 | -127.82 | 0.05 | 106.17
44 0.67 3.76 0.8 -120.42 0.9 112.55
47 0.83 -41.99 096 | -160.45 | 1.08 78.52
49 2.07 -50.37 237 | -169.29 | 2.62 70.81
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Bus allip Angle all;(lp Angle arlrlip Angle
no. (rms) (deg.) (rms) (deg.) (rms) (deg.)
50 0.37 -44.56 0.44 | -162.04 | 0.51 77.22
51 0.14 | -17531 | 0.17 49.93 020 | -77.69
52 0.29 -16.61 038 | -140.35 | 0.44 | 94.41
53 0.19 -10.84 0.25 -136 029 | 97.18
54 0.27 135.39 0.32 15.83 036 | -103.8
55 0.34 141.76 | 0.42 21.89 0.48 | -98.27
56 0.07 107.36 | 0.07 -12.57 0.07 | -131.9
57 0.11 10.22 0.13 | -119.38 | 0.15 | 112.27

Out of all generator buses in SN1, 9 and 12 have
high loads; therefore, as shown in Table 13 these
two buses draw more power than all other buses.
Although, some of the buses are caused by low
reverse power flow.

Table 13. Active and reactive powers of buses in
414(1-1) VOLTAGE section

Bus Prys Qrvs Bus Pryn Qrvs

no. watts var no. watts var
1 1356 507.4 10 74.81 60.91
2 811.3 561 11 -127.7 -104
3 1391 540.5 12 3583 667.2
4 264.4 7.297 13 -9.91 -90.32
5 -14.92 -23.78 14 501.5 246.6
6 1406 264.2 15 907 3123
7 363.4 130 16 339.5 27.79
8 1917 421.2 17 469.8 47.6
9 2328 640.3

In SN2, Table 14 shows buses 29 and 49 found
to be heavily loaded; also, some buses have reverse
power flow.

Table 14. Active and reactive powers of buses in
207(1-1) VOLTAGE section

Bus no. Prva Qrv Bus no. Prve Qrvs
watts var watts var
18 346.7 114.6 38 188.2 -47.36
19 76.97 333 39 99.95 43.7
20 46.58 31.79 40 -5.922 107.8
21 -26.91 -31.44 41 -107.1 -12.77
22 -27.01 -30.21 42 -41.02 19.7
23 123.6 68.09 43 17.68 -0.241
24 64.17 52.42 44 302.8 -29.82
25 123.5 42.6 45 306.6 -20.67
26 163.1 98.7 46 310 189.4
27 252.6 1134 47 306.3 181.6
28 299.7 138.8 48 14.56 84.87
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29 611.3 200.9 49 681.5 565

30 67.17 20.5 50 143.3 88.74
31 35.55 12.69 51 -68.74 2257
32 -13.12 1.387 52 140 29.47
33 32.1 13.26 53 93.05 12.15
34 106.1 66.91 54 -96.07 -67.27
35 156.2 88.16 55 139.2 -81.87
36 -157.1 -89.72 56 -10.54 -21.11
37 252.5 244 57 49.71 -8.891

3.4 Results Comparison with Methodology
This section shows the reliability scale of the
proposed method; from Figure 2, Figure 3, Figure 4
and Figure 5 are boundary bus parameters of load
buses on the ‘R’ phase. As shown in Figure 2,
voltage curves were almost identical but the
magnitude variations due to the line voltage drop,
all the voltages compared against the nominal
voltage (pink) of the bus. As shown in Figure 3, the
current at the buses is more than calculated because
the methodology considers only connected load
current but not lines.

Matudalogy | |
Ralassed {
Nedwot | |
Nowwloal \

M - L

T g ,7,_.:;.'»&-/1'_]

L - "
" 15 n 2 " A} - 4 w
B Na

Fig. 2: The voltage at load buses, for all tests with
the methodology
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Fig. 3: The current at-load buses, for all tests with
the methodology
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As shown in Figure 4, between 1 to 10 buses
calculated powers show more difference with
simulation results.

35N — I Balamcal
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— P-L shvadmaced
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O-No-liad
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n 15 20 25 » is 40 45 =0 58
Bas Nao

Fig. 4: The power flow at the buses, for all tests and
methodology

Figure 5 shows, that bus 2 has very low p.f and
some buses show leading p.f because of reverse
power flow.
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Fig. 5: The p.f at the buses, for all tests and
methodology

4 Conclusions

The present paper discussed the development of
methodology and procedure to design a 3-phase
LVSM of IEEE 57 bus power system in the
Simulink platform. Three simulation tests were
performed on LVSM to determine the maximum
voltage regulation, bus powers, and angles, as well
as power, flows in lines, and transformers. Table 15
shows the summary of simulations of SN1 and SN2.
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Table 15. Subnetwork wise bus parameters

summary
No-load Balanced load Unbalanced load
Paramet | gN| SN2 SN1 SN2 SN1 SN2
er
% Vimax 2.86 1.15 8.37 7.82 9.76 10.22
Imax
0.37 1.04 4.83 2.35 5.75 2.62
(amp)
Omax -1.12 -2.42 -6.8 -11.4 8.42 14.42
(deg.)
Pt 1513. 1000. 13620. | 3339. 15560. | 4997.
(Watts) 6 8 2 8 1 1
Quot 1089. 2224,
19. 4142.2 1571 4216.1
(Var) 619.6 6 57 6 3
p.f 0.925 0.676 0.956 0.904 0.965 0913

The main advantage of this work is that the
methodology used in this paper is applicable to any
standard power system model. However, the LVSM
design procedure, and the boundary bus parameters
from the results useful for implementing the
practical model in the laboratory. While designing,
powers are useful to design the rating of equipment,
power flows are useful to design pi-lines, voltages
to design equipment, and the size of the component
by currents. Also, the model can be simulated with
real-time simulators either with the required sub-
network or the total network.
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