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Abstract: An artificial neural network (ANN) architecture for real-time estimation of available transfer capability (ATC) has been
reported in this study. The real-time data obtained from phasor measurement unit (PMU) is utilised to generate target output
(ATC) using the pattern search optimisation-based method. The set of information provided as input to the pattern search-based
ATC optimiser along with its output forms the input and target output for ANN training. The input information consists of active
and reactive power injected along with voltage and current vectors measured at PMU buses. The ATC optimiser is functional as
long as ANN is under training. Once the ANN is trained, it receives input set directly from PMU and produces ATC values. PMU
emulation is employed for archiving the PMU data. The proposed method is tested on modified IEEE 24-bus, IEEE 30-bus, and

IEEE 118-bus test system. The proposed method has also been implemented on real-time digital simulator.

Nomenclature

the complexity of operation and control of the power system. This
added complexity increased the significance of available transfer

B represent set.of all buses in the system . capability (ATC) determination. Conventionally, the ATC is pre-
Gen set representing the subset of generators in the system computed at any instant of time depending upon the load
Ld set representing all thq load buses in the system forecasting information, availability of generating units and
Msink number of load buses in s.1nk area. . transmission lines, existing transmission commitments, and
! subset of “Ld” representing all the load buses in the transmission reliability margin. Under current practices, the total

sink area ) ) transfer capability (TTC)/ATC is projected much before the actual
§ subset of Gen representing gen buses in source area. operation. In actuality, the TTC/ATC at the current operating point
Xi load at the ith bus might be different from those predicted TTC/ATC. However, such
Xoi initial load at the ith bus. an operation would not result in the optimal utilisation of available
Xomin lower limit of the variable resources, and optimal operation of the power system. The
74 pattern set availability of information regarding real-time ATC would be of
b; the ith pattern vector of pattern set great use to the power system operator. Such information would
¢ll the Ith component of the ith pattern vector also allow short time open access either for generating entities or

i transpose of ¢;

consumers. The issue of ATC calculations has been addressed
extensively in the literature [1-3].

¢ megh size ) The deployment of modern measuring and communication
Pyi active power injected at the ith bus devices across the power grid has made the real-time
Py; active power drawn at the ith bus measurements of states of the power system feasible [4]. Phasor
Qgi reactive power injected at the ith bus measurement unit (PMU) measurements can be used for real-time
Qui reactive power drawn at the ith bus monitoring and analysis of the power system. Wide-scale research
P; power flowing in line connecting buses i,] activities are bging 40ne on enhancing the power system operation
P maximum permissible power flow through lines i, j and control while using the measurements obtampd from the PMUs
i limit of reactive power eneration of the ith [5-7]. The rpeasurement—based technique prov1des a snaps}.lot' of
Qe upper: imit ot reac p g ! the system in terms of the measured variables. The predictive/
generator . . . R
in . . . . preventive/control action can be taken as and when required, taking
Oy lower limit of reactive power generation of the ith into cognizance of the measured variables.
generator . Transparency in information pertinent to ATC entails regular
Vi ) voltage. ofthe ith bus L. ) evaluation of ATC. Overestimated ATC would cause excessive
vt lower limit of voltage permissible at the ith bus transactions of power, thereby hampering the security of the
e upper limit of voltage permissible at the ith bus system. On the contrary, underestimated ATC would cause
N total number of buses in the system inadequate power transactions, which would affect the market
M total number of generator buses economy adversely. Therefore, mitigation of the undesirable
L total number of lines impact of open access to energy markets would require a clear
GTNET giga-transceiver network communication card indication regarding the ATC of the system. Several methods for
SKT socket protocol determination of ATC have been proposed in the literature such as

GTSYNC synchronisation card

1 Introduction

The developments which recently took place in power system
structure namely deregulation and open access coupled with the
increased integration of renewable sources of generation added to
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sensitivity factor-based methods [8, 9] continuation power flow-
based methods [10], and optimum power flow-based methods [11].
Optimisation techniques based methods have been investigated in
[12, 13] where artificial fish swarm optimisation and particle
swarm optimisation techniques have been used in ATC calculation,
respectively. A pattern search algorithm-based method for offline
ATC estimation has been discussed in [14]. ATC evaluation using
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probabilistic approaches has also been investigated in [15].
Application of neural network for ATC determination has also been
proposed in the literature [16—19]. In [20] measurement-dependent
injection distribution factors-based method in which synchrophasor
measurements have been utilised for ATC estimation. The ATC
evaluation considering correlated wind power integration have
been presented in [21]. The ATC evaluation taking AC-DC power
flow into consideration have been done in [22]. Assessment of
ATC probabilistically by using optimal condition decomposition
technique and latin hypercube sampling (LHS) for the power
system in the presence of wind energy sources has been discussed
in [23]. An in-depth review of ATC evaluation methods could be
found in [24]. In this study, real-time estimation of ATC using
PMU data and artificial neural network (ANN) has been proposed.
The proposed method could be utilised in real-time for estimating
the ATC of the system. At first, a method for offline training of
ANN-based estimator using pseudo-PMU (PPMU) emulator has
been discussed. The PPMU emulator could archive and provide the
PMU data in an offline environment for training and testing of
ANN-based ATC estimator. The ATC values for training estimators
have been obtained using a pattern search-based optimisation
technique. The major contributions of the present study are
enumerated as follows.

* A method for real-time estimation of ATC by employing
measurement data from PMU.

* A PMU emulator (PPMU) for obtaining the data required for
training and testing of the ANN-based real-time estimator.

* Feature extraction for ATC estimation using sparse filter
algorithm has been proposed for reducing the size of input
features.

 Feasibility of real-time applicability of the proposed method has
been authenticated by its implementation on real-time digital
simulator (RTDS)

The paper has been divided into eight different sections where
Section 1 gives the introduction, Section 2 defines ATC and
presents a pattern search optimisation-based technique for
estimation of ATC. In Section 3, PMU and its emulation for static
and quasi-static analysis using PPMU are discussed. Section 4
presents the linear state estimator (LSE) using weighted least
square. The real-time estimation of ATC using ANN has been
discussed in Section 5. Section 6 discusses the implementation of
the method. Case studies and results are discussed in Sections 7,
and 8 concludes the work.

2 ATC definition and evaluation

The power that could be delivered in addition to the existing
transmission commitments with due adherence to the transmission
reliability margin (TRM) and capacity benefit margin (CBM) has
been defined as ATC [4]. Mathematically

ATC =TTC — (CBM + TRM) — ETC 1)

In (1), CBM and TRM depend on the system states and methods
employed for their evaluation. ATC is significant for both
economic, as well as operational aspects of the power system. As
far as the economy is concerned, the adequate information of ATC
would allow the maximum transaction of power, in-turn resulting
in revenue maximisation and ensuring the system security
simultaneously.

2.1 Problem formulation

The value of TTC in (1) can be obtained by maximising the
demand in the sink area of the system, expressed mathematically as

max (f(x)) @

where
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Nsink Nsink

FOEDIEEIIES 3)

i=1 i=1

The objective function expressed by (3) is a representative of
maximising the loading at all the buses contained in / without
disturbing the loading at all the other load buses (i.e. Ld N I’ buses).
If the increment in the loading is not adequately addressed by the
corresponding increment in a generation, the generation load
balance would be disturbed. Therefore, the increment in load is
provided by incrementing the proportional generation in s. Once
the TTC value is obtained, the ATC is determined by deduction of
the CBM, TRM, and existing transmission commitments (ETC)
from the TTC value.

2.1.1 Equality constraints: The problem objective is to be met
fulfilling the power balance expressed as

M N N N
z Pgi - Z Pdi - i; JZI ViVjYijCOS(gi’j - 5,' + 5]) =0 (4)

i=1 i=1

ijel,2,...N

VI'V'YI" ~Sin(€,-y i— 5,' + 5) =0
‘ JhL] J J (5)

i=1 i=1 i=1j=

2.1.2 Inequality constraints: To ensure that the system remains in
healthy operating conditions at the optimum solution, the line
flows through the lines, active and reactive power generation of the
generators and voltage magnitude at each bus remain well within
their limits. to ensure these conditions, the following inequality
constraints are to be maintained:

Pi'<Py <Py i€l2,..M (6)
O < Q<0 i€el2,. M (7
Vi<V, <V, iel,2,...,N ®)
P"<P; <P i€l2,..,N )

For defining the domain of investigation, a maximum loading of
the sink area is defined as the upper limit of independent variable
x, while the base case values are taken as the lower limits say

Koo < X < Ko (10)

In this work, the system considered for ATC estimation has been
divided into several areas and ATC for power transactions between
any two areas (considered at a time) has been estimated. Among
these two areas, one area is considered as a source while the other
area as a sink, and the ATC has been evaluated for power transfer
from generators in the source area to loads in the sink area. It is to
be mentioned that source area loads and sink area generator's
power have been considered constant while evaluating ATC. The
ATC computation and analysis have been carried out for a
particular loading condition using the pattern search optimisation.
The optimisation process involves increasing the loads in the sink
area that have been compensated through incrementing the
generators in the source area. The power factor of the loads has
been maintained constant to ensure that the load characteristics are
preserved.

2.2 Generation of loading pattern

The technique used for generating training and testing data using
the offline ATC evaluation process is schematically shown in the
flowchart of Fig. 1. Initially, the loading in the sink area of the

3605

uthorized licensed use limited to: Indian Institute Of Technology (Banaras Hindu University) Varanasi. Downloaded on November 25,2020 at 09:52:02 UTC from IEEE Xplore. Restrictions apply



I Get Network Data |

v
| Get Source and Sink Data |
¥
| Get Upper and Lower Limits |
Acquire New Scenario I«—
[ 2

|lnitialize component counter 'c=1‘|

TN Scenario

E‘:I—‘F’erform outage of component 'C'I
G o S Outage Credible =
.

Yes

| Evaluate TTC |

Q All components
considered ?
PPMU
Yes
Evaluate ATC (for minimum TTC) l

Acquire
ATC

All scenarios
analyzed ?

Fig. 1 Flowchart of offline ATC evaluation and training data generation
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Fig. 2 Pattern search optimisation process

network under consideration has been considered as a lower limit
(Ib), while the upper limit (ub) has been taken as the maximum
loading limit of load buses. Pattern search (PS) has been employed
for generating different loading conditions, solutions for which
have been obtained with the help of Newton Raphson method. The
objective function has been evaluated only for the convergent
points as those points represent the feasible solution. The process is
continued until the termination criterion (an indicator of optimal/
near-optimal solution) is met.

2.3 Optimisation technique for solution

The optimisation of the problem is accomplished by employing a
pattern search optimisation technique [25-27]. PS optimisation
being a direct search optimisation, in its process the information
pertinent to the gradient of the objective function is not required
[25].

2.3.1 Patterns: The cardinality of the objective function's
independent variables defines the number of patterns used in the
PS. Nascent patterns in the optimisation process are generated
using the generalised pattern search algorithm. For instance,
pattern set y, for vector x, (initial point) with / components would
be

[l//]l*n* = [(ﬂl/a (p2/7 (P3’, sy (pl/z*]l*n*

(11)
R U/ I

In (11), n" is (I + 1) if pattern (¢) is formed using minimal basis,
else n* is (2x[) when maximal basis is employed in pattern
formation. For pattern search algorithm, two commonly used basis
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sets are maximal and minimal basis set. The pattern of vectors that
forms these basis sets are fixed direction vectors. For example, if
there are three independent variables in the problem (i.e. [ = 3),
then for maximal basis the vectors (2 * /) would be formed as

¢ =[100]; ¢=[010] (12)
¢3=[001]; ¢4=[_100] (13)
¢s=[0 —10: ¢=[00 —1] (14)

for minimal basis the (/ + 1) vectors would be formed as

¢ =[100] ¢=[010] 15)

¢,=0001]; ¢=[-1 -1 —1] (16)

These vectors have been used to obtain the mesh.

2.3.2 Mesh: Mesh represents the set of points that are searched by
the pattern search algorithm in each iteration. This search assists in
finding a solution point that enhances the value of the objective
function. A set of vectors d;, produced by taking the product of
patterns with the mesh size ¢, has been added to the optimal point

of the previous iteration (xJf"™)) to obtain the mesh points

dj=Cx*g;
D=Cxy (17)
X = Xy + D

2.3.3 Polling: The process of computing the value of the objective
function at each mesh point is called polling. Depending upon the
outcome of the polls, the polling may be a successful poll or
unsuccessful. The polling that results in the improvement of the
optimal value has been considered as a successful poll. On the
contrary, the one which does not yield improvement has been
designated as an unsuccessful poll

optim set

Xiter —1 € Xiter - 1 (18)
optim __ : set

Xier = MmN F (xiter

2.3.4 Expanding and contracting: Updating the mesh size ¢
during the solution process, after each poll, is referred to as
expansion or contraction. The mesh size is updated by multiplying
a constant higher (km) than (for a successful poll) or less (k/) than
unity (for the unsuccessful poll).

< x_optim

1ter — 1

e, optim
if: X

{=kmx{; km> lexpanding (19)
else ¢ =kIx{; kl< lcontraction

Convergence criterion for the optimisation could be specified
by the maximum number of iteration, mesh size {, the time
duration or change in objective function value (O.F). In the present
work, mesh size ¢ is taken as the termination criterion, i.e if the
termination criterion is less than a pre-specified value then the
optimisation process is terminated. In the present work, termination
criterion of mesh size 1x 107" has been taken. The schematic
representation of the optimisation process has been shown in Fig.
2. The figure shows the pattern search process of two variable
problems (for which four patterns are generated). The octagonal
boundaries represent the mesh size, it can be seen that as the
optimisation process proceeds and the solution approaches the
optimal value the mesh size decrease. In iteration 1 (shown in the
figure) the best function of the objective function is obtained
corresponding to the pattern encircled by a circle, this point is
selected and new patterns are generated around this pattern and this
process continues until the termination criterion is met.
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Fig. 3 PMU storage layout
(a) Overall layout, (b) Branch connectivity layout, (¢) PMU emulation algorithm steps

2.4 Contingency screening

The ATC for any transaction is evaluated for any system such that
in the event of occurrence any contingency (N — 1) the system
remains within its operational limits. Therefore, contingency
screening for identifying the critical contingencies (which are most
sensitive to any given transaction) has to be performed. This has
been achieved by using (20) [28]

4 2e dl 2e d. ¢
PI=| Y = + 3 4 ) (20)
‘ Z 8ni Z g Z 8p.j
V. — ¥
dv,iz Vi (21)
0; it Vi<
')
L_y:
z Lfi : 1]; A
di={ Vi (22)
0; it v;> fi
o VI
vi— T
1
(23)
gl — le - Vf
i Vld
(P =Prjl. .
d, ;= | BaseMVA = T 1Pl > P (24)
0; it P;<Py;
_ [P =Pyl

8r.J = BaseMVA (25)

Here, in the above equations, contingency index is PI., V; and V,‘-i
are actual and desired voltage at the ith bus, f7, ff, V¥ V! are the
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alarm limits and security limits. The parameters d,, ;, df i 8is gév i
represent the normalised violations of upper and lower limits at the
ith bus. Py ; and P, ; are the security and alarm limits for power
flows in the jth line, respectively. The normalisation factor and
normalised power flow limit violations for the jth line are g, ; and
d, ; respectively. The value of e has been taken as 2, and it
represents the exponent used in hyper ellipse equation [28]. The
expression of the composite security index expressed in (20) has
been used for contingency ranking. The severity of the contingency
is governed by the PI. value, higher the value of the index greater
the severity. Now, TTC wvalues corresponding to the selected
critical contingencies have been evaluated and are arranged in
increasing order of their value. The contingency for which the TTC
value is minimum is selected as the most critical contingency for
which ATC has to be evaluated.

3 PMU emulation

The PMU emulator reported in this study is capable of measuring
the voltage magnitude and angle of the bus at which it is connected
and the connecting branches’ current magnitudes. Since it does not
exhibit the entire/complete property of the PMU but measures
above-mentioned parameters only, it is called PPMU. An
interactive algorithm has been utilised to emulate the PPMUs that
archive the relevant voltage and current information at the desired
buses. The retrieved information is stored in fashion shown in Figs.
3a and b. The steps used to implement the emulation algorithm has
been shown in Fig. 3c. in the form of aflow chart. Explanation of
various stages in block diagram has been given below.

3.1 Input data

The input data is divided into two parts—fixed and variable. The
fixed data consists of network parameters, number of PMUs, and
their locations. While the variable data can be generated around the
base case to obtain various operating conditions. Alternatively, if
the forecasted load is available the same can be used to obtain base
case generation information. Since the PMU emulation has been
carried out for ATC evaluation, in the present work, the loading
patterns need to be generated such that the loads and generations
are simultaneously increased in the sink and source area,
respectively.

3.2 PSN solver

The system states corresponding to the loading scenario mentioned
above are obtained at this stage. For this purpose, the OPF solution
using a decent gradient has been utilised. It is to be clarified that
other methods of OPF could also be used in place of gradient
search. However, for demonstration purpose, the gradient descent
method has been utilised. The limits on active and reactive power
generation of generating buses, voltage magnitude of load buses,
and line flows have been taken care in the solution process.

3.3 PMU emulator

The PMU emulator interactively archives the voltage magnitudes,
voltage angles, current magnitudes, and current angles produced by
the PSN solver. In the PMU emulation stage, a stack of cells, as
shown in Fig. 3a having cardinality equal to the installed number
PMU's in the system, is formed. Each cell has been further
segregated into three sub-cells. The information about branch
connectivity is contained in the first sub-cell, which is further
divided into two cells containing ‘from bus’ (branches originating
from PMU bus) data and ‘to bus’ data (branches terminating at
PMU bus). The second sub-cell stores the voltage magnitudes and
voltage angles of the PMU buses, while the third sub-cell hosts the
branch's current magnitudes and angles, as shown in Fig.3b.

If PPMU is not employed then an iterative algorithm that
sweeps across the operating situations (probable/feasible solutions)
and fetches the data if the bus id is the same as the PMU location
bus would have to be utilised. This happens to be a time-
consuming process and the time taken would increase with an
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Fig. 4 Schematic comparison of iterative and PPMU algorithms
(a) Tterative algorithm, (5) PPMU algorithm

Table 1 Comparison of iterative and PPMU algorithm using
MATLAB 17b on Intel i7 processor

Se No Case Time taken, s
Iterative PPMU Gradient
algorithm algorithm descent
OPF
1 IEEE 24-bus 0.0011 0.0007 0.0465
RTS
2 IEEE 30-bus 0.0012 0.0006 0.0548
system
3 IEEE 118-bus 0.0043 0.0015 0.0780
system
&P,
’_ lid(2) @I/(l) @
R+ jX, Vi il 7
e e — Non PMU

location bus

1:|tap| Ztap

Rl * //\, 3 [)I‘1L’/“‘ ation bus

D

Fig. 5 Illlustrative example showing three buses connected to a PMU bus

increase in complexity (number of buses) of the system. On the
contrary, when PMU emulator is used in the ATC estimation
framework then it interactively acquires the location of the PMU's
in the network and directly acquires/fetches the data from operating
situations (probable/feasible solutions). The schematic comparison
of the iterative method and PPMU algorithm is shown in Fig. 4,
whereas Table 1 gives the comparative results for the
aforementioned methods on different test cases using MATLAB
17b running on an intel core i7 processor.

4 Linear state estimator

Linear state estimation is a substitute to conventional state
estimation for real-time operation of the power system. Linear state
estimation can be deployed to measure the voltage and current
states of nodes where the PMUs are not placed, provided the PMU
placement has been done for full observability of the network
under consideration [29]. The problem formulation for linear state
estimation can be mathematically expressed as

Min % u%
Z
%1,1 %l,n 9?1
(26)
sit.oz=|. |=ZX+R=| : - i |X+|:
. %m.l %m,n ‘%m
Zin

where % is the error residue, z is the measured vector, X is the
unknown vector, g is the weight matrix with all entries as real
numbers and y; is the weight block for each measurement
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o'i, real 0
Hi = ( ) (27

2
0 07, imag

The solution to the above state estimation is obtained without
iteration

X ="y %" uz (28)

4.1 Formation of & matrix

The # matrix used in linear state estimation is obtained from the
admittance matrix formed after the network information is archived
and processed by the network topology processor. The dimension
of the Z matrix is (m, X my), where my is the number of unknown
measurements and my is the number of known measurements. Let
ny, be the number of buses at which PMUs are not placed and n, be
the buses at which the PMUs have been placed with n,;, being the
number of branches connected at each bus. Now, m, = ny, — n, and
my = n, + Zj:lp ngp(i). Fig. 5 illustrates an example of a four-bus
interconnected network where bus 1 is the PMUocationbus, 1iN€
lid(1) with a tap changing transformer, and other lines connected to

far end buses 2, 3, and 4. Now, the network admittance matrices
are formed using

_ 1 _ 1B ia
* 7 Ria+ jXia® Y=Y+ =5 29)
_ Ytt . _ - Ys . _ - Ys
Yir = tap X conj(tap)’ Y= conj(tap)’ Yie = tap (30)
| Yﬁ]_ B [Yu Y G31)
F—= s T—
Yo Yy Yoo Yir

The voltage Vi and branch current Iy are known at the PMU
location bus. This information can be used to obtain the
information of far end bus using (32)

Iy YiVy
Iy =YV + YiVi, > Vi= 5 —
Y,
Y (32)
Hg Hgr

The measurement vector Z with size (1 X my) is obtained from the
PPMU measurements as

PPMU(1) - V 1

PPMU(1) - I

PPMU(1) - I 3
5 : (33)

PPMU(np) - V :

PPMU(np) - I || Mic—

PPMUGp) - Iy||

The elements of # matrix is obtained corresponding to the voltage
measurements of the X vector are obtained as

(i, np(i)) = F (U, ny(D))
~ Yr(PMU(n(i)) . x(lid, 1), (i)
Ye(PMU(n,(i)) . x(lid, 1), PMU(ny(0)) . z1(lid, 1))
(34)

H(i,cc(i)) =
1 (35)
Ye(PMU(n,(7)) - x(lid, 1), PMU(,(0)) - z1(1id, 1))

The various structure fields of PMUs and their accessing methods
used in (34) and (35) are given in Tables 2—4.
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Table 2 Structure field and accessing method of PMU

PMU Parameter Accessing Variable Identifier
method used
Structure id PMU(1).id  PMU location m,
Field X PMU(1).x  lines/branches lid
connected at
PMU bus
z1 PMU(1).z1  far end bus of NA
branches
connected at
PMU bus
| PMU(1).1 line currents NA
\Y PMU(1).V PMU bus NA
voltage

Table 3  Structure field and accessing method of
PMU(id)textitx
Accessing method
PMU(1).x(1,1)

Accessed variable/parameter
outbound/outgoing branch connected to PMU
bus
inbound/incoming branch connected to PMU
bus
liath branch connected to PMU bus

PMU(1).x(2,1)

PMU(1).x(lid, 1)

Table 4 Structure field and accessing method of
PMU(id).z1
Accessing method
PMU(1).z1(1,1)

Accessed variable/parameter
far end bus of outbound/outgoing branch
connected to PMU bus
far end bus of inbound/incoming branch
connected to PMU bus
far end bus of lidth branch connected to PMU
bus

PMU(1).21(2,1)

PMU(1).21(lid, 1)

]
o 2 V1
$8{ V:
3| i
52 |y
" c
(o]
oo | Yy B
% ERE T ©
< ' =1
a X
vm L
|
§ Im g [
2 )
St [ ™ B
58 kr ()
3= w
€ E'“ Output Layer with
[ k2 purelin (function)
5 g :
< BIkr

Y

Input Features Input Layer

Hidden Layer With rbf (function)

Fig. 6 RBF architecture proposed

5 Real-time estimation of ATC using ANN
5.1 Radial basis function neural network

Radial basis function network is a conglomeration of two types of
neurons (radial basis feed forward neural network (RBF) and
linear) arranged in three (input, hidden, and output) layers. The
received input information is transmitted through the input layer to
the next layer called the hidden layer. The hidden layer and output
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layer consist of RBF and linear neurons, respectively. The linear
neurons are realised using a purelin transfer function. Each layer
consists of several nodes that are fully connected to the relevant
(preceding and/or succeeding) layer. Moore Penrose generalised
pseudo-inverse method has been used to obtain the weights
between hidden and output layers. The Moore Penrose method has
been preferred over the other methods such as least mean square,
linear least square regression etc. due to its shorter training time
and generalisation ability. This property of the method makes it
suitable for real-time applications, i.e. the present problem. The
Gaussian kernel has been used as a radial basis function (for
pattern recognition). The K-means clustering has been employed
for determining the centre and width of the kernel.

5.2 ANN architecture

The architecture of ANN presented in this study has been given in
Fig. 6. The RBF network architecture with the input set for the
present problem has also been illustrated in the figure. The input to
the network mainly consists of four different types of data, these
data are voltage magnitude and angle of the buses at which the
PMUs are located, branch currents, and branch current angles of
the branches terminating or originating at the PMU location buses.
If there are m PMU's optimally located in the system, then there
will be m voltage magnitude |V| inputs (V,,V,,...,V,,) and m
voltage angle inputs V, (ay,,ay,,...,ay,). Similarly if there are r
branches terminating or originating at the kth PMU-bus then the
branch current input of this unit would be (Ii, Ix, ..., Iy,) and
branch current angles would be (8., B, ..., f;,) and in this

fashion, the entire branch current and branch current angle
information is fed as input as (I, 1,s, ..., 1,,) and (B, Bry - > B,,)-

The size of the input vector would be 2xm+ Y 2r. This
vector is passed through the LSE for obtaining all the states of the
system (an amalgam of measured variables from PMU buses and
estimated variables by LSE). Output of the LSE, i.e. |V|,a,, 1, §; is
feature set &, which comprises a large number of features. For
efficient performance of ANN-based estimators, these large

features sets have to be reduced to a feature set @ capable of
adequately representing the complete set of features.

The D" set of reduced features discussed in Section 5.3 is used
as input and the corresponding ATC value obtained using the
pattern search optimisation is used as the target output. The
training process involves the optimal determination of centre and
width of the RBF neurons to meet the required criterion of error
tolerance.

5.3 Feature extraction (FE)

FE is an unavoidable process that is to be performed when a large
number of data features are present. Feature extraction involves
mapping of input features (large number) to new output features
(fewer numbers). In this study, a sparse filtering algorithm (SFA)
extraction method is used for extracting the dominant features,
which could be used as input to the ANN. The SFA begins with
data matrix @ having n rows and p columns, where they (rows,
columns) represent observations and measurements, respectively.
The algorithm then takes either an initial random p-by-q (required
number of features) weight matrix %" and minimises (36). The

method shortens the initial feature set D to a smaller set 2" using
matrix 7 obtained by SFA (36)

m m

min Y | 9", = )

i=1 i=1

‘ 2 (36)

~ri
<21,

To compute objective function (36), which depends on the n-by-p
data matrix 2 and weight matrix %" the procedure given in Table 5
has been employed. The schematic representation SFA method has
been illustrated in Fig. 7.
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Table 5 SFA for feature extraction
Stage Description
Step 1 compute the n-by-q matrix & x 7" and using the approximate
absolute value function y(u) = /u* + ¢, obtain the matrix 2".
y is a symmetric non-negative and smooth function, which
approximates the absolute value function and ¢ has been
taken as 107% [30]

Step 2 D' j)

define normalised 2'(, j) as 2'G, j)(, j) = e where
D3
D =TI D) e
step 3 define normalised &'(i, j) as 9, j) = @_'(ri,j) . where
(RZAON]

PG| =\ 1D +e
step4 compute the objective function A(%") as the 1-norm of the

Ar g N oAy
matrix @ (i, ) using A7) = Y. Y D (i, )
j=1i=1

step 5 obtain the optimal value 7" using suitable techniques. Here,
Broyden—Fletcher—Goldfarb—Shanno quasi-Newton optimiser
has been employed [31] with termination criterion as the
maximum number of iterations and step tolerance (if the
norm of the algorithm step at any time is less than the
specified tolerance).
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Fig. 7 Schematic representation for feature extraction

5.4 Testing

A part of the data archived for training is extracted and kept aside
for training and validation of the trained neural network. If the
desired goal of tolerance is met in the testing phase then the neural
network is assumed to be trained and final weights and biasses are
exported as a trained network, which could be used for real-time
online estimation.

6 Implementation of the method

The software-based implementation of the proposed scheme has
been depicted in Fig. 8a and practical hardware-based
implementation has been shown in Fig. 85. During software-based
implementation there are apparently two different stages of the
scheme: offline training and online implementation. The system
scenario is inputted to the PSN solver, which is common to both
online and offline stages. The PSN solver produces a solution
corresponding to the input scenario and shares it with the PPMU
emulator and optimisation engine simultaneously. The optimisation
engine yields the optimal ATC values using the pattern search
optimisation method discussed in this study and stores it in ATC
storage. In ATC storage, the ATC values are stored sequentially to
be used as target output to the neural network training block.
Concurrently, the PPMU emulator interacts with the PSN solver to
archive the voltages and currents of the PMU location buses and
sends them to the LSE block. In the LSE block, all the states of the
network are obtained. The LSE block sends the linearly estimated
states to the ANN input block. It is to be clarified that the values
sent by the ATC storage as target and the input sent by the nearest
neighbour input block to the ANN are quasi-statically
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Fig. 8 Schematic representation of the proposed method
(a) Software-based development of proposed method, (b) Practical implementation
layout of proposed method

synchronised. The ANN input block feeds the ANN training block
until it is trained. This is depicted by placing the switch at position
‘a’ of the switch block shown in Fig. 8a. The switch being in
position ‘b’ the trained ANN would produce ATC value for any
novice input received from the ANN block. Once the network is
trained, the final weights and biases are exported to the trained
ANN block. This can be accomplished by diverting the switch
from to position ‘b’. The ATC value so produced can be sent to the
ATC storage for further applications such as power transaction
management, forecasting, system analysis, display on publicly
accessible web etc.

The above-described methodology can be practically
implemented using trained ANN by a utility as shown in Fig. 8b.
The PSN solver and input scenario have been replaced by the
actual power grid whereas the PPMU emulator has been replaced
by actual PMU in this figure. The PMU measurements have been
directly sent to the data pre-processing stage (i.e. LSE and feature
extraction) for ATC estimation by the trained ANN.

7 Authentication in real-time simulation using
RTDS

Functioning of ANN estimator has been verified in real-time using
RTDS platform. The test system has been modelled on RSCAD
software and compiled on RTDS hardware. The different loading
scenarios have been sent to the RTDS simulator from the
monitoring and control center that has been build in MATLAB.
The control center issues the appropriate command signals
corresponding to any change in the operating scenario of the
system. This communication is established through ‘GTNET SKT’
protocol. The ‘GTNET SKT’ protocol is capable of handling data
streams with an update frequency of 2kHz (maximum). A
schematic representation of the process has been shown in Fig. 9.
The GTNET PMU has been placed at the optimal PMU
locations in the power system model using RSCAD software. The
RTDS uses the GTSYNC card to time stamp the measurement
taken by the GTNET PMU's. These PMU's could publish data in
the IEEE C37.118 protocol and send the data to other devices and
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Fig. 9 Pictorial illustration of the process used in authentication in RTDS simulation

Table 6 Description of the test system

Case Area Generator bus Load bus PMU location bus  Gen cap, Load, Margin,
(branch) MW MW MW

IEEE 24-bus test 1 [14, 15, 16, 17, 18, 19, [5, 17, 19] [16 (4), 21 (5)] 1170 1125 45
system 21]

2 [13, 22, 23] [6, 8,9, 10, 11, 12, 20] [8 (3),10 (5), 23 (4)] 1551 1141 410

3 1,2 7] [3, 4, 24] 12 (3), 3 (3)] 684 584 100
IEEE 30-bus test 1 [,2] [3,4,5,6,7,8,9,11,28] [2(4),4(4),6(7),9(3)] 121.94 84.5 37.44
system 2 [13, 23] [12, 14, 15, 16, 17, 18,19, [12 (5), 15 (4), 19 (2)] 40 76.2 -36.2

20]

3 [22,27] [10, 21, 24, 25, 26, 29, 30]  [10 (6), 25 (3), 27 (4)] 105 48.5 56.5
IEEE 118-bus test 1 [61, 62, 65, 66, 69, 70, [60, 67, 75, 78, 79, 47] taken from [36] 2468.2 599 2049.2
system 72,73, 74, 76]

2[99, 100, 103, 104, 105, [98, 101, 102, 106, 108, taken from [36] 1229.2 715 577

107, 110, 112, 113, 116]

109, 114, 115, 117, 118]

Table 7 Details of test cases under consideration (base

case)

Tie line
Area 24-bus system 30-bus system
1to2 21-22,17-22, 19-20(2), 14-11 4-12,
1t03 15-24 9-10, 6-10, 28-27
2t03 3-9, 4-9, 1-5, 2-6, 7-8 17-10, 20-10, 23-24

Table 8 Reduced features for different test cases using

SFA
S.N Test After PPMU After LSE Reduced
system [V, q,1, [V&I] [V,a | V&I feature
Al Ji
1 24 68 34 124 62 7
2 30 120 60 140 70 10
3 118 342 171 608 304 33

applications such as PDC. An open source PMU connection tester
provided by grid protection alliance [32] has been used to test and
generate PMU configuration files. These configuration files are
used by the openECA to establish a connection with GTNET PMU
and acquire measurement data using server API. The openECA
sends the data to the monitoring and control center using the client
APIL. The ATC estimator running in the monitoring and control
center has been used to estimate the ATC in real-time.

8 Case study

The methods proposed in this study have been simulated on Intel
core 17@2.24 GHz computer using MATLAB 2017b and
MATPOWER 6.01 software. The description of the tests systems
on which the proposed methods have been illustrated is delineated
in the following subsystem.
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8.1 Description of test system

The performance of the method has been manifested on IEEE 24-,
30-, and 118-bus systems. The data used for modified IEEE 24-,
30-, and 118-bus test systems have been taken from [33-35],
respectively. Table 6 contains the information pertinent to the area
wise classification of buses (both generator and load buses),
optimal location of PMU's, the number of branches linked with the
corresponding PMU buses (given in small bracket alongside the
PMU bus location) along with the area wise generation capacity,
load, and the available generation margin. The generation margin is
an indicator that reflects the amount of power which an area can
additionally supply to its own area without importing from other
areas (while fulfilling the system criterion). The tie lines
interconnecting the different areas are given in Table 7.

8.2 Result and discussion

For every input scenario (loads, generation, network topology, and
PMU location) different values of TTC, corresponding to various
contingencies have been obtained. These TTC values correspond to
the minimum of the voltage, stability, and thermal limits. The TTC
value corresponding to the severe-most contingency would be
lowest. For a defined credible set of contingencies, a TTC ranking
has been obtained and the top-ranking TTC value has been used to
obtain ATC. Such a selection (TTC rank 1) for ATC calculation
would guarantee the safer operation of the power system as any
other single outage contingency would result into a TTC/ATC
higher than the rank 1 selection.

8.2.1 Feature extraction: The result of feature extraction using
the method discussed in Section 5.3 has been obtained for all the
three test cases under study as tabulated in Table 8. The SFA has
been used to reduce the size of the input features. The size of the
reduced feature set is equal to the number of optimal PMU's that
would be required for ensuring the complete observability of the
system.
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Table 9 Comparison of results obtained from TSCOPF and
proposed method

Case Proposed method TSCOPF [33]
description
Outage TTC, CBM, ATC, TTC, CBM, ATC,
MW Mw MW MW MW MW
largest gen in 465 - 350 - -
area 1
largestgenin  358.636 60 298.636 262.8 60 200.8
area 2
line 21-22 465 - 350 - -
line 17-22 465 - 350 - -
line 19-20 465 - 350 - -
line 14—1 400 - 306.6 - -
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Fig. 10 Data archived by PMU at bus 2
(a) Voltage and voltage angle plot obtained by PMU 1 at bus 2, (b) Voltage and
voltage angle plot obtained by PMU 1 at bus 2

8.2.2 Modified IEEE 24-bus RTS system: The entire network
has been divided into three areas. The ATC for transfer of power
from area 1 to area 2 has been evaluated using the proposed
method. The CBM and TRM have been taken as 5% of the existing
transmission commitments. The results obtained by the proposed
method have been tabulated in Table 9 along with results reported
n [33] for comparison. The TTC value corresponding to the
contingency that yields the lowest TTC has been considered for
ATC evaluation. Such a TTC value corresponds to the outage of
the largest outage generator in area 2. It can be noticed from this
table that the TTC corresponding to the above contingency
produced by the proposed method is higher than the method
reported in [33]. In other cases also the TTC is higher than the
proposed method. The ATC has been calculated by taking CBM to
be 60 MW as taken in [33] and tabulated in Table 9. The TRM is
neglected for comparison of the proposed method with
transmission security constrained optimal power flow (TSCOPF).
It can be observed that the proposed method results in a higher
value of ATC than that of the TSCOPF method [33].
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Fig. 11 [EEE 24-bus test system emulation results

(a) ATC from areas 1 to 2 for modified IEEE 24-bus test, (b) Loading pattern of
modified IEEE 24-bus system, (¢) Error in ATC prediction using ANN, (d) Error
histogram of ATC estimator using reduced features for IEEE 24-bus system

The PMU emulation for the modified IEEE 24-bus system has
also been done and the results obtained by PMU 2 (for example)
are given in Fig. 10a and b. The figures show the voltage and
current magnitudes and angles recorded by the PMU's as the
system is subjected to the predefined loading pattern. PMU's are
assumed to be placed at optimal locations with maximum
observability as the objective of their placement. The optimal
locations of the PMU in this work are taken from reference [37]
and are given in Table 7. It can be observed from Fig. 10a and b
that hourly load pattern has been quasi-statically simulated and the
data archived by the PPMU emulator for 120 h are shown. The
variations in the voltage and currents obtained are in phase with the
variations observed in the loading for the same duration.

During the offline simulation stage, the ATC optimisation
engine evaluated the ATC value corresponding to each loading
scenario, and the corresponding value has been stored in the system
ATC storage. Fig. 11a depicts the plot of ATC in the system from
area | to area 2 without considering any outage in the system and
Fig. 115 depicts the corresponding loading pattern. The data
archived from the ATC storage system and PMU emulator has been
used for the training of RBF- and levenberg-marquardt neural
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Table 10 Condition of source and sink areas of 30-bus test

system
SlI. No. Parameter Area
Area 1 Area 2
1 initial generation 84.51 MW 56.2 MW
2 max generation 160 MW 70 MW
3 available generation capacity = 75.49 MW 13.8 MW
4 contingency considered  outage of generater at bus 23

network-based neural networks. There are 68 inputs and a single
output (ATC values) being used for training purposes, the inputs
are obtained from the PMU emulator and comprises (V [magnitude
and angle], branch currents [magnitude and angles]). The
emulation has been done for a hourly load model given in reference
[38]. The performance of the RBF neural network-based estimator
for considered test system has been given in Fig. 1lc. It can be
observed that the error in ATC prediction is less in the case of the
RBF neural network, and therefore RBF-based neural network
ATC estimator has been proposed. The trained estimator has been
used in real-time estimation of ATC. The input to the estimator is
the voltages and current measured by the PPMU's across the
system.

8.2.3 Modified IEEE 30-bus test system: The IEEE 30-bus
system has been divided into three areas and ATC for the
transaction of power between the areas has been evaluated. The
input data has been randomly generated using uniform distribution
between 80 and 120 percentages of base case loading by
employing the equations given hereunder

PL=P|(1+0) 37

0, =01(1+0) (38)

Here,{ =a+rand(b —a), b=02anda = —0.2.

The data generation is done by ensuring the fixed loading
characteristics, which is achieved by maintaining a constant power
factor. The condition and convergence of ATC optimisation engine
for transfer from area 1 to area 2 have been given hereunder in
Table 10 and in Fig. 12, respectively. It could be observed that PS
converged in five iterations with —0.70677 as the best function
value and 816 function evaluations.

In case of the IEEE 30-bus test system, the input scenarios have
been generated by employing (3) and (38). The data archived by
the PPMU emulator when the generated scenarios are quasi-
statically simulated are given in Fig. 13. Fig. 13a depicts the
voltage plot and Fig. 135 depicts the branch current plot. The ATC
estimator for the IEEE 30 bus test system has been trained for
quasi-static yearly data generated using loading factors given in
[38]. The results of ATC estimation and corresponding error are
given in Fig. 14.

8.2.4 Modified IEEE 118-bus test system: The IEEE 118 bus
test has been modified by taking the long term line limit as
(2 x base case power flow) and emergency rating as (5 X base case
power flow). Furthermore, for the purpose of analysis, two
different areas (area 1) and (area 2) comprising the buses given in
Table 7 are formed. The ATC estimation for transaction from area 1
as the source and area 2 as the sink have been performed using the
proposed method. The yearly loading factors given in [38] have
been used to generate quasi-static data for the IEEE 118-bus test
system. The 118-bus system being a large test case with a larger
number of PMU's (n, is 33). The size of the input to the ANN
increased significantly. Therefore a feature extraction and selection
method has been adopted to adequately train the ANN estimator.
The input provided by the PPMU through LSE is (608 X 1), which
is reduced to (33 x 1). The estimated ATC by the ANN estimator
and its performance in terms of error has been given in Fig 15a and
b.
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Fig. 13 PMU emulation for IEEE 30-bus test system
(a) Voltage and voltage angle plot obtained by PMU 8 at bus 19, (b) Branch current
and angle plot obtained by PMU 8 at bus 19

8.2.5 Performance of ANN-based estimator: Comparative
analysis of the developed estimator for different test system has
been illustrated in Table 11. Here the error has been expressed in
terms of mean absolute error (MAE), mean squared error (MSE),
sum of absolute errors (SAEs) and sum of squared errors (SSEs).
The sample size for obtaining the performance has been taken as
1000. It can be observed that after using the reduced feature set as
input to the estimator, the error metrics deteriorated significantly
but they are still under the acceptable limits. It has been noted that
for the IEEE 118-bus test system, the error is more than the other
two cases thus it can be said that the overall performance of the
ATC estimator degrades with an increase in the complexity of the
system. Nevertheless, the error falls well within the range of 107
to 107 which can be very well accepted for ATC estimation
application. The overall time elapsed in data generation for ANN
training, in ANN training, and ATC estimation have been given in
Tables 12 and 13. The time elapsed have been acquired for solution
obtained using the proposed method on MATLAB 2017b using
Intel core i7 processor.

8.2.6 Real-time authentication of IEEE 30-bus test system
using RTDS: The IEEE 30-bus test system has been modelled in
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Fig. 14 Result of ATC estimator for IEEE 30 bus test system
(a) ATC estimated using ANN estimator for transaction from area 1 to area 2 of IEEE 30-bus system, (b) Error histogram of ATC estimator using reduced features for IEEE 30-bus

system
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Fig. 15 Result of ATC estimator for IEEE 118 bus test system

(a) ATC estimated using ANN estimator for transaction from area 1 to area 2 of IEEE 118-bus system, (b) Error histogram of ATC estimator using reduced features for IEEE 118-bus

system
Table 11 Performance of ANN estimator
S.N Indices Test cases
|IEEE 24-bus IEEE 30-bus |IEEE 118-bus

Before FE After FE Before FE After FE Before FE After FE
1 MAE 2.10x 107° 2.54%x107* 7.42 %107 420% 107 1.76 x 107 24x%x107°
2 MSE 1.51x 107" 998 x 107’ 3.87%x107° 5.47%x107° 1.21x 1077 3.7x107°
3 SAE 1.55% 1073 0.11 0.59 3.33 0.14 1.9
4 SSE 6.81x 107" 449x107* 3.10x107° 438 %1072 9.65x107° 2.90 x 107

RTDS software. The system has been subjected to different loading
scenarios using the command signals issued from the control center
through the GTNET SKT. The ‘GTNET PMU's have been used to
measure the relevant parameters. These PMU measurements have
been acquired using the IEEE C.37.118 protocol by ‘openECA’
software. These measurements have been sent to the control center
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where the proposed method has been utilised to estimate the ATC.
The overall time elapsed in various processes during the ATC
estimation has been given in Table 14 The result of estimated ATC
values and corresponding loading scenario has been shown in
figures Fig. 16a and Fig. 16b. The loading pattern has been
changed at the interval of 40s. The corresponding ATC values
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Table 12 Training time and data generation time
Test system Data generation time, s

ANN training time, s

Duration Time Without FE With FE
24-bus 8760 43800.51 13.21 9.54
30-bus 8760 70080.43 68.03 475
118-bus 8760 91980.29 94.47 72.7
Table 13  Offline training and testing time
Without feature extraction
Test System Training time Estimator time LSE time Total time
24-bus 13.21 6.85x107° 1.98x 107" 7.05x107°
30-bus 68.03 7.80x107° 2.99x107* 8.10x107°
118-bus 94.47 8.86 x 107° 3.01x 107 9.16x107°
With feature extraction
Test system Training time FE time Estimator time LSE time Total time
24-bus 9.54 471 x107* 5.80x107° 1.98x 107* 6.00x107°
30-bus 475 438x107* 770107 2.99%x107* 8.00x107°
118-bus 727 460x107* 7.18x107° 3.01x10™* 7.48 x 107
Table 14 Real-time implementation on RTDS
Test system Communication time, s LSE time, s FE time, s Estimation time, s Total time, s
IEEE 30 bus 5.00x% 1072 7.80% 107 299 %107 7.70 x 10-3 6.58 x 107*
45 0.6 .
Bus14
Al it
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Fig. 16 Estimated ATC and loading of buses in area A2 during RTDS simulation
(a) Loading of buses in area A2, (b) ATC estimated using proposed ATC estimator

Table 15 Comparison of proposed method with the referred methods

System Source Sink Referred method Proposed method
SATC, MW DATC, MW ATC, MW
30-bus [39] 2 18 3.7 0.95 3.86
2 23 3.6 1.15 3.95
2 30 2.09 0.63 2.0974
39-bus [40] 36 21 - 7.3 20.0000
145-bus [39] 141-143 34,35 6.5 1.82 6.5478

have been shown in Fig. 16b. It can be observed from these results
that the ATC values increases with a decrease in load.

8.2.7 ATC and dynamic ATC: The dynamic ATC for a system for
any transaction can be considered as an approximation of the static
ATC [39]. A comparative analysis of static and dynamic ATC has
been done for different cases and reported in Table 15. It can be

IET Gener. Transm. Distrib., 2020, Vol. 14 Iss. 17, pp. 3604-3616
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observed that the ATC obtained using the proposed method is three
to four times the dynamic ATC.

9 Conclusion

A framework for real-time ATC estimation using ANN has been
presented with its application on IEEE 24-bus, IEEE 30-bus, and
IEEE 118-bus test systems. An ATC optimisation engine
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employing the proposed method for estimation of ATC has been
used for obtaining the ATC training data in the offline stage of real-

time

estimator development. A PMU emulation algorithm for

quasi-static analysis of power system (using PPMU) has been
developed and used to obtain the voltage and current states of the
system quasi-statically. The information obtained from the PPMU's
has been used as an input of the real-time ATC estimator. The
results have been authenticated using a RTDS on the IEEE 30-bus
test system.
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