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Abstract — The paper solves the problem of calculation
of available transfer capability of the controlled cutsets
on the basis of the results of the methods of state
estimation and total transfer capability estimation. The
decentralized calculation of the total transfer capability
values that are applied for generation of a trade-off
solution on additional loading of the controlled cutsets
is suggested. The technique of calculating the total and
available transfer capabilities and the control actions
intended for using the available transfer capability is
described in detail. The method is illustrated by the
example of calculating the total and available transfer
capabilities of different controlled cutsets of a real
electric power system.

Index Terms — Available transfer capability, trade-off
solution, total transfer capability, state estimation,
electric power system.

I. INTRODUCTION

The maximum use of the transfer capability of cutsets is
important from the standpoint of the effective control of
electric power system (EPS) states. The transfer capability
of cutsets can be divided into two components: reserved
and available. The reserved part of the transfer capability
is determined by the long-term contracts on power supply.
The available part is distributed on the short-term basis and
is called the available transfer capability (ATC). The ATC
value is a very important information for market control
from the technical and economic standpoints.
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Overestimation of ATCs leads to overloading of cutsets
and hence, to electric power system reliability loss.
Underestimation of ATCs decreases effectiveness of
market operation. ATC is the power that can be transmitted
in the cutset above the reserved power, i.e. after the
existing commitments to consumers are fulfilled [1, 2, 3].
ATC is calculated as a difference between the values of the
total transfer capability (TTC) that is calculated in terms of
the reliability criterion and power flow in the current
system state. The correct calculation of ATC of the
controlled cutsets can be obtained by determination of TTC
of these cutsets.

TTC is determined by a great number of devised
methods, such as: the equations of limiting conditions [4],
search for the saddle point based on the generalized
Newton method [5], optimal power flow (OPF) methods
[6]-[10], methods of repeated power flows [11]-[16],
method of analysis of power transfer distribution factors
(PTDF) [17]-[20], continuous power flow (CPF) method
[21], [22].

Competitive electricity market generates the need to
apply a trade-off approach to determination of the
maximum admissible loading of equipment [23] and to
calculation of TTC and ATC of the controlled cutsets. The
use of ATC of cutsets suggests a change in system states
due to an extra loading of these cutsets. Obtaining the
desired states is no easy task, since it is necessary to control
load of several indicated cutsets and take into account the
states of an adjacent network. In the case of ATC
calculation of several cursets this problem gets more
complicated, by that several operators take part in the
process of decision making independently. The operator of
each electric power system controls its own system and
does not possess the data on the state of neighboring power
systems. In this situation, to calculate ATC of the cutsets
the operator of each system establishes, what amount of
additional power should be transmitted and what state
variables are suggested to be changed, i.e. the values of
limits of a potential change in the state variables and a
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value of the desired flow in the cutset. For the actions of
operators not to contradict one another it is necessary to
integrate them into a single procedure, according to which
the cutsets will be loaded. The single procedure is
developed using the TTC estimation method and artificial
neural networks.

One of the ways to harmonize the actions of commercial
operators that are aimed at additional loading of the
controlled cutsets is the decentralized calculation of TTC
and ATC.

At present the methods of decentralized TTC calculation
are being devised [21]. The key barrier for decentralized
TTC calculation is the necessity of considering the
correlations between the electric power system areas. Each
power transmission should be analyzed from the standpoint
of the entire system.

The suggested methods for TTC calculation in the
decentralized system can be divided into two categories.
The first category introduces a two-level structure, and a
megasystem of control of all control areas is constructed.
The megasystem possesses all information on the system
and is responsible for all calculations on the basis of this
information. The two-level system protects private
information of each control area, as far as the areas do not
exchange this information. However, in this case
construction  of  communication and  computer
infrastructures requires high investments. The second
category of the methods is applied to create multi-level
areas for TTC calculation. In these methods the use can be
made of the algorithm of TTC calculation in the centralized
control. The problem of TTC calculation in the multi-level
areas is formulated as system decomposition into several
subsystems representing an area level.

The paper presents the technique, which can be referred
to the first category of TTC calculation methods. The
control center to be created receives all the data from all
systems, the state estimation and TTC estimation are
performed and then the single procedure of loading the
controlled cutsets is developed.

Section 2 of the paper presents the devised method for
TTC estimation. Section 3 describes the technique of
generating a trade-off solution on calculation of TTC and
control actions aimed at ATC application in several cutsets
simultaneously. Section 4 presents the results of
calculations made for a real scheme. At the end of the paper
the conclusions are drawn based on the research results.

Il. TTC ESTIMATION

Solution to the TTC estimation problem is based on the
idea that application of the weighted least squares method
of the sums of TTC estimation residuals allows the desired
solution to be obtained from any point with the required
accuracy by selecting the weighting coefficients. For TTC
calculation the criteria of the desired state are determined
by each concerned subject (for example, commercial
operator) in accordance with the own interests, which leads

to formation of contradictory conditions. The interests of
all subjects are coordinated by satisfying the constraints of
each subject. Satisfaction of the constraints for TTC
estimation is guaranteed by the corresponding values of the
weighting coefficients of TTC pseudomeasurements.

The initial information for input data generation that is
used to calculate the estimates of measurements and TTC
(parameters of the resultant load flow solution) is the on-
line and calculated information. The on-line information
represents the data obtained from the SCADA system [24]
and WAMS [25]:

y=WUi.R.Q F.Q;.8) 1)
Q-

injection of active and reactive powers at the nodes;
Rj .Qj — power flows in transformers and lines, &;—

where U; — magnitudes of nodal voltages; P,

voltage phases at the nodes of the scheme, in which PMUs

are placed.
The  calculated information is the TTC
pseudomesurements (TTC PM) P,;TC PM o of the

controlled cutsets and their weighting coefficients.

The value of TTC pseudomeasurements is independent
of the system schemes and states and is the constant
calculated information that is generated in advance and
stored in the database.  For calculation of TTC
pseudomeasurements each controlled line is represented by
the simplest electric power system. The TTC
pseudomeasurement for short lines is the total transfer
capability of the line without violation of thermal stability.
The TTC pseudomeasurement for long lines is the total
transfer capability of the line without violation of steady-
state stability.

The weighting coefficients of TTC pseudomeasurements
can change with variation of the power system state and
hence, are determined as the variable calculated
information. Their values are calculated in advance by the
enumeration method in terms of the system constraints and
observance of the optimality criterion in selecting the
weighting coefficients [26]:

kol _T1C PM

o =2 (P ~PC ()2 > min, (2
1

where kol — number of controlled lines; Py'©

estimates of flows in the controlled lines.
The vector of measurements, which is applied to TTC

estimation, looks as follows:

_ 1 _a _TIC PM
Yees = (V" V%, Py

n

TTIC PM

)=(Y, By ).

where y measurements of nonadjustable

(uncontrolled) state variables. The values of these variables
in the calculation process remain within the accuracy of

a measurements of adjustable

measurements; y

(controlled) state variables. The values of these variables
can vary within the specified control limits [26].
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The problem of TTC calculation is to search for

admissible values that are most close to the specified

TIC PM

inadmissible value B, , and is reduced to

minimization of the objective function of the weighted
least squares:

3(%)= (7 - y(x)" RHT - y(x)+
(Pll'rc PM pITC (x))T REI(PlkTrC PM S (x)) (4

where R — weighting coefficients of measurements,

Rs" — weighting coefficients of Py~

The estimates of the resultant state are determined by
minimization of criterion (4) and the system of nonlinear
equations is solved by the iterative method

HTRﬁllzs [VRES ~ YRes (X)]ZO , (5)
R 0
where  Rgte =| Y ,
7w

At each iteration the system is linearized at the solution
point and the normal system of equations is solved. In the
system the vector of corrections is calculated by the
formula

Ayl = [Hm) RL H' F HTO R [37 o Vees (X| )]
(6)
where H' — Jacobian matrix calculated at the I-th

iteration.
The state vector is calculated by the formula

X =x e ax ()
The system of equations (5) is solved, until the condition
AX <, (8)

is observed. The state vector is used to calculate all state
variables.

I1l. TECHNIQUE OF ATC APPLICATION

The proposed technique suggests a preparatory stage, in
which the universal techniques are transformed into a
technique for solving the problems in concrete electric
power systems. In this stage we identify a range of
problems to be solved, develop scenarios and find
weighting coefficients for TTC pseudomeasurements that
correspond to a set scenario, current state and imposed
constraints. The weighting coefficients of TTC
pseudomeasurements are stored in the database.

Figure 1 illustrates a scheme of on-line control of loading
the cutsets. Each EPS is represented by three blocks: data
capture, creation of a single procedure for generation of
instructions on additional line loading and line loading.

Capture of data on state variables of EPS is performed
by the SCADA system and WAMS. The measurement

vector y, is created in each system i from the

measurements. The vector is transferred to the control
center.

In the block of “formation of a single procedure” the
document is created, in which:

e the control lines are indicated;

e the values of P,;Tc "™ in the indicated lines are

specified;

o the regulated state variables are enumerated and the

ranges of their changes are determined;

o the prepared information is transmitted to the control

center.

Generation of instructions. Parameters of the resultant
load flow solution and data on the control actions
performed to obtain this solution are sent to each system of
the interconnected EPS. The case, where the operators of
all EPS agree with the TTC calculation results means a
trade-off solution is achieved.

The functions of the control center are:

1. To set the operational constraints of the
con

interconnected power system Yy~ .
2. To compile on-line information
)_/=()71,V2,.37| )_/L) ) C))
where L — number of the concerned EPSs. Vector Y is

transferred to the state estimator and to the TTC estimator.
3. To perform the state estimation procedure.
4. To compile the calculated information

TIC PM TC PM _11¢ pM _TiCc M _TTC PM
Py G Py P, P, y » (10)

TTC PM
where P, — pseudomeasurements of TTC of the

controlled lines. J — number of the controlled lines.
5. To form the input vector for ANN1 based on
constraints y*" and to form the input vector for ANN2

based on the on-line information y=(y,,y,,.y. ) . The

trained ANN selects Rgl (4) from the database. The

process of ANN learning is not considered in this paper.
6. To construct the resultant vector of initial data

~ _ _TTCPM
Yres=(V . Py )

7. To calculate the resultant load flow solution of the

11)

interconnected EPS based on vector Y .. with the TTC

estimation method. The vector of estimates of the resultant
load flow solution has the form:

yRES :()7 aFA)IFC) .
8. To calculate the controlled actions based on the
results of TTC estimation and state estimation.

9. To communicate the information about each EPS to
the block of generation of instructions for the each system.

(12)
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IV. APPLICATION OF THE TECHNIQUE BY THE EXAMPLE
OF A REAL CALCULATED SCHEME

A. General characteristic of the scheme and description
of scenarios

The calculated scheme, shown in fig.2, includes 17
nodes, 21 (500 kV) transmission lines, and two controlled
cutsets. Controlled cutset 1 is one-circuit line 1-5 and two-
circuit line 2-3, controlled cutset 2 is represented by lines
11-15and 12-15. The TTC values of two controlled cutsets
are calculated on the basis of three scenarios. Scenario 1:
TTC and ATC are calculated in cutset 1; Scenario 2: TTC
and ATC are calculated in cutset 2; Scenario 3: TTC and
ATC are calculated in cutsets 1 and 2 at their simultaneous
loading.

B. TTC calculation of cutset 1 (Scenario 1)

This problem is solved by the following Scenario:
calculation of TTC estimates at transmission of additional
power from node 2 to node 5.

The value of the surge-impedance loading is used as a
value of the TTC PMs of the lines in the controlled cutset
[28].

TIC PM

P, =900 |, (13)
TIC PM

P,,  =1800 (14)

The constraints applied in the calculation of weighting
coefficients of the TTC PMs are represented by the
following inequalities:

0 <Q, <342 , (17)
490<U, <524 , (18)
V. —30<V, <V, +30 , (19)

where P, , P, — measurement and estimate of active
power generated at node 2, Q,, Q, — estimates of reactive

power generated at nodes 2 and 4, lj7 — estimate of voltage

magnitude at node 7, ¢ - standard deviation.

Expression (19) means that at the nodes with
nonadjustable parameters the values of measurements
should remain within a range of 30 .

C. TTC calculation of cutset 2 (Scenario 2)

The stated problem is solved by the following scenario:
transmission of additional power from node 15 to nodes 11
and 12.

The value of the surge-impedance loading is used as a
value of the TTC PMs of the lines in the controlled cutset
[28]

TIC PM
P, =900 (20)
TIC PM
Pb.s =900 (21)

The constraints applied to the calculation of weighting
coefficients of the TTC PMs are represented by the
following inequalities

o P <P <1430 (22)
P, <P, <3431, (15) .
) 0<Q;; <50 , (23)
0<Q, <501 (16)
ANN1 .| Weighting coefficient of
ANN2 " TTCPM
Lo L
S v
GC) ForT;:gt?apii;esuion Forming initial data > TTC Estimation
O ry
> On-line ‘ pe
| . Ar
)
c
(@) v
o

Generation of initial data Information acquisition on each EPS

Information sorting for
each EPS

'y 'y

T3

Generation of
instructions

Forming single
procedure

Data capture

Generation of

Forming single
procedure

instructions Data capture

EPS1

-

EPS2

Figure 1. A scheme of online control of loading the lines on the basis of the trade-off approach.
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Figure 2. A scheme of a real electric power system.

0<Q,, <50
and expression (19),
where P , P — measurementand estimate of active

(24)

power generated at node 15, Qll, le — estimates of
reactive power generated at nodes 11 and 12.

D. TTC calculation of cutsets 1 and 2 simultaneously
(Scenario 3)

The problem is solved by the following scenario:
transmission of additional power from node 15 to nodes 11
and 12, and from node 2 to node 5. The constraints applied
to the calculation of weighting coefficients of the TTC

TIC PM TIC PM TIC PM
pseudomeasurements  P,_¢ v Py . Ps
are represented by inequalities (15)— (19), (22)—(24). The
trade-off solution is guaranteed by satisfaction of these
constraints at loading of two cutsets.

E. Calculation results

Figures 3, 5, 7 show the values of difference between
the parameters of the current and resultant load flow
solutions that are obtained at TTC calculation by Scenarios
1, 2 and 3, respectively. Figures 4, 6, 8 present the active
power flows of the controlled lines for Scenarios 1, 2 and
3, respectively.

Figures 3, 5, 7 show that all commitments to consumers

are met, as far as the state variables changed only at the
controlled nodes. In Scenario 1 (Fig.3) active power
changed at nodes 2 and 5 (curve P), reactive power
changed at node 4 (curve Q), voltages at all nodes remained
within the prescribed limits (curve U). In Scenario 2
(Fig.5) active power changed at nodes 11, 12 and 15 (curve
P), reactive power changed at nodes 11, 12 (curve Q),
voltages at all nodes remained within the prescribed limits
(curve U). In Scenario 3 (Fig.7) active power changed at
nodes 2, 5, 11, 12 and 15 (curve P), reactive power changed
at nodes 4, 11, 12 (curve Q), voltages at all nodes remained
within the prescribed limits (curve U).

Analysis of the graphs in Figs. 3, 4 for Scenariol (Figs.
5, 6 for Scenario 2) allows the conclusion that the
maximum power that can be transmitted in controlled
cutsets 1 and 2 under the specified conditions of the EPS
operation is equal to 1736,6 MW and 847,2 MW,
respectively. ATC of cutset 1 is 107 MW, ATC of cutset 2
is 353 MW. Additional power equal to 104 MW (422 MW)
can be transmitted owing to the following control actions:
increase of reactive power generation at node 4 by 25
MVAr (at nodes 11 and 12 by 36 and 39 MVAr,
respectively).

160 T T T T T T

—P

---Q

100

50

IR ' e

MW, MVA, kV
o

-501

=100

150 I I I I I I | I i
0 1 2 3 4 5 6 7 8 9 10 1 12 13 14 15

Number of line

Figure 3. Deviations in active power, reactive power and
voltage (Scenariol).
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- | ===Resultent state ||

L
1000+ vime
800
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-200~
-400-
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9 10 11 12 13 14 15 16 17 18 18
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5 6 7 8

Figure 4. Active power flow in actual and resultant load flow
solution (Scenario 1).
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Figure 5. Deviations in active power, reactive power, voltage
(Scenario2).
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Figure 6. Deviations of active power flow in current load flow
solutions (Scenario 2).
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-400+-
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Figure 7. Deviations in active power, reactive power, voltage
(Scenario 3).

Table 1 compiles the calculation results obtained for
three Scenarios. Number of the cutest is given in the first
line, the TTC value in the controlled cutset for each
Scenario — in the second line. The ATC values of the
controlled cutsets are written in the third line. The values
of additional active power generation are presented in the
fourth line. Controlled actions are showed in the fifth line.

500

400+

300~

200+

MW, MVA, kV
8
T

Number of line

Figure 8. Active power flow in current and resultant states
(Scenario 3).

Table 1. Calculation results for three Scenarios

Number of cutset 1 2 1. | 2
simultaneously
Flow current 1633 494 1633 494
(MW)  resultant 1736 847 1709 660
ATC (MW) 107 353 76 165
Additional P, =104 P =435 P, =82 P15 =202
generation (MW)
Control actions Q=25 Q=36 Q=20 Q=23
(MVA) Q=39 Q=21 Qp=22

The last two columns present the results of the tradeoff
solution. Analysis of the results in Table 1 shows that if the
additional active power is transmitted simultaneously in
the independent cutsets, the transmitted power values in
each cutest prove to be lower than the power that can be
transmitted in the same cutsets, but at different time
intervals.

V. CONCLUSIONS

The paper presents a trade-off approach for calculation of
the total transfer capability in two cutsets simultaneously.
The TTC is calculated in a decentralized manner. The
approach supposes that EPSs do not share their data among
themselves. The approach supposes that EPSs do not share
their data among themselves. These EPSs want to
cooperate via a control center to calculate total transfer
capability and available transfer capability.  State
estimation, estimation of total transfer capability and
calculation of control actions aimed at the achievement of
total transfer capability in the controlled cutsets are
performed in the control center. The tradeoff solution is
considered to be reached, if operators of all electric power
systems agree with the control actions, and the total
transfer capability values to be obtained, when these
control actions are implemented.

The developed method was tested by the determination
of total transfer capability and available transfer capability
in two cutsets of some electric power system. The
calculations were made at loading of each considered

10
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cutset alternately and at simultaneous loading of the

considered cutsets. Analysis of the results confirms that:

e the TTC and ATC values depend on the current
conditions of electric power system operation. With the
additional power flow transmitted simultaneously in
cutsets 1 and 2, the value of ATC in cutset 1 is less by
27 MW and in cutset 2 - by 187 MW than the value of
ATC in the case of power transmission over cutsets 1
and 2 at different time intervals;

o the interests of all electric power systems participating
in TTC and ATC calculation have been taken into
consideration using the trade-off approach. The values
of active and reactive generation are only changed in
controlled state variables.
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