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In the integrated power system network uncertainty can occur at any time. The
transmission reliability (TRM) margin is the amount of transmission capacity that
guarantees that the transmission network is protected from instability in the operating state
of the system. The calculation of the available transfer capacity (ATC) of the transmission
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traz\sl:,nission reliability margin, available reliability margin should be included in a deregulated power system to ensure that the
transfer  capability, DCQ I,oad flow transmission network is safe within a fair range of uncertainties that arise during the power

transfer. However, the TRM is conserved as a reliability margin to reflect the
unpredictability of the operation of the electric system. Besides, the system operator (SO)
utilizes the TRM value during unreliability by adjusting the ATC value some amount up
or down to account for errors in data and uncertainty in the model. This paper describes a
technique for TRM estimation by modified DCQ load flow method considering VAR
transfer distribution factor. The main focus of this study is to get a new approach to
determine TRM by incorporating with ATCQ considered reactive power and sensitivity
w.r.t ATC considered voltage magnitude. This technique is applied to the IEEE 6 bus
system, and results are compared with previous results for validation. The technique leads
to more exact and secure estimates of transmission reliability margin.

sensitivity, reactive power

1. INTRODUCTION

Transmission Reliability Margin is a function, which is
always varying with time. Moreover, system reliability means
the system should be able to perform decently under the
desired conditions over some time [1, 2]. ATC can work as an
indicator to increase the power transfer after the base flow
within the inter-area net without hazarding system security; if
its rated value falls for any contingency then TRM accounts
for that inherent unpredictability in the system. The use of
TRM permits the market to optimize the web, rather than face
persistent hourly reduction. Determination of TRM should
embody with ATC to assure a large amount of uncertainty. The
Enumeration method, Monte Carlo simulation, stochastic
response surface method (SRSM) help to estimate TRM with
a less computational cost. The implication of considering ATC
in TRM determination to ensure continuous power transfer
during any kind of disruptions. Moreover, various techniques
have been proposed for computation TRM and ATC [3-15].
DC power flow method considered for active power flow
rather than reactive power but in a transmission network
voltage level needs to keep stable otherwise over-voltage or
voltage collapse will happen easily; for this reason, VAR is
essential to control the system in a tolerable margin of security
and authenticity. A DCQF model is developed with a proposed
iterative QF model for compensating the pure VAR market
[16]. The errors of ATC computation by linear methods can be
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decreased by inserting reactive power. Besides, maintaining
the whole system at an acceptable margin as well as balancing
energy, reactive power is required and this is used to determine
ATC [17]. The state of uncertainty for each transaction is
known as sensitivity and can be computed for far-ranging
parameters by DC/AC load flow [18-20]. Shapley's approach
to cooperative game theory is used for transmission usage cost
allocation [21]. To maximize total transfer capability in
Central-East-Europe power system investigates the use of
specific FACTS devices and WAMS systems [22]. A
configuration is investigated to control the voltage drop across
the line by controlling the reactive power flow in the radial line
[23].

Improvement in losses estimation and ATC calculation,
considering dynamic transmission lines rating, instead of static
rating need to improve which is discussed in this paper [24].
In paper [25, 26], a bi-level optimization framework is
formulated for the evaluation of ATC as well as a review on
ATC calculation. An algorithm is developed to determine
ATC for generating a group of future wind generation
scenarios [27]. Design a probabilistic available transfer
capability (PATC) model that considered uncertainties and
static security constraints [28]. Moreover, operating principles
and applications of various FACTS devices for enhancing the
ATC and power transfer capability (PTC) are discussed [29].
A new Cold-Start model that does not depend on jeopardizing
assumption, as well as the effect of reactive loads on phase
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angles, is considered and the balanced equation for reactive
power is also reflected in this model [30]. Unified Power Flow
Controller (UPFC) is used to enhance the ATC in transmission
line for IEEE-5 bus system [31]. A methodology known as
BRAVO (Balanced Reliability-Aware Voltage Optimization)
is used for reliability awareness. This is aided by a multi-core
simulation structure that blends performance, power, and
reliability modeling capability [32]. With the advancement of
modern technology [33-39], an effective method is highly
desirable for calculating the transmission reliability margin.
In this paper, TRM is calculated by modified DCQ load
flow method to consider the VAR-voltage phenomenon for
both Normal and Binomial distributions. In most of the
previous work, ATC is calculated for the DC load flow method
besides considered the only real power in the technique which
is not very worthwhile to understand the voltage changing
phenomena. Paradoxically, reactive power also flows through
the line and VAR plays a vital role to balance the network by
controlling voltage level. For this reason, this factor needs to
focus on determining the ATC; this work represents a
technique to calculate ATC considered reactive power.
Besides, sensitivity is determining for transfer capability in
previous cases; in this paper, sensitivity is calculated for ATC
because it will reveal the weakness of the system which
parameter has more impact on the system and which is not.
Additionally, the change in VAR flow affects the voltage level
greatly rather than any other parameters. For this reason,
sensitivity w.r.t ATC is calculated for the voltage parameter.
Besides, previously TRM is determined for many distinct
approaches and Normal distribution but not for the DCQ
method so, the effect on the margin for changing the voltage
level for each transaction and both Normal and Binomial
distribution is described here. Moreover, the rest of the paper
is arranged in the following manner. In Section 2, the whole
proposed technique is discussed. Section 3 presents TRM
computation for the 6-bus case system. Validation and
conclusion are discussed in Sections 4 and 5 respectively.

2. ALGORITHM OF THE PROPOSED TECHNIQUE
2.1 ATCQ determination by DCQTDFs method

Power flow from a seller bus to a buyer bus is called a
transaction. A physical connection between zones or power
systems is known as flow-gates. The power transfer
distribution factors (PTDF) ensures that the transactions
between zones do not jeopardize network operation by an
imbalance on a flow-gate. It also represents the relationship
between the transaction and the flow through a line. PTDFs
calculated using DC load flow are known as DCPTDFs; for
reactive power named as DCQTDF. In the DCQTDF method
active power generations, demands, and voltage angles of all
buses, resistance of all transmission lines assume zero. In this
paper, the voltage magnitudes of a bus are considered, to see
the effect of sensitivity. DC load flow for VAR proceeds as
follows:

a) Calculate Y3, matrix from given bus data. Separate the
imaginary part of the Y, matrix. After that, calculate the
susceptance matrix B, curtailed 1x1 in the matrix because the
first bus is the reference bus.

b) Determine the reactive power flow through each line in
the system (Q°°") [16]. Calculate voltage magnitudes for each
bus except reference bus which is considered as 1.05 p.u,

Q" =Q, -Q (1)

where, O, and Qy are the reactive power of the generator and
load buses respectively.

Vn = Bx ><Vsl +Q5h (2)

where, By is the last column of the bus susceptance matrix B
and Vy is the slack bus magnitude.

View = X XV, A3)

where, X is the inverse of the bus susceptance matrix B. Finally,
View gives the voltage magnitudes from bus 2 to bus 6 for the
6-bus system.

¢) Now, Calculate reactive power flows (Q, and Q,) for each
transaction (). O, is calculated from the given voltage
magnitude for the particular system and Q, is calculated from
the estimated new voltage (Vew) [16]:

Qo =(-B; xAV,) 4)

Qn[ =(-B;; xAVy) (%)

where, Bj; is the negative value from the susceptance matrix
for ij line for a particular transaction (7).

AV, =(V; -Vi) (6)

AV =Vl = Vi) (7)

new

where, V; and V; are the given voltage magnitudes of bus j and
i respectively, and V., are the new bus voltage magnitudes
calculated from Eq. (3).

d) Now, DC VAR transfer distribution factors (DCQTDF?s)
are calculated from the following equation for a transaction
(zone M—zone N) that flows through a transmission line (bus
i—bus ).

t t
DCQTDF; yy =—(Q“LL Q) (8)

max

where, LLyqx is the maximum MVA flow through each line.
e) Calculate ATC for each transaction [17]:

If DCOTDF;; ,y<0 then,
. -Q,-LL
ATCQyy = min( M) ©)
DCQTDF
If DCOTDF;; yv>0 then,
. ~LL
ATCQyy = min( Q"—"‘*X) (10)
DCQTDF;



2.2 Calculation of sensitivity

For sensitivity calculation increase the voltage magnitudes
by 5% of any bus, in this paper, one PV (bus 2) and one PQ
(bus 5) bus are considered. The whole calculation is described
below:

Increase voltage magnitude by 5% of PV bus 2 and
calculated new AV, and AVy; then put these values in Eqns. (6)
and (7) respectively to get the new VAR flow as well as new
ATCQ for each transaction, so the sensitivity is [15]:

OATCQ AATCQ

oV AV (b

where,
AV = Ve, =Vora) (12)
AATCQ = (ATCQ.,, — ATCQ, ) (13)

2.3 Calculation of TRM for normal distribution

Now, discrete random variables need to determine the mean,
variance, and standard deviation for each transaction
respectively; here the sensitivity of load and line admittances
for each transaction is the discrete random variables.

Mean,

#=E(x)=Y xc’p, (14)
i=1

where, x; is the random variable 1,...,v, for this paper, and it’s
the sensitivity, p; is the probability of that random variable; ¢;
is the parameter distribution; for this paper the parameter is
voltage and for that ¢=0.05.

Variance,
o’ =E(X*)-E*(x) (15)
Standard deviation,
o =JE(x*)—E*(X) (16)
Calculate TRM [3] using Eq. (17):
TRM =Uo (17)

Finally, these sensitivity values will be used together with a
certain number (U) which is derived from the probability
random function of a normal random variable to calculate the
TRM. The considered values of U are 1.96 and 2.57 for 95%
and 99% probability, respectively [3].

2.4 Calculation of TRM for the binomial distribution
To calculate TRM for binomial distribution first need to

determine the probability density function [37] for 95% and
99% probability.

%PDF="C s f""
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where, n=number of samples, r=no. of success, s=probability
of success, f=(1-s) probability of failure.

After that, need to calculate the Z-score for binomial
distribution the formula for this is:

where, Mean, u=ns; Variance, ¢?=nsf, Standard Deviation,
o = \/nsf, kis the number of successes from the total number

of samples.
Now, for determining TRM need to recalculate the standard

deviation, orgy = +/nsfx;c;; Xi and c; as the same as for
normal distribution.

TRM =Zopy, (18)

3. RESULTS AND ANALYSIS

The algorithm of the proposed technique is presented in
Figures 1 and 2. The determination of ATCQ is presented in
Figure 1. In this approach first need to determine the Y3, then
calculate the inverse susceptance matrix as well as the new bus
voltage magnitude. After that, calculate the change in voltage
magnitude, DCQTDFs, and ATCQ for each transaction. The
whole process repeats until all transactions are completed.
Now, the determination of TRM is shown in Figure 2. For each
transaction utilize those calculated ATCQ values for
sensitivity calculation. After that, determine to mean, variance,
and S.D for the discrete random variable. Finally, use the
formulas from Eqns. (17) and (18) to calculate TRM for
Normal and Binomial distribution.

Read bus data and line data from Y, |

'

Calculate susceptance matrix (B) from Yy,s and
inverse the susceptance matrix by eleminating (1x1)

'

Calculate the new bus voltage Ve, magnitude
considering bus one 1.05 pu

'

Select the transaction, n=1

Le
y
Calculate AVo, & AVy as well as Qo & Q,, for each
transaction

'

Calculate DC VAR transfer distribution transfer

(DCQTDF)
i (]
Calculate ATCQ | 4

'

Are all transactions

completed?
No

Figure 1. Flow chart of ATCQ determination by DCQ load
flow



Select the transaction, n=1

lr

Use calculated ATCQ values for each
transaction

v

Calculate sensitivity for each transaction
by using formula for voltage parameter

v

Calculate mean, variance and standard
deviation of probability density function
for discrete random variable

n=n+1

Calculate TRM for both Normal and
Binomial distribution

Are all transactions
completed?

No

Figure 2. Flow chart of TRM determination by DCQ load
flow

IEEE 6 bus system is shown in Figure 3, which consists of
three sellers (generator) buses (buses 1, 2, and 3), three buyers
(load) buses (buses 4, 5, and 6), and connected by eleven
transmission lines. In this paper, nine transaction paths are
considered besides two transmission lines (2-6 and 3-4) are not
directly connected but considered as (1-5 to 5-6) for 2-6 and
(2-3 to 2-4) for 3-4 lines respectively. All bus and line data
were selected from the paper [11]. Tables 1 and 2 present the
bus and branch data for the standard IEEE-6 bus system.

Table 3 presents the calculated ATCQ results for the base
case, and the other two cases increase voltage magnitude for
bus-2 and bus-5 and recalculate ATCQ. The results affect only
(2-4, 2-5 & 2-6) transactions when the increased voltage level

for bus-2 as well as for bus-5 affects the (1-5, 2-5 & 3-5)
transactions.

Hence, it can state that for the DCQ load flow method, if
any changes happen in one point only those lines will be
affected which are connected to that point. Besides, sensitivity
is also calculated for those transactions and for two types of
buses (one is PV bus-2 and another is PQ bus-5). If the voltage
level increases for the PV bus it increases the power transfer
capability and for the PQ bus, it decreases the transfer. In PQ
bus 5 real and reactive power are fixed, so if the voltage level
increases then the ATCQ values are decreased but for PV bus
2 increases the recalculated ATCQ values because of the
Ferranti effect. Tables 4 and 5, show the sensitivity and TRM
results using the proposed technique for 95% and 99%
probability of uncertainty for Normal and Binomial
distributions respectively. For the generator bus, the
sensitivity values are positive and for the load bus, it's negative
and in these tables, only three transactions are taken because
in Table 3 ATCQ values are affected only for these three
transactions. The Binomial distribution is preferable for
discrete random variables, for this reason, it chooses for this
DCQ modified flow method and compares with the Normal
distribution. Even though there is not much difference in the
values of TRM; the main focus is that TRM can calculate by
the DCQ load flow method for both probability distributions.

T14 Transaction from bus 1 to bus 4
T15 Transaction from bus 1 to bus 5
T16 Transaction from bus 1 to bus 6
T24 Transaction from bus 2 to bus 4
T25 Transaction from bus 2 to bus 5
T26 Transaction from bus 2 to bus 6
T34 Transaction from bus 3 to bus 4
T35 Transaction from bus 3 to bus 5
T36 Transaction from bus 3 to bus 6
1 2 N TN 3
(&) &) W) (G)(W)
™~ T~ T
k\\ // \ //
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// \.\ // \‘
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Figure 3. IEEE 6 bus system [11]

Table 1. Bus data

Bus Bus Voltage magnitude Real power Real power load  Reactive power load
No. Type (p.u) generation (MW) (MW) (MVAR)

1 SB 1.05 0 0 0

2 PV 1.05 50 0 0

3 PV 1.07 60 0 0

4 PQ 1 - 70 70

5 PQ 1 - 70 70

6 PQ 1 - 70 70

Table 2. Branch data

Line Bus No. Resistance Reactance Total line charging Maximum Apparent power
No. From-To (p.u) (p.u) susceptance (p.u) capacity (MVA)

1 1-2 0.1 0.2 0.04 40

2 1-4 0.05 0.2 0.04 60

3 1-5 0.08 0.3 0.06 40
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4 1-6 0.17 0.4 0.06 130
5 2-3 0.05 0.25 0.06 40
6 2-4 0.05 0.1 0.02 80
7 2-5 0.1 0.3 0.04 30
8 2-6 0.07 0.2 0.05 90
9 3-4 0.1 0.35 0.05 120
10 3-5 0.12 0.26 0.05 70
11 3-6 0.02 0.1 0.02 90
12 4-5 0.2 04 0.08 20
13 5-6 0.1 0.3 0.06 40
Table 3. ATCQ results
. ATCQ values
Transactions Base PV 2 PQ5
T14 95.83 95.83 95.83
T15 105.895 105.895 79.77
T16 420.5 420.5 420.5
T24 137.73 195.6 137.73
T25 133.58 183.22 85.7
T26 365.35 463 365.35
T34 682.52 682.5 682.5
T35 334.06 334.06 256.71
T36 297.22 297.22 297.22
Table 4. TRM results for normal distribution
Transaction Sensitivity TRM Transaction Sensitivity TRM
PV 2 95% 99% PQ5 95% 99%
T24 8.35 0.79 1.07 T15 -3.9 0.37 0.49
T25 7.2 0.69 0.92 T25 -7.3 0.69 0.93
T26 14.1 1.35 1.8 T35 -11.7 1.12 1.49
Table 5. TRM results for the binomial distribution
Transaction Sensitivity TRM Transaction Sensitivity TRM
PV 2 95% 99% PQ5 95% 99%
T24 8.35 0.63 0.65 T15 -3.9 0.43 0.44
T25 7.2 0.58 0.59 T25 -7.3 0.59 0.60
T26 14.1 0.82 0.84 T35 -11.7 0.75 0.76

4. VALIDATION

TRM results obtained from the proposed technique are
compared with the results of the papers [3, 7] which are quite
close, and it's done by the DCQ load flow method which is
very flexible and much easier than the former methods. Tables

Table 7. Validation of TRM results for binomial distribution

4 and 5 present the TRM values for 95% and 99% probability
of failure and show that a rise in the probability of failure, also
rise the TRM which proves the system reliability. Tables 6 and
7 present the validation of this work. It is clear that the
proposed approach yields findings that are identical to those
previously reported. Figure 4 and Figure 5 represent the TRM
values for two distinct probability distribution (Normal and
Binomial) besides, these are the validation chart; compared the
proposed technique result with previous techniques result.

Table 6. Validation of TRM results for normal distribution

Probability of

Probabll{ty of 959, 999,
uncertainty
Proposed Technique 0.82 0.84
TRM formula 0.775 1.09
Monte Carlo 0.785 1.108
1.2
1
w
o8
2 o6
E 0.4
)—
0.2
0
95% 99%
Probability of Uncertainty
m Proposed techniqgue  mTRM Formula Monte Carlo

. 95% 99%
uncertainty
Proposed Technique 0.69 0.93
TRM formula 0.775 1.09
Monte Carlo 0.785 1.108
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Figure 4. Validation of TRM values for normal distribution
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Monte Carlo

H Proposed technique TRM formula

Figure 5. Validation of TRM values for binomial distribution

5. CONCLUSION

Reactive power plays a vital role for system reliability
purposes especially for voltage security margin because in a
power system network voltage stability is influenced by VAR
support at various locations. The contribution of this paper is
to develop a new technique to determine TRM by DCQ load
flow method considered ATCQ and voltage parameter for
sensitivity calculation. The proposed technique compared its
results with other techniques for its validation. The validation
presents that the results of the proposed technique are closed
to the previous one.
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