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Abstract. The growing of power systems with massive interconnection becomes more
complicated for reliable and economical operation under dynamic as well as steady-state
operating conditions. Therefore, it is desirable to develop techniques for evaluating the voltage
stability condition with the implementation of the voltage stability index and the minimum
singular value of the system. This paper proposes an approach a model of power flow
incorporating the generator controls with considering load characteristics of flat frequency
control (FFC) scheme in large interconnected power systems. Results on a 24-Bus EHV
practical system is presented for illustration of power flow solution.

1. Introduction
The load in a power system will change continually related to the variation of frequency and voltage
system at the load buses and do not remain constant. It is necessary to consider a model with the load
characteristics as a function of voltage and frequency, particularly when the voltage profile is forced to
change with the application of the reactive power optimization in the system [1-3]. From the security
of increasingly large and complex power systems, it is necessary to determine the frequency, voltage,
and condition of a various component in the system during over and under load presence. Thus there
is a need for a model which incorporates load, generation regulation and also tie-line control effects
[4-5].
The power flow analysis in steady-state condition using the swing bus concept based on the
conventional methods with the following assumptions:

e Frequency of the system remains constant.
The load remains constant.
All the generators except the swing bus generator remain constant.
Only that swing bus generator meets the unbalanced power in the system.

e Assume the inter-connected bus and the tie-line are constant.
However, some of these assumptions may not be valid for practical power system operation.
System frequency, though can be maintained relatively constant during normal operating conditions,
may change following a disturbance in the system such as loss of generation, load or tie-line support.
It is not possible to represent tie-line control effect in the conventional load flow models without
neglecting the steady-state frequency deviations and these models fail to provide a solution for a
steady-state following a disturbance in the system
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In this paper, a power flow model with flat frequency controls and load characteristic is presented for
voltage stability index in large interconnected power systems. The proposed algorithm is to be suitable
for the online application [6].

2. General approach

The approach is based on the de-coupling of active and reactive power optimization with the
significant steps as follows:

Step A: Input of system data, loads, and constraints.

Step B: Active power optimization.

Step C: Security analysis for modification of the generating unit limits and branch flows.

Step D: Confirmation of satisfactory steady-state system performance.

Step E: Reactive power optimization.

Step F: Output results.

In the practical operation of power systems, Step A gives the details of a set of forecasted load
conditions, generation costs, import/export details and costs, and network configuration/constraints,
etc. Step B gives an optimal combination of active power dominated by economic objectives of
minimizing active power generation costs. Step C does security analysis and provides corrective
measures. In Step D, confirmation of satisfactory steady-state system performance is obtained. At this
stage, a solution which has optimum active power generation and import/export schedule, besides
satisfying the security constraints are obtained. Step E performs reactive power optimization using the
active power generation schedule obtained in the earlier steps as the input. After getting the results of
this step, again go through the steps C and D to obtain the final solution, where active and reactive
power is optimally scheduled, and all the system performance constraints are met satisfactorily.

3. Generator model

The generator's prime mover responses as primary control and AGC actions as secondary controls are
considered in this model. The active power generation at a bus k is defined as,

P& = PS + P 1)

P — L Af 4 AG @)
I

AG = AP, + BAf 3)

where,
D o =100
Af _ f act f nom
APT — PTact _ PTnom
P < P& < PG>
Af : the system steady-state frequency deviation; AG : the error of static area control; r is the turbine

governor speed droop setting in the generating plant at a bus; « : the generator participation factor in
the secondary control of a bus; B : the bias factor setting of an AGC regulator; Pt is the tie-line
exchange power.

Flat frequency control is one the possible way of automatic generation controls to be considered.

4. Load model

The load's power is modelled as a function of the voltage at the bus and the system frequency steady-
state deviation. The active and reactive power loads at bus k are considered as follows:

P = PN (+ Ty AF)(Ay + Ay Vi + AV + AL VP) (4)
Eﬁt = Qﬁih 1+ fzkAf)(le + Ry Vi + R3ka2 + R4kvkeq) (5)
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Where f; and f, are coefficients of frequency dependence of active and reactive load. A, A,, Az, A; and
Ri, Ry, Rs, R4 are coefficients of the active load proportional to constant power, constant current,
constant impedance, epth power of voltage at the bus and reactive load proportional to constant power,
constant current, constant impedance, eqth power of voltage at the bus, respectively.

5. Classification of buses and variables
If the number of total buses and generators in a system are represented by n and g respectively, it is
assumed that,

1,2, ..., g is the generator buses, and

g+1, g+2, ..., n are the remaining buses.
Buses 1, 2, ..., g are with regulating plants, and variable active power injections comprise the
regulating power plants participating in primary and secondary system control and also regulated the
voltage buses. The change of reactive power injection performs voltage regulation. Unknown variables
related to these buses are,

e injected active powers (PZ', k=1, ..., g)

e injected reactive powers (Q& , k=1, ..., Q)

o the phase angle of voltages (0, , k=2, ..., Q)
Buses g+1, ..., n are un-regulating plants, since there is no connection between plants and buses. The
unknown variables related to these buses are,

e bus voltage magnitudes (V, , k=g+1, ..., n)

o the phase angle of voltages (5, , k=g+1, ..., n)

e active power loads (P, k=g+1, ...,n)

e reactive power loads (Q2 , k =g+1, ..., n)
For assigned active and reactive loads given as steady-state frequency deviation and bus voltages of
known functions. Apart from these variables, AG and Af are also unknown. But these two variables do
not appear as unknowns simultaneously. Either of them is unknown depending upon the AGC control
strategies.

With the assumption of bus 1 as the reference for the voltage phase angle calculations with & = 0.0,
and X = Af or AG, the total number of unknowns is n, viz.,

Xy 8yyeees Ogy Ogits ees Sny Vgats s Vi

6. Solution techniques

Separating the active and reactive part of the complex power balance in the system, 2n number of non-
linear equations can be obtained. These equations at a node k are given by,

n
Pknet = szVmYkm cos(Sx —Om — m) (6)
m=1
n
I?et = ZVkaYkm Sin(é‘k - 5m _Hkm) (7)
m=1

act act _ pnet
Pgeneration - l:)Ioad =P

(RS + RS — P = A

or,
sch con act net
Pok =—PFak +Pk +F (8)
act act _ ~het
Qgeneration _Qload _Q
act act _ ~ynet
Gk T NLk T ¥k

or,
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act _ ~act net

ok =Qrlk +Qk C))
The set of equations are obtained from the equations (8) and (9) for the application of Newton-
Raphson iterative technique to get the unknown quantities. It is important to consider the fact that the
active power injected at a bus does not change for a small change in the phase angle of the bus
voltage. The effect of corresponding sensitivity coefficients and frequency deviation on reactive loads
are negligible and therefore generally F, = 0 in equation (5), and if so, the linearized model can be
solved by the Newton-Raphson iterative solution and can be written as,

AP [oR OB OB [AX ]
X 05, o6,
APy | | 0Py OFy - OP, || A,
=| X 86, o6, (10)
Lo L Tl Y
| AP, | | OX 06, 85n__A6n_
and
AQngl an+l an+1 an+l AVg+l
Ny N, v,
AQ9+2 anJrZ an+2 an+2 AV9+2
OQn Q0
AQu | | Vg Vg Ny || AVn
where,
LS PSS (f AV, + Ay V2 + AV
= +oy [+ PO (Fy ) (Ay + Ay Vi + Ag Vi + AV, )
oX re
P 2
T —_Q —ByV,
26, Qu — By Wk
P
PV VYien €S, — 5~ Oin)
o5,
0 _
Gy =&+ B Vi + Qi (Roy Vi + 2R Vy +Ry£0V, Y
N,V
aQ .
aVr: =ViViYin SiN(Sy — Sy — )
The relation (10) and (11) can be rewritten in a compact form as,
AX
AP|=1]] 12
o100 12)
[4Q]=[3.]lav] (13)

where X =AG or Af

The changes in power are the differences between the specified and calculated values as,
p® = specified — Pealculated
Q® = Qgpecified ~ Qealculated

where (i) is the iteration count. To evaluate the element of the Jacobian matrices [J;] and [J,], the
estimated bus voltage, X, and the calculated powers are used. The triangular matrix factor of the
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Jacobian matrices are used to solve parameters AX, A5 and AV from the equations (12) and (13). The
new estimates for the unknown, are

X ) _ x () | Ax ®

s _ 50 L As5®

v Zy O 4 Ay D
The process of iterative is repeated until AP® and AQ® for all the buses are within a specified
tolerance.

7. Computational procedures

The computational steps to optimize the reactive power allocation in an interconnected power system
is described in figure 1 as follows [7].

Initial load flow with optimum active/
@ tie-line power schedule

Formulate the reactive power optimization
problem

'

Solve the optimization problem

!

Perform the power flow analysis using the new
power flow model including load, generation, and
tie-line regulation characteristics

®
®
'
®
O

Obtain the actual load/generation frequency
deviation and/or tie-line flow deviation

!

Check for the satisfactory confitions of
dependent variables

Check for the significant change and availability
of margin in the control variables

( Output Results >47

Figure 1. Flow chart of the algorithm for reactive power optimization in Large Inter-connected Power
systems.

The scheme of the proposed algorithm for reactive power optimization in figure 1 is described as
follows. Block-1 performs the load flow using a conventional power flow method for a given load
condition with active power generation, tie-line flow schedule as obtained from an active power
optimization technique [8]. This will be the initial condition for starting the reactive power
optimization routine. Block-2 formulates the reactive power optimization problem, as explained in the
following sections. Block-3 obtains the optimum settings using linear programming technique for the
reactive power control variables [9], [10]. Block-4 evaluates the steady-state behaviour of the system
using the power flow model described in this paper. When the settings of the reactive power control
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variables are varied, the voltage profile in the system varies, which leads to a change in load
conditions. To meet the new load demand generation schedule has also to be changed accordingly. If
the active power generation is not matched correctly, the system steady-state frequency deviates from
the nominal value. As the load and generation characteristics are included in the present model,
besides representing the tie-line control effects, the actual steady state behavior of the system can,
therefore, be easily analysed. Block-5 gives the actual picture of load/generation conditions in the
system as well as tie-line flows. In addition, the static area control error consisting to the steady-state
frequency deviation and/or tie-line flow deviations and compute depending upon the tie-line control
strategies, i.e., Flat frequency control (FFC), Flat tie-line control (FTC), and Flat tie-line bias control
(TBC) [7], [11]. Block-6, checks for the acceptable limits of the dependent variables. Computation
from Block-2 through Block-6 form one iteration of VAR control process. Block-7 checks for the
availability of margins on the control variables and significant change in the control of satisfactory
conditions for the dependent variables. This iterative process is terminated when adequate conditions
for the dependent variable are realized, or all the reactive power sources are exhausted. Block-7
provides the final information regarding the optimum settings for all the reactive power control
variables, actual load, and generation conditions, tie-line flows, and the system frequency deviation
and tie-line exchange deviations. This result is confirmed by going through security analysis. The
final result will help the system operator to suitably modify the active and reactive power schedules
for optimum operation of the system, besides satisfying the operating constraints.

8. System test case and case results
In this paper, a sample power flow study results are presented with flat-frequency control strategy
option, while the generation control is not considered. The developed algorithm has been tested and
simulated on a 24-Bus EHV test system with fixed load, and load characteristics are presented for
illustration purposes. However, it is important to consider the effects of QV-control in reactive power
dispatch problem [6-7]. Thus the load characteristics are considered with the defined coefficients taken
as,
Al = 10, A2 = 00, A3 = OO, A4 = 00,
R;=0.2; R,=0.3; R3=0.5; R;=0.0;
f1=0.0 f,=0.0
Results for power flow and static voltage stability indices are obtained for two cases:
e Without load characteristics
e With load characteristics
The system load is uniformly increased until the power flow shows a diverging tendency, and voltage
stability indeces are observed. Results for the typical load conditions are presented. The data of the
system (network and load data) are given in [12].

8.1. 24-Bus EHV System without Load Characteristics

The system data is given in [12]. The single line diagram of 24-Bus EHV system is shown in figure 2.
The voltage profile and voltage stability index values obtained from the power flow method described
are shown in figure 3 and figure 4, respectively. The summary results of the system are given in table
1.

Table 1. Summary results of 24-Bus test system without load characteristics

Without load characteristics

Base case Load increased 5% Load increased 10%
MW MVAR MW MVAR MW MVAR

Total Generation 2684.90 1046.30 2830.60 1329.20 3026.30 2108.10
Total P-Q Load 2620.00 980.00 2751.00 1029.00 2882.00 1078.00
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Total Power Loss 64.94 -986.14 79.49 -707.50 119.40 344.94
Percentage Loss 2.42% 2.81% 4.77%

Vmin Vi3 =0.847 V13 =0.812 Vi3 =0.587
Vmax V1.4=1.000 Vi4=1.000 Vi, =1.000
L max Lg =0.54 Lg =0.62 L3 =1.02
yL? 2.551 3.192 7.887
MSV 0.78 0.69 0.00 (nearly)

As can be seen from the results in table 1, the overall voltage stability index (EL?) in the case without
load characteristics of the system is increased from 2.551 (base case) to 3.192 where the load
increased up to 5% and 7.887 where load increased up to 10%. Some of the load bus L-indices have
reached 1.0, indicating that the system enters an unstable condition. This can also be observed from
the voltages profile, which indicates the worst voltage profile of 0.587 p.u at bus number 13.

157@

1
5 24

16

3
T3
23
T9
9
T10
7
T4
4

Figure 2. Single line diagram of 24-Bus EHV Test System.
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Figure 3. System voltage profiles without load characteristics.

Even from figure 3, we can observe that there are two nodes (bus nos. 8 and 13) where L-index values
are beyond 1.0 (unstable). The minimum singular value of the system is decreased from 0.78 to 0.00
(nearly), indicating voltage instability.

8.2. 24-Bus EHV system with load characteristics
In this case, the system is considered with load characteristics. There are two levels of increased load
conditions of the base case studied to observe voltage profile and voltage stability indices of the
system. From the base case, the load is increased to 5%, and 10%. This is to show how far we can
increase the load by observing the voltage stability index value. The voltage and voltage stability
index value of the system at different load levels obtained from the load flow results are plotted. The
voltage profiles and voltage stability indices at various load levels are shown in figure 4 and figure 5.

Voltage, p.u

1.1

1

0.9

0.8

0.7
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R 8

O Base case A Load increased 5%

)
) 8@@@§8<>

¢ Load increased 10%

5 6
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T
3 14 15
Bus no.
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Figure 4. System voltage profiles with load characteristics.



2019 12th International Conference on Computer and Electrical Engineering IOP Publishing
Journal of Physics: Conference Series 1457 (2020) 012002  doi:10.1088/1742-6596/1457/1/012002

0.8

07 1 OBase Case A Load increased 5% < Load increased 10%
0.6 <& o
A A
0.5 A &S0 o
2 8 3 2
04 e o o o
I T 6 2 g
LP 5 4 5§86 8
02 - & 3 S A
0.1 8 8
0

5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Bus no.

Figure 5. System voltage stability index with load characteristics.

The summary results of the system with load characteristics are given in table 2. Table 3 shows the
system condition with and without load characteristics. When the load increases to 10% of the base
case, the system enters to an unstable state. This is indicated by observing the voltage stability index
value of 2 buses, i.e., 1.017 for bus 8 and 1.019 for bus 13 respectively.

Table 2. Summary results of 24-Bus EHV test system with load characteristics

With load characteristics

Base case Load increased 5% Load increased 10%

MW MVAR MW MVAR MW MVAR
Total . 2681.05 854.59 2823.83 1066.10 2969.08 1309.63
Generation
Total P-Q Load  2620.00 873.60 2751.00 899.06 2882.00 921.56
Total Power Loss 60.95 -1108.62 72.78 -891.6.50 87.03 -634.13
Percentage 2.28% 2.58% 2.93%
L osses
Vmin V13 =0.880 V13 =0.857 V13 =0.832
Vmax V1_4 =1.000 V1_4 =1.000 V1_4 =1.000
L rrax Ls =0.496 Lg =0.545 Ls =0.602
yL? 2.208 2.624 3.148
MSV 0.86 0.81 0.73

Table 2 gives the static voltage stability indicators at various load level conditions. When the load
increases to 10%, the system remains stable. This is indicated by the L-indices value. It is seen from
figure 5 that the overall voltage stability L-indices (XL?) are increased from 2.208, 2.624, and 3.148
when the load increased by 5% and 10%, respectively. This can also be observed from the voltage
profiles shown in figure 4, which indicates the lower voltage profile of about 0.843 p.u and 0.832 p.u
at buses 7 and 13 respectively.

Table 3. Summary results of 24-Bus EHV system with and without load characteristics: Base case

Without load characteristics With load characteristics

MW MVAR MW MVAR
Total Generation 2684.98 1046.30 2681.05 854.59
Total P-Q Load 2620.00 980.00 2620.00 837.62

Total Power Loss 69.94 -986.14 60.95 -1108.60
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Percentage Losses 2.42% - 2.28% -

The minimum singular value of the system is decreased from 0.86 to 0.73, indicating voltage remains
stable. It can be seen from the results in Table 3 that the total generation in reactive power decrease
from 1046.30 MVAR (without load characteristics) to 854.59 MVAR (with load characteristics), a
reduction of about 18% and the total Q load is reduced from 980 MVAR to 837.62 MVAR, a decrease
of about 14.5%. While the system P-load is same in both the cases, however, the total real power
losses are more 64.94 MW (without load characteristics) and less 60.95 MW (with load
characteristics).

9. Conclusion

A more realistic power flow model incorporating generation control and load characteristic is
presented. A computationally, efficient approach is presented to obtain static voltage stability indices.
The power flow model provides a practical steady-state solution for large interconnected systems
during normal operating conditions and also during abnormal conditions following a disturbance.
Static voltage stability analyses are carried out on typical systems. The results presented illustrate the
effect of load characteristics which is important to consider in voltage stability analysis. It also
indicates the severity of critical nodes vulnerable to voltage instability.
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