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Abstract: A method for on-line application of op-
timal reactive power dispatch based on total energy
loss minimization (ELM) is presented. In this ap-
proach the total energy loss from the present instant
over the next hour 1s minimized. The method uses
the load forecast during this period. All the con-
tinuous and discrete control variables are adjusted
on an hourly basis. During the hour, any voltage
constraint violations are removed by adjusting the
vars/voltages of generators every 15 minutes.

A detailed study of a sample network is given. The
ELM and power loss minimization (PLM) methods
are compared by using the sample network. As seen
in stmulation results, the wvoltage profile from the
ELM method ts more satisfactory than that from the
PLM method. In addition, the total energy loss dur-
ing the specified hour which is found from the ELM
method is lower than that from the PLM method.
Finally, the proposed method s more likely to find
feasible solutions, while the PLM method can have
difficulty doing so.
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1 Introduction

The problem of reactive power dispatch has at-
tracted a lot of attention during the last three
decades [1]-[9]. The main objectives of this study
address three important aspects in power systems.
The first objective is to maintain the voltage profile
of the network in an acceptable range (Vinin <V <
Vimaz) [1]. The second objective is to minimize the
total power loss of the network while satisfying the
first objective [2]. The third objective is to avoid
excessive adjustment of the system configuration,
i.e., to minimize transformer tap setting changes
and generator var source switching.

The objective of acceptable voltage profile can be
studied for steady-state conditions as well as con-
tingency conditions [3]. During steady-state condi-
tions, total power loss can be minimized by finding
the optimal reactive power dispatch. The control
variables for this study include vars/voltages of gen-
erators, the tap ratios of transformers and reactive
power generation of var sources. The constraints in-
clude the var/voltage limits of generators, the volt-
age limits of load buses, tap ratio limits, var source
limits, power flow balance at all buses, and security
constraints.

This problem has been solved by linear program-
ming, parametric linear programming, successive
linear programming, quadratic programming, gra-
dient method, and nonlinear quadratic program-
ming [4].

Only a few papers have addressed the on-line ap-
plication of optimal reactive power flow (ORPF)
[5]-[8]. In the on-line application of ORPF, differ-
ent objective functions can be minimized. These
objective functions include minimization of total
power loss, and minimum control shift or minimum
number of control shifts for removing constraints
violations. In the minimum control shift case, the
summation of the magnitudes of the changes in the
control variables is considered, while in the mini-
mum number of control shifts the number of control
variables which should be changed is minimized. In
either case, the objective is to remove voltage con-
straint violations.

The objective mentioned in [5] and [8] is to min-
imize the total power loss while satisfying all the
existing constraints. These two methods, from the
application point of view, are quite different. The
method in [5] minimizes the power loss exclusively
on the basis of load forecast, while in [8] the power
loss is minimized on the basis of real-time load con-
ditions. The problem with the first method is that



it doesn’t consider the on-line load conditions in
performing its off-line study for power loss min-
imization. In the second method the power loss
is minimized without considering the load forecast
during the next hour. In the method which is pro-
posed in this paper, the total energy loss is mini-
mized on the basis of the present load conditions
and the load forecast during the next hour.

The rest of this paper is organized as follows: in
section 2 of this paper the general idea of ELM
is presented. In section 3 the formulation of the
problem 1s given. In section 4 the application of
the new method to a sample network is addressed.
We conclude with a short summary of our results
and their significance.

2 Energy Loss Minimization

In this section the two methods which are given
in [5] and [8] are discussed. Afterward, the new
proposed method and its advantages are given.

The method used in [5] consists of two stages, sec-
ondary and tertiary voltage regulation. In the first
stage, secondary voltage regulation, an off-line op-
timal reactive power flow program minimizes the
power loss on the basis of the load forecast for the
most representative time intervals of the daily load
diagram. The off-line study is run half an hour
up to a few hours or a day in advance. In this
study, the voltage of pilot nodes (important buses)
and the reactive power generation of each section
are specified. In the second stage, tertiary volt-
age regulation, the voltage deviation of pilot nodes
and the deviation of the var generation of each area
from their optimal values is minimized in an on-
line study . The on-line study is done continuously
(each 0.5 sec) and some of the control variables are
adjusted on the basis of this study.

The method described in [8] divides the control
variables into two sets, discrete control variables
(capacitors, reactors, and tap ratios) and contin-
uous control variables (vars/voltages of the gener-
ators). The optimal reactive power flow program
is run with two different objectives: 1) power loss
minimization, and 2) removing voltage constraint
violations. The first run has a cycle of one hour, and
uses all the control variables. The second run has a
cycle of 15 minutes; in removing voltage constraint
violations only the continuous control variables are
employed. At each 15 minutes, the ORPF is run
with minimum control shift or minimum number

of control shifts for removing the constraints viola-
tions.

In the proposed method, the total energy loss is
minimized on the basis of on-line load conditions
and the load forecast during the next hour. This
method minimizes the energy loss for the next hour
by using all the control variables (continuous and
discrete). The voltage constraint violations are re-
moved by running the ORPF program every 15
minutes; in these runs only continous control vari-
ables are allowed to vary. The proposed method, if
accompanied with an accurate load forecast for the
next hour, gives not only a better voltage profile,
but also lower energy loss than that given in [8], and
a greater likelihood of finding feasible solutions.

3 Problem Formulation

The formulation of this problem is explained in two
stages. In the first step, the minimization of total
power loss is addressed. In the second stage the
formulation for minimization of total energy loss is
given.

3.1 Formulation for Power Loss Mini-
mization

A decoupled model optimal power flow (OPF) for-
mulation has been used to simplify the application
of the proposed method. In this model the active
power generation of all the generators except at the
slack bus are constant. The objective function is
total power loss. The control variables include gen-
erator vars/voltages, the tap ratios of tap-changing
transformers, and reactive power generation of var
sources (capacitive or inductive). The constraints
of this problem are voltage limits on the load buses,
var/voltage limits of the generators, tap ratio lim-
its, and var source limits. Some other constraints
such as power flow limits of branches, etc. can also
be included. This objective function is given by:
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where:

Pr, = total power loss of transmission lines,

N = number of buses,

g(2,7) = the conductance of the line between bus ¢
and bus j for ¢ # j,

V; = voltage magnitude at bus i,



d; = voltage phase angle at bus i.

The constraints of this problem are similar to the
constraints which are given in equations (3-5) (for
energy loss minimization) with the index k re-
moved. This problem can be solved by any ORPF
package.

3.2 Formulation for Energy Loss Mini-
mization

Before stating the formulation for the energy loss
minimization method, the strategy of control vari-
able settings should be explained. In the setting
procedure, each hour is divided into four 15 minutes
periods. All the control variables (continuous and
discrete) are set at the beginning of each hour. At
the beginning of periods 2 — 4 only the continuous
control variables may be adjusted. This two-tier
strategy is imposed to reduce the number of phys-
ical plant changes and thereby avoid unnecessary
equipment wear and life-cycle costs.

In the formulation of the problem the total power
loss (equation (1)) is replaced by the total energy
loss over a given one hour interval. For this calcu-
lation, it 1s assumed that the bus loads remain con-
stant during each 15-minute period. The bus volt-
ages during each period are also constant, but differ
from one period to the next. Therefore, by calcu-
lating the power loss at the beginning of the k"
period, Pf‘, the energy loss can be approximated by
multiplying PF by 1/4 hour (15 minutes) and sum-
ming. Therefore, the energy loss objective function
can be formulated as:

4
min =Y  PF/4 (2)
k=1

where Ey is the energy loss for one hour. PF for
each period can be evaluated from equation (1) with
the values of voltages for period k. The constraints
of the problem are as follows:

(a) Continous-variable constraints

ymin < Yk < yymar for k =1,2,3,4
min k mazx — ¢

vy <V <V for k=1,2,3,4

Qrin < Qk < Qe for k=1,2,3,4

3)

(b) Discrete-variable constraints
Qe < Qe < Que
QT'™ <Qr < Q7™

Tmin < T < Tmac
o (4)
(c) Power flow equality constraints

APk =0 for k=1,2,3,4

AQF =0 fork=1,2,3,4

(5)
where the index k denotes values that are adjusted
every 15 minutes, and:

V¥ = voltage magnitude at load buses

k _ .
V' = voltage magnitude at generator buses

ng“ = var generation of generators

()¢ = var generation of shunt capacitors,

()1 = var generation of shunt inductors,

T = transformer tap ratio,

AP* = active power mismatch at all buses
AQ" = reactive power mismatch at all buses.

We note again that the discrete control variables,
Qc, Qr, T, are kept constant during the hour, to
minimize equipment wear; for this reason, they are
designated without the & index.

This problem can also be solved by any ORPF pack-
age. This problem is solved at the beginning of each
hour for the minimization of energy loss during the
next hour; discrete and continuous variables are set
at the beginning of the hour from the results of
the ELM run. The continuous control variables are
set at each 15 minutes by the ORPF with the ob-
jective of minimum control shift for removing the
violations of bus voltages constraints or for power
loss minimization if violations do not exist.

4 System Studies

The Ward and Hale 6-bus system (Fig. 1) [9] and
modified IEEE 30-bus system have been studied.
The detailed study of the 6-bus system is given in
this section. The line data and the bus data of the
6-bus system are given in Tables 1 and 2 respec-
tively. The data in Table 2 corresponds to the full
load conditions. The limits of bus voltages, tap ra-
tios, shunt capacitors, and generators vars are given
in Table 3. This system is studied for comparing the
power and energy loss minimization methods.
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Figure 1: Ward-Hale 6-bus System

Table 1: Line data of the 6-bus system on 100 MV A
base

Impedance
Line Bus Number (per unit) Tap
Number | From | To R X Ratio
1 1 6 0.123 | 0.518 -
2 1 4 0.080 | 0.370 -
3 4 6 0.097 | 0.407 -
4 6 5 0.000 | 0.300 | 1.025
5 5 2 0.282 | 0.640 -
6 2 3 0.723 | 1.050 -
7 4 3 0.000 | 0.133 | 1.100

4.1 Power Loss Minimization

By running the ORPF program the total power loss
of the 6-bus system (Fig. 1) under full load con-
ditions 1s minimized. The objective function and
constraints which are given in equations (1) and
(3-5) (without the k index) have been used. The
total power loss for the initial state of this system
is 10.90 MW. The power loss after running the
ORPF is given in period 1 of Table 5. The values
of all variables after running ORPF program are
given in period 1 of Table 6. As mentioned before,
PLM does not consider forecast load variation so
the “period 1”7 values are assumed to pertain to the
entire hour.

The actual load conditions are assumed to be con-
stant during each 15-minute period. The load di-
agram for all the four periods is given in Table 4.
As mentioned in section 3.2, the only control vari-

Table 2: Bus data of the 6-bus system in full load
conditions

Voltage Load
Bus A% ) P Q
Number | (per unit) | (deg) | (MW) | (MVAR)
1 1.04 0.0 0.0 0.0
2 1.11 -6.6 0.0 0.0
3 0.85 -14.0 55.0 11.0
4 0.95 -10.1 0.0 0.0
5 0.92 -13.6 30.0 18.0
6 0.91 -12.8 50.0 10.0

Table 3: Low and high limits of variables

Limits

Variable | Low | High
Va1 1.00 | 1.10
V2 1.10 | 1.15
Vis 0.90 | 1.00
Via 0.90 | 1.00
Vis 0.90 | 1.00
Vie 0.90 | 1.00
Qa -20.0 | 100.0
Qg2 -20.0 | 100.0
Qca 0.0 | 15.0
Qcs 0.0 | 30.0
T43 0.9 1.10
T65 0.9 1.10

ables that can be varied during the hour are Qg
and @g2. Therefore, in the beginning of periods
2-4, the ORPF is run with only these two control
variables used to remove any voltage constraint vio-
lations. Due to the variation of all variables during
the hour, power loss also changes, as shown in Ta-
ble 5. The total energy loss achieved by PLM can
be determined as:

Ep = (P} + P} 4+ P} + P})/4=6.70 MWH.

The voltage magnitude and control variables which
are calculated with the ORPF program for all the
four periods are given in Table 6.

Other load diagrams were also tested. One of the
problems which was encountered during these stud-
ies 18 the infeasibility of solutions. It is possible that
the bus loads in subsequent periods differ too much
from those in period one. In these cases the ORPF



Table 4: The load diagram for the four periods

Load period Period 1 Period 2 Period 3 period 4
Bus P Q P Q P Q P Q
Number (MW) | (MVAR) | (MW) | (MVAR) | (MW) | (MVAR) | (MW) | (MVAR)
3 55.0 11.0 50.0 10.0 45.0 9.0 44.0 9.0
5 30.0 18.0 26.0 16.0 23.0 14.0 22.0 14.0
6 50.0 10.0 45.0 9.0 40.0 8.0 40.0 9.0

Table 5: Power loss for the four periods from the

PLM method in MW

Time Period 1 2 3 4
Power loss 8.47 |1 6.93 | 5.79 | 5.62

program can’t find any feasible solution by only ad-
Jjusting continuous control variables, due to limited
control action. However, the ELM method doesn’t
have this problem, since it uses the load forecast
to set the discrete variables to values that suitably
anticipate the expected load variations.

4.2 Energy Loss Minimization

The 6-bus system with the same load diagram (Ta-
ble 4) is used for the minimization of energy loss.
The energy loss is minimized by employing equation
(2) under the constraints listed in equations (3-5).
The total energy loss found in this method is equal
to 6.59 MW H. This value is less than the energy
loss found in the PLM method (6.70 MW H, see
previous discussion). The bus voltages and control
variables for this method for all the four periods
are given in Table 7. By comparing the results of
Tables 6 and 7 and other simulation studies, the
following observations can be made:

1. The voltage profiles from energy loss minimiza-
tion are more favorable (more nearly constant)
than those from the PLM method. Thus, the
stability of the system from a voltage point of
view is much higher in the ELM method.

2. The energy loss in the ELM method for the
above example is 1.6% less than that from the
PLM method.

3. The advantages of the ELM method are more
apparent when the load changes significantly.
In cases where the load diagram is almost flat

Table 6: Bus and control variables from the PLM
method

Time periods

Variable 1 2 3 4
Vo 1.07 | 1.04 | 1.00 1.00
V2 1.11 1.10 | 1.10 1.10

Via 1.00 | 0.99 | 0.98 | 0.98
Via 1.00 | 0.99 | 0.97 | 0.97
Vis 1.00 | 1.00 | 1.00 | 1.00
Vie 1.00 | 1.00 | 0.98 | 0.98
Qa 19.37 | 11.49 | 0.26 | 0.56

[ 9.15 | 7.55 | 10.60 | 10.48
Qca 10.0 | 10.0 | 10.0 | 10.0
Qcs 30.0 | 30.0 | 30.0 | 30.0
T43 0.98 | 0.98 | 0.98 | 0.98
T65 1.05 | 1.05 | 1.05 | 1.05

during the hour, ELM gives slightly better re-
sults.

4. In cases where the load changes during the next
hour are large, coming to a feasible solution by
the PLM method is not always possible. In
these cases the ELM method is more likely to
find a feasible solution. The reason is that the
load conditions for all four periods have been
considered in the load flow equations which are
enforced as constraints in the ELM formula-
tion. Therefore, the optimal values of the dis-
crete control variables obtained using the ELM
method can usually handle the load changes
predicted by the load forecast. The only cir-
cumstance when ELM cannot find a feasible so-
lution is when the load change is so large over
the hour that discrete control variables must
be adjusted to avoid voltage violations.



Table 7: Bus and control variables from the ELM
method

Time periods
Variable 1 2 3 4
Vi 1.07 | 1.06 | 1.04 | 1.04
Vi 1.12 | 1.10 [ 1.10 | 1.10
Vis 1.00 | 1.00 | 1.00 | 1.00
Via 1.00 | 1.00 | 1.00 | 1.00
Vis 0.99 | 0.99 | 1.00 | 1.00
Vie 1.00 | 1.00 | 1.00 | 1.00
Qi 21.32]16.12 [ 7.74 | 8.12
Qg2 13.74 | 9.17 | 8.75 | 8.63
Qca 9.0 9.0 | 9.0 [ 9.0
Qcs 25.0 | 25.0 [ 25.0 ] 25.0
T43 0.98 | 0.98 | 0.98 | 0.98
T65 1.03 | 1.03 [ 1.03] 1.03

5 Conclusion

A new method for on-line optimal reactive power
dispatch is proposed. The method minimizes the
total energy loss during the next hour, while keep-
ing the voltage profile within an acceptable range.
By comparing simulation results, it is found that
ELM gives a better voltage profile than that from
the PLM method; in the example above, the
method produced a nearly constant voltage profile
during the specified hour. In addition, the energy
loss was reduced at the same time, with the same
number of discrete control variable changes as used

by PLM.

The ELM method is based on the recognition that
certain control variables should not be adjusted too
often, as this may cause wear and shorten the life
of the corresponding equipment. In this example,
there are two categories of control variables estab-
lished; the discrete and continuous control variables
are adjusted at each hour, while during the hour,
only the continuous control variables are adjusted.
The number of categories could be increased, and
the frequency of adjustment modified, to fit differ-
ing circumstances.

The probability of finding an infeasible solution
with the ELM method is much lower than the PLM
method. This advantage of the ELM method is ob-
tained by considering the load forecast and making
sure that anticipated load changes during the next
hour can be accommodated.
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