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Abstrak 
Paper ini mempersembahkan suatu algoritma optimasi non-linear untuk mengurangi kondisi naik 

turunnya tegangan pada operasi sehari-hari dari suatu jaringan daya listrik. Pengendalian tegangan untuk 
beban yang bervariasi dan kondisi pembangkitan dapat dicapai dengan mengkoordinasikan peralatan 
kompensasi shunt (SVC), trafo OLTC, dan eksitasi generator. Algoritma yang dikembangkan untuk 
pengendalian tegangan menggunakan teknik non-linear least square minimization. Hasil-hasil yang 
diperoleh sebagai ilustrasi menggunakan sistem 6-bus Ward-Hale dan sistem modifikasi IEEE 30-bus. 

 
Kata kunci: least square minimization, OLTC, optimisasi, pengendalian tegangan, SVC 

 
 

Abstract 
This paper presents a non-linear optimization algorithm for alleviation of under-voltage and over-

voltage conditions in the day-to-day operation of power networks. Voltage control for varying load and 
generation conditions can be achieved by coordinated control of switchable shunt VAR compensating 
(SVC) devices, on load transformer taps (OLTC) and generators excitation. The proposed algorithm for 
voltage control uses a non-linear least square minimization technique. Results obtained for 6-Bus Ward-
Hale system and a modified IEEE 30-Bus system are presented for illustration purposes. 
 
Keywords: least square minimization, OLTC, optimization, SVC, voltage control 

  
 
1.  Introduction 

The objective of an energy control center (ECC) is to ensure secure and economic 
operation of a power system. For the secure operation of power system it becomes essential to 
maintain network voltage profile within specified limits. In the day-to-day operation, power 
systems may experience both over-voltage and under-voltage violations. These violations occur 
due to inadequate reactive power supply for different loading conditions and network 
configurations. These violations can be relieved by co-ordinated control and switching of 
voltage/reactive power control devices like: 
(i) Switchable shunt VAR compensating (SVC) devices. 
(ii) On load tap change (OLTC) transformers. 
(iii) Generators excitation. 

Various algorithms [1-3] employing linear and non-linear optimization techniques have 
been reported in literature for voltage correction. These algorithms involve intensive numerical 
computations. This chapter presents a non-linear optimization algorithm for alleviation of under-
voltage and over-voltage conditions in the day-to-day operation of power networks. The 
proposed algorithm for voltage control uses a non-linear least square minimization technique 
[4]. Least squares based estimation algorithm used extensively for power system state 
estimation (PSEE). Least squares minimization gives maximum likelihood estimate when 
measurement errors obey the Gaussian distribution.  

The main objective of this paper is to detail a developed linear programming approach 
for least squares formulation of optimum reactive power dispatch. Results obtained for 6-Bus 
Ward-Hale system and a modified IEEE 30-Bus system are presented for illustration purposes.  
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2. Formulation of Optimization Problem 
The optimization technique used is Least square minimization. The objective function 

used is minimization of sum of the squares of voltage deviations from pre-selected desired 
values. The control variables considered are switchable shunt reactive power (SVC), OLTC 
transformers and generators excitation.  
 
Consider a system where, 
n   total number of buses 
1,2…, g   generator buses (g) 
g+1, g+2, …, g+s  SVC buses (s) and 
g+s+1, … , n    the remaining buses (r = n-g-s), and 
t    number of on load tap changing transformer. 
 
The objective function is expressed as 

  min [ ]
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where X is the vector of control variables 
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We have 
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To make  )( XJx∇  equal zero, Newton's method is applied which gives the corrections required 
for the control variables 
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The Jacobian of )( XJx∇  is calculated by treating H as constant matrix.  
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Hence, substituting Equations (3) and (5) in (4), we obtain, 
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2.1. Computation of H Matrix 

 The element of H matrix cannot be defined directly and so is evaluated as sensitivity 
matrix. The relation between the net reactive power change at any bus due to change in the 
transformer tap setting and voltage magnitudes can be written as, 
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where 
 [ ] t
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 [ ] t
sggS QQQ ++ ∆∆=∆ ,...,1  

 [ ] t
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The sub matrices A1 to A12 are the corresponding terms of partial derivatives ∂Q/∂T and 

∂Q/∂V. Transferring the control variable to the RHS and dependent variables to the LHS we 
obtain, 
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  S1 = [ ] [ ][ ][ ] [ ]3
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H = [ ]43 SS                          (11) 
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Size of various sub-matrices are: 
 
   S1 : (g) x (t + g),  

S2 : (g) x (s),  
S3 : (s + r) x (t + g),  
S4 : (s + r) x (s),  
H  : (s + r) x (t + g + s),  
B1 : (g) x (t + g),  
B2 : g x (s + r),  
B3 : (s + r) x (t + g),  
B4 : (s + r) x (s + r),  
B5 : (s + r) x (s) and  
I    : is an identify matrix of size (s x s).  

 
Matrices S3 and S4 are voltage sensitivities of load and matrices S1 and S2 are 

sensitivities of generator Q injections to different reactive power controllers. 
 
2.2. Algorithmic Steps 
 In day-to-day operational power systems, for a particular load and set of network 
conditions, an optimal combination of real power generation schedule has to be obtained from 
an active power optimization algorithm. The control variables are to be initialized in the P-
optimization algorithm. The following steps are followed to obtain the optimal reactive power 
allocation in the system. 
 
Step 1: Read the system data. 
Step 2: Form network matrices. 
Step 3: Perform initial power flow (assumed available from state estimator). 
Step 4: Compute the voltage error vector 

 [ ]caldeserr VVV −=  
Step 5: If all the voltage errors are within the specified tolerance go to step 11. 
Step 6: Compute [H] matrix using Equation (11). 
Step 7: Solve for control variables using Equation (6). 
Step 8: The control variables are adjusted for a suitable step size. 
Step 9: Control variables are updated and checked for their limits. If no scope for  
 Controller change exist then go to step 11. 
Step 10: Perform power flow and go to step 1. 
Step 11: Print the results. 
 
2.3. Hard and Soft Constraints 

 Equipment constraints including SVC, OLTC settings and generator outputs should not 
exceed its rating due to equipment safety and other operational constraints. Hence SVC, OLTC 
settings and generators excitation/Q outputs are treated as hard constraints. In case of any 
voltage violations exist in the system than they must be completely alleviated, if possible, else 
reduced by suitable control action. Hence the system voltage is considered as a soft constraint. 
 
3.  Test System Studies 
3.1. Ward-Hale 6-Bus system 

 The single line diagram of Ward-Hale 6-Bus system, transformers, line data, load data, 
generation schedule data and SVC setting are adopted from [5]. The controller variable 
parameters are given in Table-1. 

 The initial load flow result with nominal VAR control settings are presented in Table-2 
from which it is seen that there are 4 voltage bus are not within the desired limits. The system 
real power losses are 12.91 MW. This situation has been improved by the application of the 
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algorithm proposed in this paper. During the VAR control iteration, the limits on the control 
variables are taken as follows: 

Transformer tap settings :  ± 0.0250 p.u. 
Generator excitation settings :  ± 0.0250 p.u, ± 0.01 p.u. 
Switchable VAR compensator settings :  ± 1.00 MVAR. 

 
 

Table 1. Ward-hale 6-bus system: controller settings 
Controller 
Variables 

Bus 
Initial 

VAR control iteration 
From To 1 2 3 4 5 6 

Trf.  tap- 
Setting 

6 
4 

5 
3 

1.0000 
1.0000 

1.0250 
1.0250 

1.03812 
1.00000 

1.03811 
0.99464 

1.03811 
0.99464 

1.01311 
0.98748 

0.97500 
0.95000 

Generator 
Excitation 

1 
2 

1.0000 
1.0000 

1.0000 
1.0250 

1.00000 
1.05000 

1.02500 
1.07500 

1.02500 
1.07500 

1.05000 
1.10000 

1.03663 
1.05000 

SVC (Q) 
(MVAR) 

4 
5 

0.0000 
0.0000 

1.0000 
0.0000 

2.00000 
1.00000 

2.00000 
1.00000 

2.00000 
1.00000 

1.00000 
1.00000 

0.00000 
3.00000 

 
 

Table 2. Ward-hale 6-bus system: bus voltage magnitude (p.u) 
Load 

Bus No. Initial 
VAR control iteration (Optimum) 

1 2 3 4 5 6 
1 
2 
3 
4 
5 
6 

1.000 
1.000 
0.835 
0.857 
0.806 
0.836 

1.0000 
1.0250 
0.8350 
0.8750 
0.8150 
0.8550 

1.0000 
1.0500 
0.8690 
0.8860 
0.8280 
0.8710 

1.0250 
1.0750 
0.9040 
0.9170 
0.8600 
0.9030 

1.0250 
1.0750 
0.9040 
0.9170 
0.8600 
0.9030 

1.0500 
1.1000 
0.9370 
0.9410 
0.9020 
0.9280 

1.0400 
1.1250 
0.9360 
0.9470 
0.9020 
0.9360 

Ploss, MW 12.91 11.28 12.28 11.45 11.45 10.64 10.99 

 
 

Table 3. Summary results of ward-hale 6-bus system 

Parameters 
Initial Value Optimal Value 

MW MVAR MW MVAR 
Total Generation 147.91 80.58 145.99 68.76 
Total P - Q Load 135.00 36.00 135.00 36.00 
Total Power Loss  12.91 44.56 10.99 35.76 
Total Reactive Compensation (MVAR) 0.00 3.00 
Percentage Power Losses (%) 8.73 7.53 
Reduction in Losses (%) 0.00 13.74 
Vmin (p.u) V5    = 0.806 V5  = 0.902 
Vmax (p.u) V1-2  = 1.000 V2 = 1.125 

 
 
 At the end of 6th iteration, the voltages at all the buses are close within the specified 
limits and the system losses have also been reduced to 10.99 MW, there by resulting in 13.74% 
reduction in the real power losses. The results obtained at the end of each VAR control iteration 
are presented in Tables-1 and 2. The summary results of Hard-Wale 6-bus system are shown in 
Table-3. The system voltage profile for initial and optimum condition is shown in Figure 1. 
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Figure 1. Voltage profiles of ward-hale 6-bus system 
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3.2. Modified IEEE 30-Bus System 
 The single line diagram of modified IEEE 30-Bus system, transformers, line data and 

load data are adopted from [7-9]. The system has 4 numbers of transformers, 6 numbers of 
generator buses and 9 numbers of switchable VAR compensation buses. The proposed VAR 
optimization technique with Voltage alleviation objective is implemented. The controller settings 
of the parameters are given in Table-4. Voltage profiles of the system after implementing the 
voltage alleviation techniques are shown in Table-5.  
 
 

Table 4. Modified IEEE 30-bus system: controller settings 
Controller 
variables 

Bus 
Initial 

VAR control iteration (Optimum) 
From To 1 2 3 4 5 6 

Transfor-
mer tap- 
Setting 

9 
9 
8 

11 

12 
13 
18 
28 

1.0000 
1.0000 
1.0000 
1.0000 

1.0125 
0.9875 
0.9875 
0.9875 

1.0000 
0.9750 
0.9750 
0.9750 

0.9875 
0.9625 
0.9625 
0.9625 

0.9750 
0.9500 
0.9500 
0.9500 

0.9625 
0.9375 
0.9375 
0.9375 

0.9500 
0.9250 
0.9250 
0.9250 

Generator 
Excitation 

1 
2 
3 
4 
5 
6 

1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 

1.0125 
1.0125 
1.0124 
1.0125 
1.0125 
1.0125 

1.0250 
1.0250 
1.0249 
1.0250 
1.0250 
1.0250 

1.0375 
1.0375 
1.0374 
1.0375 
1.0375 
1.0375 

1.0500 
1.0500 
1.0499 
1.0500 
1.0500 
1.0500 

1.0500 
1.0500 
1.0500 
1.0500 
1.0500 
1.0500 

1.0500 
1.0500 
1.0500 
1.0500 
1.0500 
1.0500 

SVC (Q) 
(MVAR) 

13 
14 
15 
16 
18 
20 
25 
27 
30 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 
1.0000 

2.0000 
2.0000 
2.0000 
2.0000 
2.0000 
2.0000 
2.0000 
2.0000 
2.0000 

3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
3.0000 
2.0000 
3.0000 

4.0000 
3.0000 
4.0000 
4.0000 
4.0000 
4.0000 
4.0000 
2.0000 
4.0000 

5.0000 
3.0000 
5.0000 
5.0000 
5.0000 
5.0000 
5.0000 
2.0000 
5.0000 

6.0000 
3.0000 
5.0000 
6.0000 
6.0000 
5.0000 
5.0000 
2.0000 
5.0000 

 
 

Table 5. Modified IEEE 30-Bus test system: Bus Voltage magnitude (p.u) 
Bus 
No. Initial 

VAR control iteration (Optimum) 

1 2 3 4 5 6 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 

1.000 
1.000 
1.000 
1.000 
1.000 
1.000 
0.971 
0.965 
0.969 
0.965 
0.949 
0.932 
0.883 
0.852 
0.876 
0.855 
0.856 
0.932 
0.895 
0.878 
0.896 
0.853 
0.847 
0.845 
0.824 
0.821 
0.781 
0.839 
0.775 
0.733 

1.010 
1.013 
1.012 
1.013 
0.988 
0.988 
0.980 
0.974 
0.979 
0.976 
0.961 
0.941 
0.896 
0.867 
0.889 
0.869 
0.870 
0.937 
0.902 
0.888 
0.905 
0.865 
0.859 
0.859 
0.839 
0.837 
0.803 
0.852 
0.792 
0.754 

1.010 
1.013 
1.012 
1.013 
0.988 
0.988 
0.980 
0.974 
0.979 
0.976 
0.961 
0.941 
0.896 
0.867 
0.889 
0.869 
0.870 
0.937 
0.902 
0.888 
0.905 
0.865 
0.859 
0.859 
0.839 
0.837 
0.803 
0.852 
0.792 
0.754 

1.010 
1.013 
1.012 
1.013 
0.988 
0.988 
0.980 
0.974 
0.979 
0.976 
0.961 
0.941 
0.896 
0.867 
0.889 
0.869 
0.870 
0.937 
0.902 
0.888 
0.905 
0.865 
0.859 
0.859 
0.839 
0.837 
0.803 
0.852 
0.792 
0.754 

1.043 
1.049 
1.038 
1.015 
0.975 
0.975 
1.000 
0.991 
0.992 
0.994 
0.975 
0.952 
0.912 
0.883 
0.904 
0.886 
0.887 
0.994 
0.911 
0.899 
0.917 
0.879 
0.874 
0.874 
0.858 
0.858 
0.830 
0.872 
0.817 
0.782 

1.049 
1.056 
1.039 
1.028 
0.988 
0.963 
1.007 
0.998 
1.001 
1.001 
0.986 
0.960 
0.925 
0.896 
0.916 
0.900 
0.901 
0.949 
0.919 
0.908 
0.925 
0.891 
0.886 
0.887 
0.873 
0.874 
0.847 
0.889 
0.837 
0.806 

1.046 
1.053 
1.039 
1.027 
0.975 
0.950 
1.003 
0.994 
0.998 
0.999 
0.984 
0.962 
0.928 
0.899 
0.920 
0.905 
0.905 
0.948 
0.919 
0.909 
0.927 
0.893 
0.888 
0.890 
0.878 
0.879 
0.851 
0.893 
0.844 
0.815 
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The initial load flow for this system shows that the voltages at about 17 buses are not 
within the acceptable operating voltage limits and the system real power losses are about 25.70 
MW. The proposed algorithm has been applied to improve the situation. At the end of 6th VAR 
control iteration, the voltage at all the buses are close within the specified limits and the system 
real power losses have come down to 20.17 MW, thereby resulting in 21.52% reduction in the 
real power losses. The system voltage profiles of the system for initial and optimum conditions 
are shown in Figure 2. The summary results of modified IEEE 30-bus system are shown in 
Table-6. During the VAR control iterations the limits on the control variables considered are: 

Transformer tap settings :  ± 0.025 p.u. 
Generator excitation settings :  ± 0.025 p.u 
Switchable VAR compensation settings :  ± 1.0 MVAR. 
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Figure 2. Voltage profiles of modified IEEE 30-bus system 
 
 

Table 6. Summary results of modified IEEE 30-bus system 
 Initial Value Optimal Value 

MW MVAR MW MVAR 
Total Generation 266.30 238.95 260.46 171.17 
Total P - Q Load 240.63 130.90 240.63 130.90 
Total Power Loss  25.70 108.02 20.27 20.17 
Total Reactive Compensation (MVAR) 0.00 43.00 
Percentage Power Losses (%) 9.64 7.62 
Reduction in Losses (%) - 15.02 
Vmin (p.u) V30   = 0.733 V30  = 0.815 
Vmax (p.u) V1-6  = 1.000 V2    = 1.053 

 
 
4.  Conclusions 

 A non-linear optimization algorithm employing least squares minimization technique for 
voltage improvement is proposed. A prototype of an expert system for alleviation of network 
voltage violations is also developed. The expert system has been tested with simulated 
conditions of a few practical systems and is demonstrated to give acceptable results in real time 
when compared to optimization technique proposed in Lomi [5] and curtailed number and 
reduced controller movement algorithm. From the results obtained we see that the expert 
system [6], [7] tries to alleviate the voltage violations using minimum number of controllers. 
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