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ABSTRACT 

To implement different control decision function successfully in a modern distribution 

automation system, large number of system data are required from the field. Because of cost 

consideration, adequate numbers of meters can not be placed in the system to monitor the 

different system variables. Hence, state estimation technique is going to play a very crucial 

role in the coming days for successful implementation of "distribution automation" system. In 

this dissertation work, a distribution system state estimation algorithm is developed based on 

weighted least square approach. The state estimation problem has been formulated in 

rectangular co-ordinates. The algorithm is generalized enough to take into account all type of 

actual and pseudo-measurements. However, in this work, only measurement of power (both 

active and reactive) flows and magnitude of current flows over the feeders have been 

considered. The developed algorithm has been tested with two different system, namely, i) 18-

bus system and ii) 3 1-bus system. 
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CHAPTER -1 

INTRODUCTION 

Due to growth in population and Industry, the demand of electric power is ever - 

increasing. To supply this increased load demand, total power generation in India has grown 

rapidly during the past few decades. However, to supply quality power to the customers, it is not 

enough to merely increase the generation only. Adequate transmission and distribution facilities 

should also be created and maintained properly. To properly maintain the transmission and 

distribution system, it is very important to monitor these systems continuously. For this purpose, 

SCADA (supervisory control and data acquisition systems) have been introduced worldwide to 

continuously monitor and control the transmission systems. Similarly, for continuous monitoring 

and control of the distribution system, the concept of distribution automation system has been 

introduced about a decade ago [ 1]. 

In a distribution automation system, a number of meters, sensors and remote terminal 

units (RTU) are placed at appropriate positions in the power distribution system to measure 

different quantities such as voltage, current .flow, power flow etc. The measured data are then 

sent back to a central computer station over a dedicated communication channel. These sent data 

are subsequently analyzed by appropriate analysis software package to assess the present health 

of the system. If any anomaly in the operation of the power distribution system is detected, 

proper remedial and control decisions are taken by the software analysis package at the central 

computer station. These remedial and control decisions are subsequently sent to the field over the 

same or other communication channel for proper field implementation. 

The most common different control decision function, which are currently being 

employed in any modern distribution automation system are as follows: 

• Accurate fault location in a distribution system 

• Volt-var control 

• Feeder reconfiguration to minimize the loss in the system remote monitoring 

• Demand side-management 

• Feeder load balancing 

For successful implementation on the above control decision function, the information 

about various quantities in the power distribution system is necessary. For example, the volt- var 



control, feeder load balancing and feeder reconfiguration algorithms require the information of 

present system loading condition as input. Similarly, demand side management module utilizes 

the information of present system bus voltages and loading conditions to determine the 

appropriate load management policy. 

The most obvious method for obtaining the above required data seems to be the direct 

measurement of those data by placing appropriate meters at appropriate places. However, since 

the distribution system in generally very large and dispersed over a wide geographical area, such 

an option would require a large number of meters, at an exorbitant cost. Thus, to keep the cost of 

meter placement low, only a limited number of meters are to be placed at some strategic 

locations of the power distribution system to measure some of the system variables and the rest 

of the system variables need to be estimated from these measurements. As any system variable 

can be expressed in terms of the bus voltage (magnitude and angles) of the system, the above 

estimation problem, reduces to the problem of estimating the bus voltage magnitude and angles 

from the available measurements. 

The problem of estimation of bus voltages magnitudes and angles, known as the "state 

estimation (SE)" problem, has been studied extensively and implemented successfully in many 

parts of the world for electric power transmission system during the last few decades. An 

excellent survey of various SE techniques can be found in [2-4]. A comprehensive treatise on SE 

problem has been given in [5]. However, only in the last decade, due to the availability of 

technology to automatically monitor and control a distribution system, the interest for 

distribution system state estimation has grown. Consequently, several researchers have addressed 

this problem in the literature. In [6], a three-phase SE algorithm based on normal equation 

method for distribution system has been proposed. In this paper, the rectangular form of SE 

problem based on current, instead of power, has been introduced. A distribution system SE that 

minimizes the number of remote measurements is presented in [7]. An iterative process based on 

Kirchoffs current law was used to obtain the distribution system SE. The distribution system SE 

problem with zero injection constraint has been solved in [8]. A branch current based distribution 

system SE has been proposed in [9]. A distribution SE using stochastic load model has been 

proposed in [10]. A highly efficient algorithm for treatment of current measurements in branch-

current based distribution SE has been suggested in [11]. 
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In this dissertation, the state estimation problem titer power distribution system has been 

solved based on normal equation method. The SE algorithm has been formulated in rectangular 

co-ordinates. The developed algorithm is generalized enough to take into account different types 

of measurements such as branch current flow, branch power flow (both real and reactive), bus 

voltage magnitude etc. 

This thesis report is organized as follows. Chapter 2 describes the formulation of SE 

problem in rectangular form. Chapter 3 presents the main results of this work. Chapter 4 

delineates the main conclusion of this work and gives a brief suggestion for further extension of 

this work. 
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CHAPTER-2 

STATE ESTIMATION TECHNIQUE 

2.1 FUNDAMENTAL EQUATION OF STATE ESTIMATION PROBLEM 

In state estimation, the model used to relate the measurements to the state variable in as 

follows: 

Z=h(X)+N 	 ...(2.1) 

Where, 

Z = Vector of measurements 

X = Vector of state variables 

N = Vector of measurement noise 

h = Non-linear functions relating state variables to the measurements 

The aim of the state estimation algorithm is to calculate (X) such that the Euclidean norm 

of N will be minimized. Thus, the "Cost", 

C = IINII2  =NTN = [Z-h (X)]T  [Z-h(X)] 	 ...(2.2) 

should be minimized. 

Thus, in the absence of any constraints (and no constraint has been considered in this 

work), the state estimation problem is essentially an unconstrained optimization problem. 

The condition for minimizing the objective function 'C' in eq. (2.2) is as: 

aC a 

	

 - [{Z—h(X)}'- {Z—h(X)}] =0 	 ...(2.3) 
ax ax 

Now, as h(X) is a non-linear function of X, it can be expanded by Taylor's series as, 

h(X) h(X0) +  8h(X) 	
AX +  a2h(x) 	Ax2  ............ 	...(2.4) 

ax X=o 	ax' 	2 

where X0 is the initial estimate of X. 

Neglecting the higher order terms, we have, 

	

h(X) = h(Xo) +  ah(X) AX = h(Xo) + Jo OX 	 ... (2.5) 
ax I x=0  

Where, Jo is the Jacobian matrix evaluated as X = Xo 

0 



From eqs. (2.3) and (2.5), we have, 

ac  
=  `{z-h(xo )-j jAX}T{z-h(X0 )-J0 AX},=0 	...(2.6) ax ax 

Solving eq. (2.6) one gets [12], 

A X = (Jo Jo)-1 Jo {Z-h(Xo)} 	 ... (2.7) 

Generally, only Euclidean norm is not used but the effects of measurement errors are also 

included. Thus, the cost function is normally C = NTRN, where R is a diagonal matrix having R;; 

= 2 the variance of the i h̀ measurement. Proceeding as before, the correction vector for the 

state variables can be obtained as [12]. 

(AX)T = (JoTR-1 Jo)-' (J TR-') [Z-h(X0)] 	 .(2.8) 

Once the correction vector is obtained, a new estimate X= Xo +AX is obtained for the 

next iteration and again the new correction vector (AX) is obtained till the convergence is 

obtained. Thus, the state estimation algorithm is an iterative procedure, which, in a finite number 

of steps, calculates the vector X to a degree of accuracy. The iterative algorithm can be 

summarized as follows: 
X"+' = X" +[J"TR

-i J"]-1 [J"TR-1][Z-h(X")] 	 ...(2.9) 

Until max [Xk"+1 - Xk"] <6, for all k 	 ...(2.10) 

Where, X" and X"+1 are the vector X at n~~' and (n+l)`" iterations, J" is the Jacobian matrix 

evaluated with X", h(X") is the value of the non-linear function evaluated with X" and Xk"+' is 
the kth element of vector X at (n+l)`~' iteration. The matrix J" is also called a measurement 

Jacobian matrix. Obviously, the elements of the matrix J„ depend on the types of measurements 

considered for estimating the states. This is because, as the type of measurement changes, the 

function h(X) relating that particular type of measurement to the stage variables also changes. In 

this work, only three types of measurements, namely, feeder real power flow, feeder reactive 

power flow and the feeder current magnitude have been considered. As state variables, the real 

and imaginary parts of the bus voltages have been considered. Thus, in this work, rectangular 

form of state estimation problem has been adopted, which is described in detail in the next 

section. 
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2.2 RECTANGULAR FORM OF STATE ESTIMATION 

In rectangular form, the individual bus voltages are represented as 1! = e;+ jf; , for i = 1,2, 

n, where n is the number of buses in the system. e; and f; are the real and imaginary parts of 

the bus voltages respectively. Thus, in this formulation, the state variables are e; and f;, for i = 

1,2,....n and hence, the total number of states to be estimated is 2(n-1) (excluding the slack bus, 

of which the voltage is completely known). 

The measurements P11, Q and jljJj can be expressed as follows: 

P~=(e,- e1)(ergs+.fb,)+(Jj5)(fg~ - ejbli) 
Q~ _  

i 1u i =  

Where, 

= real power flow on the feeder between bus i and bus j 

Q;j = reactive power flow on the feeder between bus i and bus j 

Iiii = Current magnitude on the feeder between bus i and bus j 

...(2.11) 

...(2.12) 

...(2.13) 

The derivation of eqs. (2.11) - (2.13) are given in Appendix A in detail. From these 

equations, the various elements of the Jacobian matrix can be calculated as follows: 

The Jacobian elements with respect to state variables e; , ej , f; , f are 

7P~/c = (e; - e~)go+(ej giJ +Jiby~ + (Ji -JJ)( b 

= ej g~J - ejgJ + er gJ + Jf b~ - / bl I ./) bl 

= 2e; gy -ei gy + f b ...(2.14) 

...(2.15) 

= (es - e~) by + (.1r -.1;)g j + (/ g1- e1 

= e,by-ejb,+Jigl—J)gl+Jrg~-eib 
= 2/ igo-eJb-/jgli (2.16) 

_ -(/, g 	- e; b~) ...(2.17) 

=(e;-e1)(- by) + (fgo -e~b~) - 	f) (g& 

=-e;b 	+ejb~+.fg~-eibJ-JigJ+JigJ 

=-2e; b + ej b +fgl ...(2.18) 

6Qy/c~ _ -.Tgy+eJb ...(2.19) 

C 



=e;gy - ejg -. b - eigJ -fib>+.f h 

...(2.20) 

(b,j+erg~) 	 (2.21) 

Jacobian terms of current magnitude measurement can be expressed as, 

aI I~ l = 	I 	2{(e; — e;)gy 	(1i — .fj)b }go + 2llf1 — jj)gy +(e; +e) 	}b 
ae, 2 	{(el — e j)gi — W i — f1) 	} + {(j — .f j)g + ̀ ei — e1 r  }Z 

_ {~e; — e;~g — if — fjIgi + 1(. 	— f;)g~ +(e; +eIb  _ 

J(e, — e; g; — ( 	— .TJ 	;J z + 	f — fl)g, +(e — e.i 	z 

(e; — e;)g~ 2 — (f — f; 	;; g,; + (f; — .f; )g;; bj +(e + e j 	2 

{(e, — e;)g — 1. 	— 1Z + {( 	— f,)g,.; +(e; _e;,}2 

_ 
	(e+ —ej 	g

2 
~, +b

2 l 
ij 	 ) —  ...(2.22) 

1e; —e j)gij —`fi — 	+ llf, — fj)gl + \ei —e j~JJ2 

Similarly, 

a I I~ I — (e; — ej ~gz ;; — bZ) — 	
(2.23) 

aej (e; — e1)g~j — (.ff — fj 1 , z + {( 	— fi )g;! +(e — ej 	~ Z 

a I IUI  (fi _f . 	g2i +b2~) 	
...(2.24) 

afi {(ei —e j)gj —l✓
i _j$}2 

+ J(f; -fj)gj + 1e; —e j1 ~J2 

-(f ; _ f j Xg~ 2 +b~2) 	
(2.25) 

afj llei — e j lgl — j — fj ~J l 2 llfi — fj )g 	+ \e! — e j 

Thus the structure of the combined measurement Jacobian matrix can be expressed as, 

State variables 

e,  ej 	f.  J 

aP 	aP; 	aPe. 
Pu 	[•___ 	 . 	

- 	I 
ae; 	ae j 	af. 	af j 

J 	- O!Z 	aQ;i 	aQ!i 	aQ! 
ae; 	ae., 	aj; 	af~ 

all,;l 	8IJ I 	alll 	alIll 

ae, 	ae, 	af, 	af; 



Thus, in every iteration, the Jacobian matrix is re-calculated with the help of the eqs. 

(2.14) - (2.25) and subsequently, the iterative procedure in eq. (2.9) is followed till the 

convergence criteria in eq. (2.10) is satisfied. The step-by-step algorithm for the state estimation 

procedure is given below. 

Step 1 : 	Read the input data (line resistance and reactance, the actual and Pseudo 

measurements, matrix R of co-variance of measurements, tolerance for 

convergence). 

Step 2 : 	Assume initial bus voltage (magnitudes and angles). 

Step 3 : 	Compute the calculated value of different measurement variables. 

Step 4 : 	Compute the measurement error [Z1-h1(X)], where, Z; = i-th actual measurement 

and h(X) = calculated value of i-th measurement. 

Step 5 : 	Compute the Jacobian Matrix ([J]). 

Step 6 : 	Compute the correction vector [AXr] = [J1 R"1 J]"' * J I R"I + [Z;-h;(X)]. 

Step 7: 	Compute the absolute value of the highest element of OX, AXniax. 

Step 8: 	if OXmax < tolerance, stop iteration and print results. 

Step 9: 	if AXniax > tolerance, update the state variable X;k+' = X;~' +AXik and go back to 

step 3. 

In the next chapter, results for state estimation on two sample distribution systems are 

presented. 



CHAPTER 3 

RESULTS AND DISCUSSIONS 
The validity of the state estimation procedure as developed in Chapter 2, has been 

checked on two sample distribution system namely, i) 18 bus system and ii) 31-bus system. The 

data for these two systems are given in Appendix B, in Tables B.1 and B.2 respectively. The 

schematic diagram of these two systems are given in Figs. C.l and C.2 in Appendix C 

respectively. As explained in Chapter 2, power flows (both real and reactive) and current flows 

over the feeders have been considered as measurements. In the absence of field measurements, 

load flow analysis has been carried out for both these systems using the load data given in 

Appendix B and the solutions for power and current flows in the feeder obtained from load flows 

analysis have been taken as true measurements. To account for the measurement errors, 

following procedure has been undertaken. 

A large number of random numbers, say N, have been generated between a given range, 

say ±_ p, where 0<p<1.0. Subsequently, each time measurement (i.e. either power flow or current 

flow obtained from load flow solution) has been multiplied by these N numbers. These resulting 

N numbers have been considered as errors from true measurements (henceforth denoted by e;, i 

1, 2, ... N) and subsequently, the standard deviation for m-th measurement has been calculated as 

FN  _ , where e,,, is the i-th error term for the nn-th measurement. In this work, values of 

N and p have been taken as 10000 and 0.2 respectively. The calculated standard deviations are 

also given in Appendix B, in Tables B.3 and B.4 respectively. Lastly any value from the above N 

numbers has been picked up arbitrarily and each true measurement has been multiplied by the 

quantity (1-y), where y is the arbitrarily picked up random number. The resulting quantities have 

been considered as actual measurements. 

Using the actual measurements and the corresponding standard deviations obtained as 

outlined above, the state-estimation problem has been solved for both the systems. The results 

are given as below. 

E 



(a) 	18 Bus System. 

For the 18-bus system, various case studies have been carried out to find the effectiveness 

of the state estimation algorithm described in the previous chapter. In the first case study, only 

power flow (both real and reactive) measurements over all the feeders have been considered. As 

there are 17 feeders in a completely radial 18-bus distribution system, total number of 

measurements available is 34. It is to be noted that total number of state variables to be estimated 

for this system is also 34. Hence, the state estimation problem is solvable. In this case study, only 

true measurements (i.e. the feeder power flows obtained from the load flow study) but no actual 

measurements (as described at the beginning of this chapter) have been considered. The results 

are shown in Table 3.1. In this table, the solution of bus voltage magnitudes and angle obtained 

from both load flow and state estimation studies are shown. It is observed that when all the 

measurements are true measurements, the state estimation solution matches very closely with 

those of the load flow solution (the load flow solution has been taken as the true solution). Once 

the solutions for the state variables are found from state estimation technique, the feeder current 

and power flows for all the feeders can also be estimated very easily. Subsequently, applying 

KCL at each node, the load power (both real and reactive) at that node can also be estimated. The 

results of load estimation are also shown in Table 3.1. Comparison of estimated loads with the 

system loads (given in Table B. 1 in Appendix B) reveals that the estimated loads also match very 

closely with the actual loads in the system. 

Table 3.1 : 18-bus system, with true P, Q measurements only. 

Bus i Load Flow Solution State-estimation results 

Vreal 

(kV) 

Vimaginary 

(kV) 

Vrcal 

(kV) 

Vimaginary 

(kV) 

1  cal 

(kW) 

Qcal 

(kVAR) 

1 23.000000 0.000000 23.000000 0.000000 000.000 000.000 
2 22.928640 -0.188339 22.2 	40 -0.188339 000.005 000.001 
3 22.892155_ -0.188170 22.8 2155 -0.188170 500.034 200.011 
4 22. 	8084 -0.188081  22.868084 -0.188081 499.903 199.963 
5 22.850353 -0.188045 22.850353 -0.188045 500.057 200.021 
6 22.838968 -0.188061 22.838 68 -0.188061 500.024 200.008  

_3323L -OJ&B129 2223331 -0.1 	_ 18 	29 3992BI 14.993  
8 22.873589 -0.189326 22.873587 -0.189326 450.013 150.004 
9 22.85 	174 -0.189409 22.85 	173 -0.189409 499.918 199.967 

10 22.845089 -0.189571 22.845088 -0.189571 400.033 150.011 
11 	I 22.835016 -0.189706 22.835014 -0.189706 400.001 150.000 

C ntd.. 
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12 22.844 925 -0.189876  22 44 2 -0,189876  400.102 150.039 
13 22.22 02 -0.190344 22.822302 -0.19034L 499.911 199.965  
14 22.812304 -0.190699 22.812302 -0.1 	9 399.984 149.993  
15 22.8 2958 -0.190139 22.892958 -0.190139 599.924 199.970  
16 22.875111 -0.191039 22.8 5110 -0.191039 600.098 200.036  
17 22.866186 -0.191490 22.866186 -0.191499 599.957 199.984 
18 22.806337 -0.191000 22.806336 -0.191000 600.041 200.0147  

In the second case study, instead of the true measurements, only actual measurements 

have been considered. The actual measurements have been obtained following the procedure 

outlined at the beginning of this chapter. The results are shown in Table 3.2. Comparison of the 

results in Table 3.1 and 3.2 shows that due to the presence of errors in measurements, the quality 

of estimation deteriorates. 

Table 3.2 : 18-bus system, with actual P, Q measurement only 

•.•  •  •  • • 

a II1DI1 I  ~DIIII i  .....1 IIIJiIiI4Ii IIi  III III  eII 

• 

• i 	I • • I 1 • • I 	• 1 	• 	• I • 	• • • , 

144 

To improve the quality of estimation, the number of measurements used for state 

estimation has been increased. This has been achieved by considering the magnitude of current 

flow over the feeders as additional measurements. Thus, the total number of measurements has 

been increased to 51 from 34 in previous case studies and consequently, the state estimation 

problem has now been made a case of over-determined state estimation problem. For this 

11 



purpose, only actual values of the current magnitude measurements have been considered. The 

same procedure outlined at the beginning of this chapter has been again used for obtaining the 

actual value of current magnitude measurements. The results are shown in Table 3.3. 

Comparison of results of Table 3.2 and 3.3 shows that the quality of state estimation improves 

when an exact state estimation problem is converted into an over-determined state estimation 

problem by considering additional measurements. 

Table 3.3 : 18-bus system, with actual P, Q & I measurements 

Bus i Load Flow Solution State-estimation results 

Vreal 

(kV) 
Vimaginary 

(kV) 
Vreal 

(kV) 
Vimaginary 

(kV) 
Pcal 

(kW) 
Qcal 

(kVAR) 

1 23.0 0000 0,000000  23.000 0 0.000000 000.000 000.000  
2 22.928640 -0.188339 22.28 65 -0.188344 44.005 000.775 
3 22.8 2155 -0.188110 22.8 2133 -0.188190 501.2 7 200.088  
4 22.868084 -0.188081 22.868038 -0.188109 501.238 200.064 
5 22.850353 -0.188045 22.850297 -0.188076 501.390 200.121 
6 22.838968 -0.188061 22.838917 -0.188090 501.142 200.017  
7 22.833931 -0.188129 22.833898 -0.188152 398.386 149.925 
8 22.8 3589 -0.189326 22.873882 -0.189326 443.075 149.701 
9 22.857174 -0.189409 22.857490 -0.189241 501.320 200.078 

10 22.8450 -0.189571 22.845449 -0.189316 __39J_335 149.902 
11 22.835016 -0.189706 22.835413 -0.189464 398.359 149.912 
12 22.44 25 -0.189876 22.845369 -0.189587 298.294 149.895 
13 22.822302 -0.1 	0344 22.822873 O189741 501.394 200.063 
14 22.812304 - 0190699 22.12 71 -0._190l67 398.195  14 	2 
15 22.8 2958 190l39 22.8 3465 -0.190489 590.884 l99.659_  
16 22.8751LL 0.1 	103 22.875859 -0.189976 591.079 199.709  
17 22.866186 -0.191490 22.86 055 -0.191201 590.943 199.648  

_.J8_ 22.806337 O191000 22.807086 -0.1907762 591.004 199.670  

b) 	31-bus system: 

The same case studies as in the case of 18-bus system have also been carried out for the 

31-bus system. The results for state estimation with only true P and Q measurements are shown 

in Table 3.4. Again, from Table 3.4 and Table B.2 in Appendix B it is found that when only true 

measurements are considered, even for an exact state estimation problem, the solution obtained 

is very close to the true solution. The results of state estimation considering only actual P, Q 

measurements are shown in Table 3.5. As before, from Tables 3.4 and 3.5 it is found that the 

errors in the measurements deteriorate the quality of the state estimation. 
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Table 3.4 : 3 1 -bus system, with true P. Q measurement only 

Bus i Load Flow Solution State-estimation results 

urea] 

(kV) 

Vimaginary 

(kV) 
Vreal 

(kV) 

Vimaginary 

(kV) 

Pcal 

(kW) 

Qcal 

(kVAR) 

1 23.00000 0.00000 23.00000 0.000000 0.00000 0.00000 
2 22.31724 0.113224 22.31724 0.113224 -0.00592 -0.00040 
3 22.14691 0.163232 22.14691 0.163232 521.9824 173.9968 
4 21.80192 0.001054 21.80192 0.001054 0.014463 0.012657 
5 21.40749 -0.15131 21.40749 -0.151310 935.9647 311.9791 
6 21.06191 -0.28378 21.06191 -0.283780 -0.00562 -0.00I85 
7 20.55888 -0.36677 20.55888 -0.366770 0.020681 0.012081 
8 20.20064 -0.42477 20.20064 -0.424770 -0.015580 -0.00788 
9 19.84240 -0.48278 19.84240 -0.482780 0.000293 -0.00149 
10 19.60931 -0.52001 19.60931 -0.520010 188.9890 62.99442 
11 19.39202 -0.55461 19.39202 -0.554610 0.000308 -0.00049 
12 19.17473 -0.58922 19.17473 -0.589220 335.9750 111.9866 
13 18.98618 -0.61917 18.98618 -0.619170 656.9177 218.9559 
14 18.85439 -0.64004 18.85439 -0.640040 782.9176 260.9546 
15 18.79074 -0.65009 18.79074 -0.650090 728.9244 242.9587 
I 19.75644 -0.51582 19.75644 -0.515820 476.9704 158.9848 
17 19.67086 -0.53000 19.67086 -0.530000 548.9578 182.9768 

19.63103 -0.53659 19.63103 -0.536590 476.9652 158.9808 
19 20.47088 -0.40122 20.47088 -0.401220 431.9854 143.9940 
20 20.40658 -0.42637 20.40658 -0.426370 671.9506 223.9690 
21_ 20.36677 -0.43320 20.36677 -0.433200 494.9822 164.9904 
22 20.54758 -0.371230 20.54758 -0.371230 206.9888 68.99359 
23 21.66630 -0.064390 21.66630 -0.064390 521.9703 173.9759 
24 21.54492 -0.122870 21.54492 -0.122870 1916.994 639.0141 
25 21.41534 -0.174960 21.41533 -0.174960 -0.01950 -0.01662 
26 21.23575 -0.227040 21.28575 -0.227040 1115.97700 371.9896 
21 21.21484 -0.255480 21.21484 -0.255480 549.0085 183.0080 
28 21.1536 -0.266540 21.15360 -0.266540 791.9716 263.9861 
29 22.28331 0.122377 22.28331 0.122377 882.0001 293.9960 
30 22.15327 0.096648 22.15327 0.096648 882.0120 294.0101 
31 22.08815 0.083783 22.08815 0.083783 881.9774 293.9906 

13 



Table 3.5 : 31-bus system, with actual P, Q measurement only 

Bus i Load Flow Solution State-estimation results 

Vreal 

(kV) 

Vimaginary 

(kV) 

Vreal 

(kV) 

Vimaginary 

(kV) 

Pcal 

(kW) 

Qcal 

(kVAR) 

1 23.00000 0.00000 23.00000 0.000000 0.000000 0.00000 
2 22.31724 0.113224 22.24896 0.124546 -57.0653 -9.87350 
3 22.14691 0.163232 22.06099 0.179625 560.9688 190.6898 
4 21.80192 0.001054 21.68017 0.000242 -19.7594 -19.5358 
5 21.40749 -0.15131 21.24385 -0.16828 1014.996 330.5159 
6 21.06191 -0.28378 20.86067 -0.31479 -11.6162 -10.0968 
7 20.55888 -0.36677 20.30186 -0.40606 -19.1722 -10.8036 
8 20.20064 -0.42477 19.90269 -0.46981 -10.2264 -5.76050 
9 19.84240 -0.48278 19.50258 -0.53353 -10.6572 -6.00451 
10 19.60931 -0.52001 19.24161 -0.57441 203.1840 66.64315 
11 19.39202 -0.55461 18.99792 -0.61239 -4.17726 -2.35307 
12 19.17473 -0.58922 18.75383 -0.65035 365.2680 120.76100 
13 18.98618 -0.61917 18.54166 -0.68320 7I9.3239 238.9986 
14 18.85439 -0.64004 18.39314 -0.70607 859.5366 286.1089 
15 18.79074 -0.65009 18.32133 -0.71709 801.4256 267.0341 
16 19.75644 -0.51582 19.40627 -0.57022 523.8301 174.1506 
17 19.67086 -0.53000 19.31039 -0.58578 603.2019 200.9082 
18 19.63103 -0.53659 19.26574 -0.59301 524.5218 174.7999 
19 20.47088 -0.40122 20.20376 -0.44422 474.3608 157.6782 
20 20.40658 -0.42637 20.13202 -0.47207 738.7122 245.9867 
21 20.36677 -0.43320 20.08762 -0.47958 544.3416 181.4107 
22 20.54758 -0.37123 20.28926 -0.41100 227.6743 75.88149 
23 21.66630 -0.06439 21.53015 -0.07215 570.9976 188.2402 
24 21.54492 -0.12287 21.39576 -0.13683 2106.054 700.3078 
25 21.41534 -0.17496 21.25218 -0.19442 -1.613410 -1.4026 
26 21.28575 -0.22704 21.10849 -0.25202 1225.915 407.7460 
27 21.21484 -0.25548 21.02980 -0.28346 603.3700 200.8487 
28 21.15360 -0.26654 20.96183 -0.29564 870.9138 290.2406 
29 22.28331 0.122377 22.21152 0.134625 969.6556 323.3710 
30 22.15327 0.096648 22.06803 0.106150 969.0424 322.7514 
31 22.08815 0.083783 21.99613 0.091912 969.9018 323.2359 
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CHAPTER-4 

CONCLUSION 

In this dissertation, rectangular formulation of weighted least square method is used for 

distribution system state estimation. The algorithm is generalized enough to considered all type 

of measurements. Test results have shown that the proposed rectangular form formulation is a 

suitable choice for the distribution system state estimation. The main conclusions of this work 

are as follows : 

i) If all the measurements are true measurements, then the state estimation solution 

is very close to the true solution. 

ii) In the presence of errors in the measurements, the quality of the state estimation 

deteriorates. 

iii) The quality of the -solution of the state estimation problem can be improved by 

increasing the dimension of the measurement vector. 

Scope of future work 

i) Techniques for bad data detection need to be incorporated in the developed 

algorithm. 

ii) Instead of rectangular formulation of the state estimation problem, current based 

formulation may be investigated, where the gain matrix becomes a constant 

matrix resulting in faster execution of the algorithm. 

iii) Techniques for obtaining pseudo-measurements may be investigated. 
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APPENDIX A 

For power flow measurement P and Q'i at the line connected between bus i and j can be 

expressed as; 

P~ + jQ;~ = V , I,j* 

= (ei +>.1i) [ (Vi - vi) ]* 

(ei+j )[{(ei+JJr) - (ej+JJ)} (gy +jby)]* 

_ (ei+J. ){{(ei — ei)+J(f - j5)} (S~+jb)J* 

= (e +J)t)[((es - ej)gy - ({+ - f) by}+J(({►f) g±i + (ei - e1)b ]* 

(e1+Jf){{(ei - ej)gii - (f -J)by}- j{(.f f) gy+(e; - ej)by)I 

Separating real & imaginary parts we get, 

Py 	=e,{(e; - e;)gy - (f -. )byJ +.jf(i - j)g,+ (e! -e;) b~] 

bii 

=(e,- ej)(ei gy+.{+b1)+(f j)(Jgl - e,by) 

Qj 	=J [(el -ej)g,j - U`-J+)bia - e+[(f - j)g, + (e,- ej)bijJ 

=(e,-ej ).f gy-( j'-f). by -(JI-J])e j gy -(e j -ej )e j b y  

=(e;-ej) (jgy-e j by) - (J -J) (fby+ergy) 

Current magnitude can be expressed as follows 

1=(V; -V,)Y;; 

= {(e++j.f) - (ej +jf)} (gy +I b ) 

={(es - ej)+1 (f -f)} (g# +J by) 
Iy_ {(e; - ej)gy - (.f -f) by} +J 

{(J -f)gy+(e; - e) by] 

= •{(e! — e j )gy _(/ — f )5 }2 +{(J — fj )gy +(e1 — e j) }2 
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APPENDIX B 
Table B.1 : System network and load data for 18-bus system 

Bus i Bus j Branch impedance Max load at Bus j 

R1 (ohm) X;j (ohm) P (KW) Q (KVAR) 

1 2 0.00 0.55 000.0 00.0 
2 3 0.30 0.12 500.0 200.0  
3 4 0.25 0.10 500.0 200.0 
4 5 0.25 0.10 500.0 200.0  
5 6 0.25 0.10 500.0 2 
6 7 0.25 0.10 400.0 150.0 
2 8 0.30 0.12 450.0 150.0  
8 9 0.25 0.10 500.0 200.0 
9 10 0.30 0.12 400.0 150.0 
10 11 0.50 0.20 400.0 150.0 
8 12 0.30 0.12 400.0 150.0 

12 13 0.30 0.12 500.0 200.0  
13 14 0.20 0.08 400.0 150.0 
2 15 0.40 0.16 600.0 200.0  

15 16 0.30 0.12 600.0 200.0 
16 17 0.30 0.12 600.0 200.0 
14 18 0.20 0.08 600.0 200.0 

Base voltage (substation voltage) = 23.0 KV. 

Table B.2 : System network and load data for 31-bus system 

Bus i Bus j Branch impedance Max load at Bus j 

Rij (ohm) X;j (ohm) P (KW) Q (KVAR) 

1 2 0.896 0.155 000.0 000.0  
2 3 0.279 0.155 522.0 174.0  
3 4 0.444 0.439 000.0 000.0 
4 5 0.864 0.751 936.0 312.0 
5 6 0.864 0.751 000.0 000.0 
6 7 1.374 0.774 000.0 000.0  
7 8 1.374 0.774 000.0 000.0 
8 9 1.374 0.774 000.0 000.0 
9 10 1.374 0.774 189.0 63.0 

10 11 1.374 0.774 000.0 000.0 
11 12 1.374 0.774 36.0 112.0 
12 13 1.374 0.774 657.0 219.0 
13 14 1.374 0.774 783.0 261.0 
14 15 1.374 0.774 729.0 243.0 
9 16 0.864 0.751 477.0 159.0 
16 17 1.374 0.774 549.0 183.0 
17 18 1.374 0.774 477.0 159.0 
7 19 0.864 0.751 432.0 144.0 
19 20 0.864 0.751 672.0 224.0 

Contd.. 
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_ 2JL 21 1.374 0.774 495. 165.() 
7 22 0.864 0.751 270.0 69.0  
4 23 0.444 0.439 522.0 174.0  
23 24 0.444 0.439 1917.0 639.0 
24 25 0.864 0.751 000.0 000.0  
25 26 O.84 0.751 1116.0 372.0  
26 27 0.864 0.751 549Q_ 183,0  
27 28 1.374 0.774 792.0 264.0  
2 29 2 0.015 882.0 294.0  
29 30 1.374 0.774 882.0 294.0 
30 31 1.374 0.774 882.0 294.0 

Base voltage (substation voltage) = 23.0 KV 

Table B.3 : Variance of measurements for 18-bus system 
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Table 13.4 : Variance of measurements for 3 1 -bus system 
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APPENDIX C 

Figure C.1 : Schematic diagram of 18-bus distribution system 
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Figure C.2 : Schematic diagram of 31-bus distribution system 
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APPENDIX D 

SOFTWARE FOR STATE ESTIMATION OF POWER DISTRIBUTION 
SYSTEM 

//STATE ESTIMATION.CPP 
//This program finds the state variables using Normal Equation method 
#include<fstream.h> 
#include<iostream.h> 
#include<iomanip.h> 
#include<rnath.h> 
#include<string.h> 
//*********Input & Output file*************************************** 

ifstrearn infile(" 18b_inc.dat") 
ofstream outfile(" l 8b_outc.dat") 

//********** Global variables*************************************** 

const jut mm=64; 
int urn , us , nbus , nline , s, p , enda , endb , nodea ,nodeb , end 
int lfrom[mm] , lto[mm] , list[mm ], next[mm] , ifar[mm] , branch 
float r[rnm] , invr[mm] , base_kva , base_kv , base_imp, tol ; 

float srev[mm] , simv[mmj , orev[mm] , oimv[mm] , pflow[mm] , gflow[mm]; 
float drev[mm] , ditnv[mm] , difjmm] , rfi[mm] , ifi[mm] , iiflow[mm] 
float meas[mm] , cmeas[mrn] , d[mm] , rev[mm] , imv[mm] ; 
float prod[mm) , delv[mm] , mdelv[mm] , th[mm][mm] , pl[mm] , gl[mm] 
float h[rnm][mm] , hr[mm][mm] , rli[mm] , ili[mm] , irflow[mm] 
inti,j,k, id, I,rl,sl 
float rsum , isum ; 

struct feeder 	 //structure specifier 
{ 

float res 
float reac 
float g; 
float b; 
} feed_data[mm] ; 	 //array of structure 

//***************function declaration************************************ 

void read data() 
void cal admit() 
void invr covar() 
void output_read_data() ; 
void cal_measurement() ; 
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void cal error(  ) ; 
void cal_jacobian() 
void cal_transpose_jacobian() 
void cal_h_transpose_r_inverseO 
void cal_h_transpose_r_inverse_hO 
void cal inverse() ; 
void cal_lh_transpose_r_inverse_error() 
void cal_delvO ; 
void final voltage; ; 
//*************rnain program starts************************************** 

void main( ) 
{ 

//*********calling of function***************************************** 

read_dataO ; //reading of number of bus,line,measurement, 
//state variables & slack bus,line connection, 
//initial bus voltage,tolerance,measured data, 
i/co-variance element,system data. 

for(i=1 ; i<=nline ; i++) 
{ 

meas[i] = pflow[i]/base kva ; 
meas[i+nline] = gflow[i]/base_kva ; 
meas[i+2*nline] = sgrt(pow((irflow[i]*base kv/base_kva),2)+ 

pow((iiflow[i]*base_kv/base_kva),2)) ; 
} 

// linknet program for network topology 
for(i=1 ; i<=nbus ; i++) 
list[i] = 0 ; 
for(i=l ; i<=aline ; i++) 

endb = 2*i ; 
enda = endb-1 
nodea = Ifrom[i] ; nodeb = lto[i] 
next[enda] = list[nodea] 
list[nodea] = enda; 
ifar[enda] = nodeb 
next[endb] = Iist[nodeb] ; 
list[nodeb] = endb; 
ifar[endb] = nodea; 
} 

for(i= l ; i<=nbus ; i++) 	//reading of initial bus voltage 
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srev[i] = 1.0 ; 

simv[i] = 0.0 

} 

cal_admit() ; 	//computation of admittance 

invr covar() ; 	//inversion of co-variance matrix 

output_read_data() ; 	//write for read data 
//************iteration starts********************** ***************** 

p=0; 
do( 

P=P+1 

id 0; 

cal_measurementO ; 	//calculated line measurement 
cal_error() ; 	//calculation of error matrix [z-f(x)] 
cal jacobian() ; 	//calculation of Jacobian matrix element 

for(i=1 ; i<=nm ; i++) 
for(=l ; j<=ns/2 ;j++) 

h[i][j] = h[i][j+l] ; 

for(i=1 ; i<=nm ; i++) 

for( (ns/2+1) ; j<=ns ; j++) 

h[i]U] = h[i]G+2] ; 

cal_transpose_jacobian() ; 	//Transpose of jacobian matrix 
cal_h_transpose_r_inverse() ; //Multiplication of h transpose and 

// r inverse matrix 
cal_h_transpose_r_inverse_h() ; //calulation of product of h transpose, 

//r inverse and h 
cal_inverse() ; 	//calculation of inverse of hrh matrix 
cal_h_transpose_r_inverse_error() ;1/calculation of product of 

//h transpose,r inverse and [z-f(x)] 
cal_delv() ; 	 //calculation ofdelrev and delimv 

for(i=1 ; i<= nbus ; i++) 
{ 

i((i!=s) 

{ 

rev[i] = srev[i] + delv[i-1] ; 

imv[i] = simv[i] + delv[i+nbus-2] ; 

else 

7 tI \  
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rev[s] = 1.0; 

imv[s] = 0.0; 

for(j=1; j<=ns; j++) 
mdelv[j] = sgrt(pow(delv[j],2)) 

for(i=1; i<=ns; i++) 

{ 

if(mdelv[i]>tol) 

id =1; 

} 

if(id== 1) 

{ 

for(i=1; i<= nbus; i++) 
{ 

srev[i] = rev[i] 

simv[i] = imv[i] 
} 

} 

while(id—=1) 

final voltage() 
//**************** end of main programe******************************** 

for(i=1; i<=nbus; i++) 
{ 

drev[i]=orev[i]-rev[i]*base_kv 

dfmv[iJ=oimv[i]-imv[i]*base_kv ; 

for(j=1; j<=nbus; j++) 

{ 

drev[j] = sgrt(pow(drev[j],2)) ; 

dimv[j] = sgrt(pow(dimv[jJ,2)) ; 

} 

for(i=1; i<=nbus; i++) 

{ 

if(i!=s) 
{ 
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difji- I ]=drev[iJ; 
difji-2+nbus]=dimv[i]; 

} 

float min = 1.00 ; 
for(i=1; i<=ns; i++) 

if(dif[i]<min) 
min = dif[i] 

} 

outfile<<"mimmum volltage error = "<<min<<endl; 

for(i=1; i<=nline; i++) 
{ 

rf[i] = (rev[Ifrom[i]]-rev[lto[i]])*feed_data[i].g- 
(imv[lfrom[i]]-imv[lto[i]])*feed_data[i].b 

ifi[i] = (imv[lfrom[i]]-imv[lto[i]])*feed_data[i].g+ 
(rev[lfrom[i]]-rev[lto[i]])*feed_data[i].b ; 

} 

outfile<<"\n feeder current" 
outfile<<endl ; 
outfile <<setw(6)<<"line no"<<setw(20)<<"connected between nodes" 

<<setw(20)<<"Re current"<<setw(20)<<"Im current"<<endl ; 
outfile <<setw(6)<<"------ "<<setw(20)<<"---------"<<setw(20) 

<<"------"<<setw(20)<<"-------"<<endl ; 

for(i=1; i<=nline; i++) 
outlle<<setw(6)<<i<<setw(5)<<Ifrom[i]<<setw(5)<<Ito[i] 

<<setprecision(6)<<setw(25)<<rfi [i] *base_kva/base_kv 
<<setprecision(6)<<setw(25)<<ifi[i]*base_kva/base_kv<<endl ; 

outfile<<endl ; 

for(i=nbus; i>=2; i 

end = list[i] ; 
rsum=0.0; isum=0.0; 
do{ 
branch = (end+l)/2 
j = ifar[end] ; 
end = next[end] 
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ii(ji) 
{ 

rsum = rsum+rfi[branch] 
isum = isum+ifi[branch] ; 

} 

else 
{ 

rli[i] = rfi[branch]-rsum 
ili[i] = ifi[branch]-isum 

} 
} 

while(end!=0) 
} 

outfile<<"\n load current" 
outfile<<endl ; 
outfile <<setw(6)<<"bus no"<<setw(20)<<"Re current"<<setw(20) 

<<"Im current"<<endl ; 
outfile <<setw(6)<<"------ "<<setw(20)<<"_-----"<<setw(20).  

<<"-------"<<endi ; 

for(i=1; i<=nbus; i++) 
outfile<<setw(6)<<i<<setprecision(6)<<setw(25) 

<<rl i [i ] *base_kva/base_kv<<setprec i s ion(6) 
<<setw(25)<<ili[i]*base_kva/base_kv<<endl 

outfile<<endl ; 

for(i=1; i<=nbus; i++) 
{ 

pl[i] = rev[i]*rli[i]+imv[i]*ili[i] 
ql[i] = imv[i]*rli[i]-rev[i]*ili[i] 

} 

outfile<<"\n load" 
outfile<<endl ; 
outfile <<setw(6)<<"bus no"<<setw(20)<<"Re power"<<setw(20) 

«'Im power"<<endl ; 
outfile <<setw(6)<<"------ °«setw(20)«°------"<<setw(20) 

<<'-------"<<endl ; 

for(i=1; i<=nbus; i++) 
otrtf i le<<setw(6)<<i<<setprecision(6)<<setw(25)<<pl [i]*base_kva 
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<<setprccision(6)<<sctw(25)«g1[iJ*basc_kva•'<cndI 

outlile<<endl 

} 
//**************function body**************************************** 

void readdata() 	// function for reading system data 
{ 
inti,j,a,b; 

float c,d; 

infile>>a ; nbus = a ; //no.ofbus 

infile>>a ; nline = a; // no. of line 

infile>>a ; nm = a; // no. of measurements 

infile>>a ; ns = a; // no, of state variables 

infile>>c ; base_kva = C; /J system KVA 

infile>>c ; base_kv = c; // system_KV 
base imp = ((base_kv*base_kv)/base_kva)* 1000.0 

for(i=1; i<=nline; i++) 

{ 

infile>>a>>b>>c>>d ; 

lfrom[i] = a; 

Ito[i] = b ; 

feed_data[i].res = c/base_imp 

feed_data[i].reac = d/base_imp 
} 
infile>>a; s=a; 
infile>>c; 	tot = c; 

for(i =1;i<= nline; i++) 

infile>>pflow[i] ; 

for(i= I ;i<=mine;i++) 

infile>>gflow[i] ; 

for(i = I ; i <= nline; i++) 

infile>>irflow[i] ; 

for(i = I; i <= nline; i++) 

infile>>iiflow[i] ; 

// reading feeder data 

// resistance of feeder 

// reactance of feeder 

//slack bus no. 
// tolerance 

// reading the measurements 

for(i=1 ; i<=nm ; i++) 
infile >> r[i} ; 	 // reading the co-variance matrix 

for(i=1 ;i<=nbus ;i++) 

infile>>orev[i]>>oimv[i] 
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} 	 // end of 'read data' function 

void output_read_dataO 	//function for output for read data 
{ 

lilt I,j; 
outf ile<<"output of read data"<<endl ; 
outfile<<"number of bus="<<nbus<<endl ; 	//no.of buses 
outfile<<"number of line="<<nline<<endl ; 	//no, of line 
outflle«°number of measurement="<<nm<<endl ; //no, of measurement 
outfile<<"number of state variables="<<ns<<endl ;//no.of state variables 
ou tfile<<"base kva="<<base kva<<end1 ; 	//base kva 
outfile<<"base kv="<<base kv<<endl<<endl ; 	//base kv 

outfile<<"line connection"<<endl ; 
for(i=l ; i<=nline ; i++) 	 //line connection 
outfile<<"Iine"<<i<<"connected between nodes" 

<<Ifrom[i]<<"and"<<Ito[i]<<endl ; 

outfile<<endl<<endl; 

outfi le<<setw(20)<<"connection"<<setw(24)<<"resistance(p.u)" 
<<setw( 1 6)<<" Reactance(p .u)" <<end I ; 

outfi l e<<setw(20) <<"----------"<<setw(24)<<"----------" 

<<setw(16)<<"----------"<<endl ; 
outfile<<endl ; 

for(i=1; i<=nline; i++) 
outfile<<setw(I3)«(from[i]<<setw(5)<<lto[i]<<setprecision(4) 

<<setw(2 I )<<feed_data[i].res<<setprecision(4) !/resistance 
<<setw(20)<<feed_data[i].reac<<endl ; 	//reactance 

outfile<<endl ; 
outfile<<"slack bus no="<<s<<endl ; 	//slack bus no. 
outfile<<"tolerance="<<setprecision(4)<<tol<<endl ; //tolerance 

outfile<<endl ; 

outfile<<"measurement data(p.u)"<<endl ; 	//measurement data 
for(i=1;i<=nm;i++) 

outfile<<setprecision(4)<<meas[i]<<endI ; 

outfile<<"inverse of co-variance matrix diagonal element"<<endl ; 
for(i=l ;i<=nm ;i++) 
outfile<<invr[i]«endl ; 
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outti le<<setw(20)<<"connection"<<sctw(24 )<<g(p.u)°<<setw(16) 
<<b(p.u)"<<endl ; 

outfile<<setw(20)«°------°«setw(24)<<"-----' <setw(I6) 
«"-----"<<endl ; 

for(i=1 ; i<=nline ; i++) 
outfi le<<setw(13)<<Ifrom[i]<<setw(5)<<Ito[i]<<setprecision(4) 

<<setw(2 I )<<feed_data[i].g<<setprecision(4)<<setw( 17) 
<<feed_data[i].b<<endl ; 

} 	 // end of'output_read_data' function 
//*********************************************************************** 

void cal_admit() 	//function for admittance calculation 
{ 

for(int i=1; i<=nline; i++) 
{ 

feed_data[ i].g=(feed_data[i]. res)/ 
(pow(feed_data[i].res,2)+pow(feed_data[i].reac,2)) ; 

feed _data[i].b=(-feed_data[i].reac)/ 
(pow(feed_data[i].res,2)+pow(feed_data[i].reac,2)) ; 

} 

} 	 /lend of admittance computation 

void invr_covar() 	//inversion of co-vatiance matrix 
{ 

for(i=1 ; i<=nm ; i++) 
invr[i] = I/r[i] ; 
} 	 //end of co-variance matrix 
//*********************************************************************** 
void cal_measurement( ) 

	
//computation of measurement 

{ 

for(int i=1 ; i<=nline ; i++) 

cmeas[i] _ (srev[Ifrom[i]]-srev[lto[i]])* 
((srev[Ifrom[i]])*(feed_data[i].g)+ 
(simv[lfrom[i]])*(feed_data[i].b)) 
+(simv[Ifrom[i]]-simv[Ito[i]])* 
((simv[lfrom[iJJ)*(feed_data[i].g)-
(srev[Ifrom[i]])*(feed_data[i].b)) ; 

cmeas[i+nline] = (srev[lfrom[i]]-srev[lto[i]])* 
((simv[lfrom[i]])*(feed_data[i].g)-
(srev[lfrom[i]])*(feed_data[i].b))-
(simv[lfrom[i]]-simv[Ito[i]])* 
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((srev[lfrom[i]])*(feed_data[i].g)+ 
(simv[Ifrom[i]])*(feed_data[i].b)) 

crneas[i+2*mine] = sgrt(pow(((srev[Ifrom[iJj-
srev[Ito[i]])*feed_data[iJ.g- 

(simv[Ifrom[i]]-simv[lto[i]I)*feed_data[i].b),2)+ 
pow(((srev[lfrom[i])-srev[lto[i]])*feed_data[i].b-
(simv[lfrom[i]]-simv[lto[i]])*feed_data[i].g),2)); 

} 
} 	 /fend of measurement function 

void cal—error( ) 

for(int i=1 ; i<=nm ; i++) 
d[i) = (meas[i] - cmeas[i]) 
} 	 //end of error function 

void cal_jacobian() 	//Jacobian function 
{inti,j; 
for(i=l; i<=nline; i++) 
{ 

for(j =1; j<=nbus; j++) 
{ 

if(j==lfrom[i]) 
{ 

h[i][j] = 2*(srev[lfrom[i]]*feed_data[i].g)- 
(srev[lto[i]]* feed_data[i].g)+(simv[lto[i]J* 
feed_data[i].b); 

} 
else 

if(j==lto[i]) 
{ 

else 
{ 

h[i][j]=0.0 ; 
} 

} 
} 

h[i](j] = -(srev[lfrom[i]]*feed_data[i].g)- 
(simv[lfrom[i]]*feed_data[i].b); 

} 
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for(i=1; i<= aline; i++) 

for(j=1; j<=nbus; j++) 
{ 

if(jlfrom[i]) 
{ 

h[i][j+nbus] = 2*(simv[lfrom[i]] *feed  _data[i].g)- 
(simv[lto[i]] *feed_data[i].g)- 
(srev[lto[i]]*feed_data[i].b) ; 

} 
else 

if(jlto[i]) 
{ 

} 

else 
{ 

h[i][j+nbus] = -(simv[lfrom[i]]*feed_data[i].g)+ 
(srev[lfrom[i]]*feed_data[i].b) 

h[i][j+nbus] = 0.0; 
} 

for(i=1; i<=nline; i++) 
{ 

for(j=] ; j<=nbus; j++) 
{ 

if(j==lfrom[i]) 
{ 

h[i+nline] [j] = -2*(srev[lfrom[i]]*feed_data[i].b)+ 
(srev[Ito[i]]*feed_data[i].b)+(sirnv[lto[i]]* 
feed_data[i].g) ; 

else 
if(j1to[i]) 

{ 

h[i+nline][j) = -(simv[lfrom[i]]*feed_data[i].g)+ 
(srev[lfrom[i]]*feed_data[i].b) 

} 

else 
{ 

h[i+nline][j] = 0.0; 



for(i=1; i<=nline; i++) 
{ 

Tor(j =1; j<=nbus; j++) 
{ 
if(j==lfrom[i]) 

{ 
h[i+nline][j+nbus] = -2*(simv[lfrom[i]]*feed_data[i].b)+ 

(simv[lto[i]]*feed_data[i].b)- 
(srev[lto[i]]*feed_data[i].g) ; 

if(jlto[i]) 
{ 

h[i+nline][j+nbus] = ((simv[lfrom[i]]*feed_data[i].b)+ 
(srev[lfrom[i]]*feed_data[i].g)) 

h[i+nline]U+nbus] = 0.0 ; 
} 

} 

} 

for(i=1;i<=nline;i++) 
{ 

for(j=1;j<=nbus;j++) 
{ 

if(j==lfrom[i]) 
{ 

h[i+2*nline][j] _ (srev[lfrom[i]]-srev[lto[i]])* 
(pow(feed_data[i].g,2)+pow(feed_data[i].b,2))/ 
(sgrt(pow(((srev[lfrom[i]]- 

srev[lto[i]])*feed_data[i].g- 
(simv[Ifrom[i]]-simv[lto[i]])*feedddata[i].b),2)+ 
pow(((srev[lfrom[i]]-srev[lto[i]])* feed _data[i].b- 

(simv[lfrom[i]]-simv[Ito[i]])*feed_data[i].g),2))),; 
} 

else 

} 

else 

else 
{ 
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If(==lto[i]) 

{ 

h[i+2*nline][j] = -(srev[lfrom[i]]-srev[lto[i]])* 
(pow(feed_data[i].g,2)+pow(feed_data[i].b,2))/ 

(sgrt(pow(((srev[lfrom[i]]- 
srev[lto[i]])*feed_data[i].g- 

(simv[lfrom[i]]-simv[lto[i]])*feed_data[i].b),2)+ 
pow(((srev[lfrom[i]]-srev[lto[i]])*feed_data[i].b-
(simv[lfrom[i]]-simv[lto[i]])*feed_data[i].g),2))) 

} 
else 

{ 

b[i+2*nlineJU]=0.0 ; 

for(i= I ;i<=nline;i++) 
{ 

for(j=1;j<=nbus;j++) 
{ 

ifo==lfrom[i]) 
{ 

h[i+2*nline][j+nbus]= (simv[Ifrom[i]]-simv[lto[i]])* 
(pow(feed_data[i].g,2)+pow(feed_data[i].b,2))/ 

(sgrt(pow(((srev[lfrom[i]]- 
srev[Ito[i]])*feed_data[i].g- 

(simv[lfrom[i]]-simv[lto[i]J)* feed _data[i].b),2)+ 
pow(((srev[Ifiom[i]J-srev[Ito[i]J)*feed_data[i].b- 

(simv[Ifrom[i]]-simv[lto[i]])*feed_data[i].g),2))) 
} 

else 
ifO==lto[i]) 
{ 

b[i+2*nline][j+nbus] _ -(simv[lfrom[i]]-simv[Ito[i]])* 
(pow(feed_data[i] .g,2)+pow(feed_data[i] .b,2))/ 

(sgrt(pow(((srev[lfrom[i]]- 
srev[lto[i]])*feed_data[i].g- 

(simv[lfrom[i]]-simv[Ito[i]])*feed_data[i].b),2)+ 
pow(((srev[lfrom[i]]-srev[1to[i]])*feed_data[i].b- 

(simv[lfrom[i]]-simv[lto[i]])*feed_data[i].g),2))) 
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else 
{ 

h[i+2*nline][j+nbus] = 0.0; 
} 

} 

} 	 //end of jacobian function 

void cal_transpose_jacobian( ) 
{ 

for( i=1; i<=nm; i++) 
{ 

for(j=1; j <=ns; j++) 
{ 

th[][i] = h[i][j] 
} 

} 

} 	 /lend of transpose cif jaeobian matrix 

void cal_h_transpose_r_inverse( ) 
{ 

for(j=1; j<=ns; j++) 
{ 

for( k=1; k<=nm; k++) 
{ 

hr[j][k] = (th[j][k]*invr[k]) 
} 

} 

} 	// end of h_transpose_r inverse matrix 
//********************************************************************** 

void cal_h_transpose_r_inverse h( ) 
{ 

for(j=1; j<=ns; j++) 
{ 

for(k=1; k<=ns; k++) 
{ 

th[j][k] = 0.0; 
for( i=1; i<=nm; i++) 
{ 

th[J][k] += hr{][i]*h[i][k] 
} 

} 
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} 
} 	 //end ofcompotation of product of 

!/ h transpose, r inverse and h matrix 

void cal inverse() 	//function for inversion 
{ 
i/order of the matrix is ns(no. of state variables) 

for(i= l ; i<=ns; i++) 
{ 
for(j=1 ;j<=ns; j++) 

{ 
for(k=1; k<=ns; k++) 

{ 
if((j li)&&(k!=i)) 
{ 

th[j][k] -= th[j][i]*th[i][k]/th[i][i] 
} 
} 

} 

th[i][i] _ -(1.0/th[i][i]) 

for(1=1; I<=ns; l++) 
{ 

if(1==i) continue 
th[l][i] *= th[i][i] 
th[i][I] *= th[i][i] 

} 
for(rl=1; rl<=ns; rl++) 
{ 
for(sl=!; sI<=ns; sl ++) 

{ 
th[rl)[sl]= -th[rl][sl] 
} 
} 

} 	 //end of inverse function 

void cal_h_transpose_r_inverse_error( ) 
{ 
for(j=1; j<=ns; j++) 
{ 

prod{jJ = 0.0; 
for(int i=1; i<=nm; i++) 

37 



prod[j] += hrU][i]*d[i] ; 
} 

} 	 // end of product function 

void cal_dely( ) 
{ 

for( j=1; j<=ns; j++) 
{ 

delv[j] = 0.0 ; 
for( k= l ; k<=ns; k++) 

{ 

delv[j] += th[j](k]*prod[k] ; 
} 

} 

} 	 I/end of delv function 

void final _voltage( ) 
{ 

outfile<<"1n FINAL VOLTAGE"; 
outftle<<endl ; 
outfile <<setw(6)<<Bus No."<<setw(I5)<<"Re Vol"<<setw(15) 

<<"lm Vol"<<endl ; 
outfile <<setw(6)<<"------ "<<setw(I5)<<"------"<<setw(15) 
«°-------°«end] ; 

for( i=1;i<=nbus;i++) 
outfi le<<setw(6)<<i<<setprecision(6)<<setw(I 5)<<rev[i] *base_kv<< 
setprecision(6)<<setw(20)<<imv[ij*base_kv<<endl 
outfile<<endl ; 
outfile<<"number of iteration = "<<p<<endl ; 
outfile<<"***********************************************"<<end1; 

} 	 //end of output function 
(/*********************************END*********************************** 
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