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ABSTRACT 

HVDC transmission has gained a wide spread 

acceptance 	internationally for bulk power transmission. 

This is also an acceptable mode to interconnect, two large 

AC systems 	having differnt frequencies as has happend in 

Japan. 

Load flow studies of such integrated HVDC and Ac 

system becomes a very important aspect for system design. 

The work in this area has started as early in sixties and 

newer approaches were further developed. 

In the present work a load flow program has been 

developed for such integrated HVDC/AC system. The program 

was written-in FORTRAN-77, developed around IBM PC-AT. The 

developed program has been validated on 14 bus AEP system 

and used to predict the performance of the integrated 

HVDC/AC system of NTPC of India. The results are on expected 

lines. 

The organisation of the thesis includes a review 

work in Chapter II, the algorithm details in Chapter III, 

flow chart in Chapter IV. The c:;onc1u<slons halve been  becr.i drawn 

in Chapter V together with the scope of the future work. . 



LIST OF PRINCIPAL SYMBOLS USED 

P - Active power. 

Q = React.ive. power 

C = Conductance 

Su ceptance 

Ynuk3 = Admittance matrix 

Zeus =. Impedance matrix 

Gp4 	jBp4 = ( pq)C h  element of YBus fanned 

PF - jQp = Complex power at bus P 

.L\ P = Active Power mismatch 

L Q = Reactive Power mismatch 

Vim -- Bus voltage (phase angle referred to slack bus) 

V & = Converter bus Voltage (Phase, :angle referred to 
converter current) 

Vd = DC Voltage 

ELL = Converter. terminal AC Voltage 

I 	= Alternating Current. (r.m.$) 

Id = Direct. current, 

A 	= Tr•ausfomer Ratio 

X .- Reactance 

a 	- Delay Angle 

Fi 	= Extinction Angle, 

Rae: = DC Line resistance 

R 	= DC link residuals 

X. 	= DC link variables 

Xm = Communication reactance at the rectifier end (m) 

Xn = Communication reactance at the inverter end (xi) 

Circ = DC Power 
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CHAPTER 1 

INTTRODUCTION: 

The size of power system has grown steadily and the 

problem of power system become more complex and challenging. 

Incorporation of HVDC transmission subsystem in AC system 

network has been a major change in power transmission during 

last two decades. To determine the performance of a 

perticular system various studies are being carried out •by a 

power utility. They are : 

1. Load flow studies 

2. Short ckt studies 

3. Transient and dyanmic stability studies 

Load flow .studies are carried out in system planning, 

operational planning and operation and control. This also 

becomes a constituent of the studies for optimisation• and 

stability. The load flows studies provide power flows and 

voltages for a specified network depending upon the various 

system constraints. This also specifies the net interchange 

between the individual operating systems. This is essential, 

to analyse the current performance of a power system and to 

analyze the efficacy of various alternative plan for system 

expension to meet the increased demands. 

Load flow analysis deals not only with the actual 

physical mechanism which control the power flow in the 

network but also how to select a best or optimum flow 

configration from among galaxy of possiblities. 
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Before the advent of digital computers the load flow 

studies were carried out by the network analysers and 

transient studies by AC network analysers. The first digital 

computer oriented load flow method was proposed in 1956. 

After that the impact of digital computers on above studies 

had been very strong and replaced the network analysers 

completely in the sixtees. 

HVDC has become a economically viable alternative 

for. 	bulk power transmission and asynchronous 	ties. 

Following claims are made in favour of DC transmission: 

1. DC transmission results in lower losses and cost than 

equivalent AC lines. 

2. Transmission via cables over relatively long distances 

is possible by DC and is very difficult with AC because 

of the charging current. 

3. The control in DC scheme is very fast and being used to 

improve the AC system stability. 

4. The DC stations with or without transmission distance 

can be justified for interconnections of AC systems of 

different frequency or different control philosophies. 

The first commercial HVDC link was established between 

Sweden and Gotland in 1954. After that numereous projects 

came into existence. In the begining two terminal links were 

installed but nowadays a number of multiterminal links are 

being installed. The biggest multiterminal HVDC sub system 

is going to be installed at ITAPAU in Brazil. India has 

also adopted first [1VUC line connecting two AC system 



(Rihand-Delhi bipolar HVDC line) and back to back system 

(Singrauli vindiyachal Back to Back). A typical HVDC link is 

shown in the Fig. (i•i) . 

In the wake of this interest on the integration of dc 

transmission network into existing a.c power systems, there 

is need for versatile d.c load flow technique that will be 

applicable to steady state and stability studies. 

Firstly, there is a real need for a load flow technique 

that not only handles all kinds of pratical converter 

controls but also be capable of representing the combined 

behaviour of converter controls during steady state and 

transient conditions. DC systems are equipped with controls 

to regualte power current or control angle. During steady 

state or slow transients conditions, the converter control 

is supplemented by the tap changer on the converter 

transformer, keeping the control angle within a small range 

close to min. value. Under transient conditions, the tap 

changer will not respond quickly but control angle of a 

converter can vary with little delay. 

Secondly, a significant improvement in the computing time 

for DC solution will be worthwhile even though for existing 

integrated systems consisting of one DC link, the time for 

solution of much larger network is the prdominating 

measure[11]. Nevertheless, at a rate of 11 to 13 variables 

per additional bipolar terminal, the order of the DC problem 
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will increase rapidly. With most computational methods the 

computing time will increase by some exponential function of 

that order. The storage requirement of a DC load flow 

technique using Newton's method of solution is not small 

because of the large no. of variables involved. However a 

substaintial reduction of storage requirement of the 

Newton's method of solution can be achived by sparsity 

techniques or by Fast Decoupled Method. 

1.2 A number of methods have been proposed over the years 

for load flow studies of AC/DC system. The first method was 

proposed by Barker & Carre in 1962. These methods basically 

differ in system representation and approach to solve them. 

The two most commonly used present day approaches are 

(i) Simultaneous Solution Method [11] : In this approach, 

the AC/DC system equations are combined togther and 

then resultant single set can solved at each iteration 

with in the load flow program. 

(ii) Sequential Solution Method [12] : DC system load flow 

solution• can be formulated seperately so that the 

terminal conditions can be imposed on the relevent 

buses in any AC load flow program. The convergence 

involves alternate cycle iteration between the DC and 

AC solution. 

The merit of the first method is that an overall and 

sophisticated Newton program can be devloped with the 
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promise of good computing efficiency. Contrary to this point 

of view in the second method there is the need to replace or 

restructure any existing AC program that may •be providing 

satisfactory performance. Also as load flow technique 

develop in future, a new AC load flow program can continue 

to use the seprate DC solution subprogram. 

H. Sato & J. Arrilaga [4] developed the load flow 

technique which improve the accuracy and convergence rate of 

standred AC program when system contain HVDC link. An 

improved simulation 	of DC system has been described and 

program uses the DC 	routine in conjuction with several 

standred AC load flow methods. 

Prof. J.Arrilaga & P. Bodger[11] leave proposed a method 

for load flow of integrated system which is based on Fast 

Decoupled load flow method. The DC and AC system equations 

are formulated and solved simultaneously. It is shown that 

versatility of decoupled programs increased and it is 

further shown that their reliability and computational 

efficiency are maintained. 

J. Reeve & G. Fahmy [12] developed a generalised Newton 

AC/DC load flow program which is based on sequential 

approach. It can be readily interfaced with any AC load flow 

programme. 

R.M. Mathur & M.M. El-Marsafamy [14] proposed a new 

technique for the load flow calculations of integrated AC/DC 
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system. The technique is fast, versatile efficient and 

reliable and therefore an improvement over known procedure. 

The procedure uses Fast Decoupled load flow method, 

handles all AC/DC system equations simultaneously and fully 

exploits the sparisity technique and it does not involve 

inversion of system matrix at each iteration (as was in the 

case with Arrilaga [11]). 

C.M.Ong [15], described a method for solving the load flow 

problem of a general multi terminal DC network in an 

integrated system and in this method memory requirmenent has 

been considerably reduced. 

In the beginning the Newton--'Raphson Method was being 

widely used for integrated system, nowadays Fast Decoupled 

load flow method is gaining more popularity on account of 

its simplicity, speed and low memory requirment. The fast 

decoupled method 	is . developed by introducing a few 

approximation into NR method.[7] Although generally it is 

very efficient yet suffers the disadvantage. of poor 

convergence chatacteristic for system having large R/X 

ratio. 

To save the time and reduce memory requirment sparsity 

technique has been used. Prior to this dikoptics approach 

was used. The sparsity technique is more helpful for large 

systems. 
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In the present work, a method has been developed for 

load flow solution of integrated AC/DC system having Bipolar 

HVDC link. This essentially employs Fast Decoupled Method 

with the simulation of DC system. The AC/DC equations have 

been solved simultaneously i.e. simultaneous solution 

approach has been used. The developed program tests have 

been carried out on AEP-14 bus system and NTPC system which 

contain HVDC Rihand-Dadri HVDC link. The thesis has been 

arranged as follows. 

In Chapter II, HVDC load flow methods have been 

reviewed.In Chapter 111 details of the Decoupled Method has 

been described alongwith problems formulation. Description 

of algorithm, flow chart and computer programming have been 

given in Chapter IV. The data, the test results and 

conclusions have been given in Chap V. 

- -- 
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CHAPTER 11 

LOAD FLOW METHODS OF INTEGRATED AC-DC SYSTEMS 

The most important problem in load flow field is to 

choose the best method for a given application. The 

solution is difficult because the relative properties and 

performance of dif f rent load flow methods get influenced 

substantially by types and size of the problem to be solved 

by the computing facilities available and by precise 

details of implementation. Any 	final choice is almost 

invariably a compromise between various criteria of 

goodness by which load flow methods are to be compared with 

each other. 

The table (on pageio) gives a brief summery of some of 

the main types of load flow solution currently in 

applications and the requirements imposed on the numrical 

processes. 

The load flow problem consist of two subproblems which 

are as follows. 

(i) The formulation of mathematical description of the 

problem 

(ii) The application of a most suited numerical method 

for solution. 

2.1 MATHEMATICAL FORMULATION 

The mathematical repersentation of the load flow 

problem results in a set o.f nonlinear algebric equation. 

These equation can be formulated by using either bus or loop 

frame of reference. The loop admittence matrix was used in 



TABLE 

Load flow calculations -Types and Requirement 

TYPES OF SOLUTION 

Accurate, Approximate - By increasing the tolarance of 

convergence in general more accurate 

solution is obtained. 

Unadjusted, Adjusted - By engineering experience, we can 

start the solution with value closer 

to the final solution. 

Off line, On line - On line solutions are obtained for 

reduced model and in off line 

solution more details can be taken 

into account. 

Properties required of load flow solution method 

High speed 	- especially for - Large system, real time 

application multiple 	cases, interactive 

application 

Low storage - especially for - Large system, computer with 

small core availability. 

Reliability 

	

	- especially for -- Ill conditioned system, 

outage studies, real time application. 

Versatilty 

	

	- Ability to handle conventional and special 

features (adjustments, repersentation of 

power system apparatus, suitability for 

incorporation into more complicated system.) 

Simplicity 

	

	- Ease(and cost) of coding , maintaining and 

enhancing the algorithm and computer program 

based on it preparation required to specify 

the network loops. 

10 
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earlier approaches but did not have wide-spread application 

because of tedious data preparetion. 

The coefficients of equations depends on the selection 

of independent variables, voltage or current. Thus either 

the impenderice or admittence network matrix can be used. 

The Y--matrix iterative methods were well suited to 

early generation of computers since they require mimimal 

computer storage.. Furthermore the bus admittence matrix 

could be formed easily and modified for network changes in 

subsequent cases. Although this approach performs 

satisfactorily on many problems, they converge slowly. This 

deficiency has been overcome by Z--matrix methods which 

converge more reliably but sacrifice some of the 

advantages of Y matrix iterative methods, notably storage 

and speed when applied to lerge systems. 

The Y--bus matrix repersentation had been popular than 

any other method with regard to, storage and speed using 

sparsity techniques. A balanced three phase network is 

assumed so that the transmission network is represented by 

its positive sequence network. The elements of the network 

are therefore not mutually coupled and hence the nodel Y-Bus 

can be written/formed by inspection easily. 

2.1.1 SYSTEM COMPONENT MODELLING: 

The commenly used component that need modelling for 

HVDC/AC load flow are; 
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(i) Transmission line. 

(ii) Tap changing Transformer. 

(iii) Converter/Inverter. 

(A) TRANSMISSION LINE REPERSENTATION: 

A transmission line can be repersented by its 

equivalent 7r/T network. Often nominal/equivalent it is 

perf erred in the representation since charging effect is 

easily accounted without changing the Bus structure. An 

equivalent it network for a transmission line is given in 

fig. ( ?-.1 ). The equivalent-jr parameter of the line are as 

follows : 

SINH (il ) 
Zn = zl ------------ - zl (for medium line) 

it 

TANH (-cl/2 ) 
Yn = (yl/2) ------------- 	- yl/2 (for medium line) 

(zl/2) 

Where 	ti = Propgation constant = 4(zy) 

1 = Length of line 

z = Series impedence per phase per unit length 

y = Shunt admittence per phase per unit length 

(B) REPERSENTATION OF TRANSFORMER WITH TAP CHANGER 

A transformer with off nominal turns ratio can be 

represented by its impedence or admittence connected in 

series with an ideal transformer. An equivalent it circuit 

then can be treated in the same manner as the line elements. 



Zn 

FI G. 2.1 7F EQUIVALENT OF TRANSMISSION LINE 



Ip I4  

J 

EQUIVALENT CIRCUIT 

EQUIVALENT 71 CIRCUIT 

FIG. 2.2 

EQUIVALENT 11 CIRCUIT WITH 
PARAMETERS EXPRESSED 
IN TERMS OF ADMITTANCE 
AND OFF NOMINAL TURNS 
RATIO 
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The equivalent it circuit for transformer is shown in fig.  

2J. 

Whenoff nominal turns ratio is represented at bus F 

for a transformer connecting bus P and Q, the Self 

admittence at bus P can be given by 

Ypp = Ypl + ... + ypq/a + ... + ypn + (1/a)((1/a)-l) ypq 

or 

`app = Ypi + yp2 + ..... + (Ypq/a2)  + ..... + ypn 
... 	(2.1) 

The mutual admitterirce from bus .P to bus Q can be given 

by, 

Ypq _ --ypq/a 	 ... (2.2) 

The Self admittence at bus Q is 

Yqq = yql V  .......J y.pc1/a  + 	i ;yc(ti 	('i,....1 /a) Y k>q 

or 

Yqq = yql +. .. ... + yqp + . .. . . ..- yqn 	- 	.. . (2.3) 

and is unchanged . The mutual admittence from bus Q to bus P 

is 

Yqp = - Yqp/a 	 ... (2.4) 

(C) CONVERTER / INVERTER REPERSENTATION 

The converter/inverter can be repersented in the 

following manner. Refer to fig. (2). 

The equations for voltage and current on AC and DC 

sides of the converter are 

Vdm = K1 Em COS ¢m 	 ... (2.5) 

Im = K1 Id 	 ... (2.6) 



U 
V 

14 

4- 

U L. U  

4-
c 
U) 
0 

Q w 

U 

E 

E 

E 
E 

E 

m LL 

C 
C 

W 



17 

K1 Id = Bm Em SIN Om -- Bm Am Vm SIN ytm 	... (2 . 7 ) 

Em COS m = Am Vm COS 9.zm 

Vdm = K1 Am Vm COS ~Pm 

Similar equations apply at inverter end (with - sign in 

equ. 2.7) 

In terms of DC current and voltage the following 

equations can be written. 

Vdm = K1 Em COS am - K2 Xm Id ... 	(2.8) 

Vdn = K1 En COS 6n - K2 Xn Id ... 	(2.9) 

Vdm - Vdn = Rdc Id ... 	(2.10) 

The equations contains 13 variables. The DC Jacobian 

equations for the DC. system is 

R = A.L_\ X 	 ... (2.11) 

Where R are the residuals for the nonlinear equations 

repersenting DC link power flow and control strategies and 

can be given as follows 

R1 = Vdm - Ki Em COS cm 

R2 = Vtln - K1 En COS On 

R3 = K1 Id - Bm (Em SIN ppm - Am Vm SIN gym) 

R4 = K1 Id + Bn (En SIN On - An Vn SIN tin) 

R5 = Vdm - Ki Em COS am + K2 Xm Id 

.R6 = Vdn - K1 EN COS an + K2 Xn Id 

R7 = Vdm - Ki Am Vm COS Wm 

R8 - Vdn - K1 An Vn CO Sn 

R9 - Vdm - Vdn - lido Id 



IZ10 = Vdm Id - Pdms~ 

R11 = COS am - COS am 

R12 = COS 6n - COS on 

R13 = Vdi - Vdn 

The first nine equations are obationed from system 

equations and last four equations are control equations 

A is the matrix of first order diffrentials ( aR i ) for 

K,i = 1. ..... N. 

L, Xi correction vector for DC link variables. 

2.1.2 BASIC LOAD FLOW EQUATIONS AND BUS TYPES: 

The equations describing the performance of the network 

of a power system issuing bus frame  of reference in 

admittence form are 

I bus = Y bus E bus 

The bus loading equations are 

Pp - JQP = Ep* Ip 	 ... (2.11) 

And the current can be given by 

Ip = (Pp - jQp)/Ep* 	 ...(2.12) 

Where Ip is positive when flowing into the system If 

the shunt elements are not included in the parameter matrix, 

the total current at bus P is 

Ip = (Pp - jQp)/Ep* -- yp Ep 

Where yp Ep is the shunt current flowing from bus P to 

ground. 

is 

The buses are categorised into three catagories depending 
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upon which of the four variables P,Q,V and 6 are specified. 

(i) PQ BUS: is one at which total injected power is 

specified. 

Sp = Pp - jQp 

= (Pgp - Plp) - j(Qgp -- Qlp) = Ep* Ip 

They are usually load buses. 

(ii) PV BUS: is one at which total injected active power is 

specified and voltage is maintained at specified value by 

reactive power injection. 

Pp = Pgp - Plp = RE (EP Ip), VP = (Epi 

In case sufficient reactive power injection is not 

available,it may be required to be converted to a PQ bus. 

They are usually generator buses or buses supported by 

reactive power supply. 

(iii) SLACK BUS 	(OR SWING BUS) at which active and 

reactive power is not specified but voltage is specified 

both in magnitude and phase arigle.This serves to take into 

account system losses which are not a priori known. 

2.1.3. BUS MISMATCH AND SOLUTION ACCURACY : 

The power mismatch at PQ or PV bus can be given by 

.L  Pp = Pps p  _ Ppc a l  

For each PQ bus 

/, Qp = Qps  p - Ppc a 1 

The most.  common convergence criteria used in practice is 

L, Ppm. Cp for all. PV &. Pq buses 

Qp5 Cq for all Pq buses 
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The tolerance can be chooser typically in the range .01 

2.1.4_ ACCELERATION FACTOR 

The process can converge at a considerably faster rate 

by the application of acceleration factor a, the effect of 

which on iterative method is analogous to that of the loop 

gain in servomechanism. The difference term is multiplied by, 

this factor 

Vk+1 _ Vk + Cr . Vk+l 

ek+1 = ek + a , ek+l 

This so called acceleration factor a is an empirically 

determined number between 1 & 2. With a good choice of a the 

convergence can be speeded up by a factor of two in some 

cases and sometimes a divergent case can be made to 

converge. 

2.1.5' LOAD FLOW EQUATIONS 

The load flow equation in A.C. system in polar 

co-ordinates are given by 

Ep = Ep ei•p , Eq = Eq e.i 6 q 

Ypq = Ypq e-iePq 

Pp - jQp = Ep* 2 Eq Ypq 

_Z Ep Eq Ypq e-.i(epq +bp -6q) . .. ( 2.13) 

Since 	e-j(epq +6p - 6q) = Cos(Opq+op-Sq) -. jSin(Opq+8p-Sq) 

Therefore 

Pp = 2 Ep Eq Ypq Cos  (epq-1  6p--8q) ... 	(2.14) 

Qp = Z Ep Eq Ypq Sin(8pq+6p-- bq) .. 	. 	(2.15) 
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LOAD :FLOW SOLUTION 

The load flow solution for an N-bus system basically 

means to solve the 2N non--linear algebric equations. The 

;olut,:ion g:i.vos us 	ttte: rpt;. -ate varlablres which determine the 

steady state of the system. Various load flow methods to 

solve the above equations are : 

(i) Gauss-Seidal Method 

(ii) Newtori-Raphson Method 

(iii) Decoupled or Fast Decoupled Method 

The Gauss-Seidal Method is applied for small system and 

generally not in use. The most popular method is 

Newton-Raphson Method. The Fast Depcoupled Method has gained 

popularity over other methods because it is fast and require 

less storage. 

For the integrated AC/DC system load flow, the DC 

system is modelled in terms of converter equations, control 

equations and their residuals. The residuals are equivalent 

to the power mismatch. The network equations are written 

separately and then interfaced with AC system. The general 

form of such incremental residual equations for HVDC 

terminal pair. is 

CR] = [A] CLQ X] 

where R is the residual vector obtained by taking the 

difference of the basic equations of converter and its 

control. Or R = (L.H.S. - R.H.S.) of the equations. A is the 

Jacobian matrix and can be givers by 
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A ='aRI /a.Xi i = 1, n 

/ X = correction vector for the problem variables. 

2.2.1 LOAD FLOW TECHNIQUES FOR INTEGRATED AC/HVDC SYSTEMS 

Enormous amount of work has been done to find out -the 

solution for load flow problems of AC/DC systems. The two 

basic methods normally used are Sequential Method and 

Simultaneous Solution Method. In Sequential Method AC/DC 

load flow are carried out alternatively. AC load flow gives 

the AC voltage at the DC link terminals. In the Simultaneous 

Solution Method the AC/DC load flow is carried out 

,simultaneously. The combined admittence matrix is formed and 

AC/DC equations are solved simultaneously. 

The various approaches appeared in the literature are 

described briefly in the following. 

2.2.2 J. Arrilaga & P. Bodger Approach = [11] 

This approach is based on Simultaneous Solution Method. 

They developed a model of HVDC link suitable for 

incorporation in Fast Decoupled AC load flow program. The 

model is not restricted to a particular control mode and 

provision is made to alter the control equations according 

to pre-specified constraints for the variables. The 

equations for the DC link are 

Vdm = K1 Em Cos ~m 

lm = K1 Id 

Vdm = K1 Am Vm Cos wm 
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Vdm = K1 Em Cos am - K2 Xm Id 

Vdn = K1 En Cos Sn - K2 Xn Id 

Vdm - Vdn = Rd/Id 

The equation contain 13 variables and require four 

equations or control specifications for their solution. The 

DC Jacobian can be given by: 

[R] = [A] . [L1 X] 

Where R are the residuals representing the DC link 

power flow and control strategies and obtained by 

substractirig the R.H.S. -term from the L.H.S. term of the 

above equations. A are the first order differentials 

A = aRk /ZXi 	for k, i = ]. .... n 

and L\ X is the correction vector for variables. A detailed 

description of this method is given in Chapter III. 

2.2.3 	J. Reeve & B. Fahmiy Approach : [12] 

They developed a method suitable for multi terminal 

HVDC system. Any configuration of multi terminal [IVDC system 

is accommodated in a generalised Newton DC load flow 

program. The sequential solution method has been used for 

the solution. The converters can be connected either in loop 

or parallel connection. With parallel connection either a 

teed (Radial) or meshed connection can be alternatively 

envisaged for each pair. The program has been designed to 

accept any configuration. The DC load flow has been 

developed seprately. The Newton Method Jaccobian matrix to 
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be constructed and solved at each iteration of the DC 

system load flow calculation are 

F = -J . /\ X 

F is the residual vector obtained by first taking 

derivative of control and system equations and then (L.H.S. 

- R.H.S.) term. e.g. At the converter 

Vd = a V CosO - Rc Id 

then residual 

Fv = -L, Vd + a V L) Cosa + V CosO L\a -- Rc J\ Id 

J is the Jacobian matrix and L, X is the correction 

vactor for problem variables. The separation of DC load flow 

program from AC load flow permits separate development and 

the use of any AC program without sacrifice in computing 

speed and efficiency. The general principle adopted is to 

altenate to between AC and DC 	load flow solution. The 

overall convergence is based upon the AC and DC system 

mismatch (residuals) and change in interface quantities 

between succesive AC/DC iterations. A no. of iterations 

sequence can be adopted in this method and all cases 

converge reliably. 

2.2.4 R.M. Mathur & M.M. El-marafawy Approach: [14] 

They developed the new technique for the load flow 

calculations for •the integrated AC/DC system. A new 

technique for formulating and solving the DC system is 

developed which is faster and require little storage. The 
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fas I;, 	(IeC.)li1)1.<Dd 	load 	f low 	has 	l)ecI1 	c,IIioco:-;eri 	a!; Lhe 1)n s 

routine for the AC system. The DC system equations are 

integrated with the best known AC load flow. The DC system 

fromulation' is generalised for multitermi.nal I)C system 

configuration. 

The bifactorisatiori and sparisity techniques have been 

fully exploited. Newton Mthod in the form R = A . L, X has 

been used 

For AC system 

[AJ1] . hO , 	4Q/V = [AJ4] . Lie 

Integrated AC/DC system yields 

L1 P/V 	AJ 1 	C 	PX 	/~ 6 

Q Q/V = 	D 	AJ4 QX 	L~ V 

R 	 B 	RV 	A 	L~ X 

AJ1, AJ4, C, D have the same structure as in AC system 

(C=O, D=0). Submatrices PX, QX, B and RV are highly sparse 

and consist of mainly zero elements (B = 0) except those 

associated with AC/DC buses. By manipulating the above 

matrix we get 

,dP/V - PX LAX AJ1 	0 	0 Lj 0 

.S Q/V - QX Q X = 0 	AJ4 	0 Q V 

R 	- RV 	V 0 	0 	A. I N T D X 

0 

In the above manipulation and for storage sparsity 
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techniques are fully exploited. The method employ the 

simultaneous solution approach and 'the AC/DC equations are 

solved simultaneously. The step by step solution for DC 

system is faster and require less storage and used in this 

method. The proposed method is faster and efficient compared 

to any other known method. 

2.2.5 C.M. Ong Approach :[15] 

Presented a novel approach for solving the load flow 

problem of a general multi terminal DC tie Lwork in an 

integrated. AC/DC system. This method iterates directly on 

the DC voltage equations using a digital current reference 

balencer to update the DC currents. Since the digital 

current reference balencer has a simple closed form 

solution, the computational effort per iteration is extermly 

small. The sequential method for solution has been used. 

In the DC load flow to initate the first voltage 

iteration, an estimate of the terminal voltage Vdi is 

required. A good estimate of the Vdi is to set them equal to 

their respective ceiling values. The current refrences of 

current controlling terminal are set to their respective 

scheduled values. The' DC current of voltage controlling 

terminal is then determined by current references Idi used in 

all other stations. According to network conditions 

The set of estimated current references I:iref for power 
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controlling and voltage controlling terminals are put 

through a digital current refrence balencer. The ORB uses 

least square method to determine a bal.enced set. of curreint. 

references Idi for controlling terminals that minimise the 

error function. 

E = 1/2 Z ai (lir of - Idi )2 

Subject to the constraints given by network equations. 

The set (i E Q) denotes all non-current controlling 

terminals and ai are the weighting coefficients. The 

solution to least square problem with the equality 

constraint equation 

2 Idi = 0 

is given by 

Idi = Iir of -2 /Qi 

Where )\ _ (2 1/ai)-1  2 I jr of 

For AC/DC load flow the sequential approach has been 

used. The algorithm has excellent convergence properties. 

The storage requirement is only few percent of that required 

in other techniques except [11] which manipulates the full 

Jacobian matrix. 

The above all approaches in general either used 

sequential or simultaneous solution method. The difference 
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lies 	in the versatility, efficiency and DC 	system 

formulation and the 	storage requirement for particualr 

method. 



C-11  El P1.1--1 	 R, 	.i: I I. 
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CHAPTER -w i i I  

INTEGRATED AC/DC LOAD FLOW : 

The integrated AC/DC: load flow method Used in the 

present work is based upon the method suggested by 

J.Arrilaga and P. Dodger in 1977. The method makes use of 

the simultaneous solution approach. The model for HVDC 

transmission link is developed seporatoly and is 

incorporated in the Fast Decoupled Load Flow Method. The 

Fast Decoupled Load Flow Met,hocl, exploits the loose physical 

interaction between MW and MVAR flows in power system by 

methamatically decoupling the MW--O and MVAR---V calculations. 

Derivation of basic algorithm is as follows. 

3.1.1 BASIC ALGORITHM : FAST DECOUPLED AC LOAD FLOW EQUATIONS 

The power mismatch at the bus k is given by 

L\Pk =- Pk - Vk E Vm(takin Cos €kin + Bkm Si.n Ohm) 
(3.i 

/.,Qk = Qk. -. Vk 2: Vm(Gkm Sin 0km •° Bkm Cos 0km) 
(3.2) 

Pk -jQk = Scheduled complex power at bus K 

Ok, Vk == Voltage angle acid magnitude at bus K 

Gkm - jBkm - (k,m)t.t1 element. of bus aclmittence 

matrix. 

The well known polar power-inismatch Newton method is 

taken as a convinient and meaningful starting point 

LP 	H 	N 	LSH I 
_ 	:.. (3.3) 

D4~.1 
	

J 	
L.1  
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To apply the P-Q/Q-V decoupling we neglect the coupling 

submat.rices I.N] and [3] which gives 

[API 	FF1] 1401 	. . . (3.4) 

[Q] = [] [V/Vj 	•... (3.5) 

Where Hkm 	[,km Vk Vm (Glum Sin Ohm - Bkm Cos 0km) for 

m = k 

Hkk = -Bkk Vk2 - Ok 

and 

Lkk 	-.13k k Vk2 + Wy.  

Equations (3.4) and (3-5) may he solved alternatively as a 

decoupled Newton Method reevalua.ing and ret.riangularising 

[H] 	and {L] 	at each iteration, 	but 	further physically 

justifiable 	assumption may 	be 	made. 	In power system the 

following assumptions are valid, 

Cos Ok 1 

Gkm Sin U km Bkm 
and 

BEck Vk2  

Therefore good approximation to (3.4) and (3.5) are 

[Pk] = [Yk Bkm Vm] [Om] 	. . (3.6) 

[LQk] -- [Vk Bkm Vm] [Vm/Vm] 	. . . (3.7) 

Where the elements of B' and B" are the elements of 

[-13] matrix. Further 	decoupling and finalisation of 

Fast Decoupled algorithm can be achieved by 
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(a.) omitting from [B] the repersen.tation of those network 

elements that predominantly affect, WAR flows i.e. shunt 

reactances, and off nominal in phase transformer taps. 

(b) Dividing each equation by Vk and setting Vm = 1. p. U. 

(c) Omitting from [B"] the angle shifting effects of phase 

shifts, if any. 

Neglecting the series resistance in ca.l.culati.ng [B'] 

which then becomes the DC approximation load flow matrix. 

With the above modification the final Fast Decoupled 

Load Flow equations become: 

(LSP/V = [B7 [ se] 
(3.8) 

CLLR/V7 = [B] [4V] 

3.1.2. PV-BUSES 

For every PV-BUSES, the Q limit, is fixed an.d each 

violating bus is explicitly converted to PQ? type bus Sc) that. 

the MVAR Output is hold at the I.Amit.ing value. The bus 

remains a PQ type, bus unless at some stage it can be 

reconverted to a. PV bus at original vol. magnitude without 

the violation following logic is used 

If Qca1 > Qmax 	set 	Qr;p =. Qmax 

If Qcal < Qmin 	set 	Qsp = Qmin 

where Qmax and Qi n are the maximum and minimum limiting 

values. 

3.2.0 MODELING OF HVDC LINK 

A two terminal [IVUC transimi_,sion link is incorporated 



which is modelled as follows 

3.2.1 ]:), C. LINK EQUATION 

Refering to the fig. (2.3 ) the following relationship 

can be written between the voltages on the AC and DC sides 

of the converter 

Vdm = Ni Em Cos cm 	... (3.9) 

Sim_i.larily for curreniL in P.U. 

.lm = Ni 1.d 

Ta.l,i.. ng the AC c~.it r ent. u:s a phsc r, .l ex ens t and ignoring 

the resistence of the transformer following equation can be 

derived for the rectifer end (in). 

Id. Vdm = Em lm Cos fin► 

- Vm 19km (Am yin) 	+ Em <q5m [ Am y m + 	(1 -.Am) 	ym ] 	+• 	I m (: 0 	= 	0 

[Em Cos ¢gym + j Em Sin ont] 	[ jBm] + 	Ni. Id 

=[Vm Cos p.m 	4- jVm ;:;in 	pm] [.m ,jBm] 

Ni Id - Em Bin Sin om + I Em Bm Cos ~m 

= jVm Am Bin (_.os .un -- Vm Am Bin Sin 1pm 

Ni Id = Em Bm Sin cpm - 	Vm Am Bm Sinitm 	... 	(3.10) 

0 = Em Cos cm -- Am Vm Cos p.m 

OR in terms of DC voltage 

t) = Vdnn -- Ni Ain Vm Cos t..m 	 ... (3. 11 ) 

w; i.inil,irly for inve rtc-r cnil (ii 
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Vdn = K1 En Cos on 	 ... (3.12) 

Ki Id = -- En Bn Sin on + Vii An Bn 	... (3.13) 

0 = Vdn - K1 An V  Cos'ari 	... (3.14 ) 

The equations relating the direct voltage and currents 

are as follows. 

Vdm = K1 Em Cos am - 1(2 .Km Id. 	 ... (3.15) 

Vdn = Ki En Cos 5n - Ku Xrz :Ick 	 ... (3.16) 

Vdm - Vdn 	Rdc Id 	 ... (3.17) 

Equation (3.9) to (3.17) contains 13 variables which 

are as follows 

Vdrn, Vdn, Em, En, Om, (din, am, 	n, Am, An, I.4J.m, 9n, Id 

To eliminate trigonomnet•rica.!. non linearity and avoid 

over flow:.•. with infeasible operation Cos am and. Cos Sm are 

used as variables instead of am and Fn. 

Four equations or control specifications are required 

to solve the above equations for. 13 variables. These are 

normally the direct current. Id (or the. AC po'wer.), the 

optimum values of they control angles (Cos amin. and Cos 

Sma..x.) and the maximum nominal direct voltage of the 

terminal determining the trarisimmission voltage (normally 

inverter_ end). For optimised DC power flow conditions the 

control angles am and on will be minimum (specified) values 

and the convertor voltage control will be achieved by 

transformer tap variations. However critical operating 

condition may result in one or both converter transformer 

ratio reaching their upper or lower limit.. When one of. the 



transformer reaches a limiting ratio Vdn is freed and when 

both transformation ratios have be.en fully used, Cos mII or 

Cos fm will. be feed, depending whether An or Am is at. its 

top limit. When permanent deviation of control angle are not.  

Permitted Id (or Pd) will be freed instead. 

3.2. 2 DC JACOBIAN MATRIX EQUATION: 

The independent variahi which describe the state of 

the DC link can be obtained in the same manner as the AC 

system variables V & 0 by ap:pi.yirg tewtori-Raphson algorithm 

for solving the non-linear equations. The correction vector 

or increments / X can be obtained from the solution of the, 

DC Jacobian matrix equation 

[R] = [A] [/X] 

Where R are the residuals for the non-linear equation 

(from 3.9 to 3.12) representing the DC link power flow and 

control strategies. These can be: obtained by subsracting the 

R.N.S. 	from [..H.S. of the oquat..lons 	(from 3.9 to 3.17) and 

the control equations and can be given as follows. 

Ri - Vdm - KI Em Cos Oin 

R2 Vdn 	-- EU En Cor. on 

R3 K1 Id - 	Biii (Em Sin 	(Ain 	- Am Vm Sin 

R4 Ri 	Id + 	[3m (En Sin On An Vu Sin 

Vdm - K1 Em Cos am 	' 	K2 Xm 10 

R6 	Vdn - Ri. En Cos n + K2 X.n Id 

R7 Vdm - KI Am. Vm Cos Itun 

R8 = Vd.n - KI An Vn Cos in 

R9 = Vdin - Vdn -Rdc Id 
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R10 = Vdm Id - PdmP 

R11 = Cos"am - Cos am 

R12 Cosmn 

R13 = Vdnap 	- Vdn 

A 	is the matrix of the 	first order differentials 

(- RR)/Xi for 	K, 	i 	:1,...... 	n. 

The first 	nine 	equations 	for Ri  R 	,,..... RO are 

obtained for 	the 	system 	equation 	(3. 9 ) 	to ( 9.17) 	and 	the 

last, four cuuation for Pao 	Ra3 	are the control equations 

3.3 INTEGRATED AC/DC JACOBIAN MATRIX 

Taking into 	account 	the 	interdependence of active and 

reactive power residuals of AC system and DC link variables 

and 	also between 	R and AC system variables. The AC system 

and 	DC link Jacobian matrix can be conibi..ned. This may lead 

to the simultaneous solution of the integrated system. 

With the 	Newton Raphosa method, the combined Jacobian 

for integrated system can be given as 

U 	N 	1) . 

A Q J 	L 	E AV/V  

R B 	C 	A K 

The submatrices H, N,J and L have the same structure 

and values as in AC system except for the diagonal elements 

associated with the bus bars to which the DC link is.  

connected. The sub matrices B, C, D and F are highly sparse. 

Consist of mainly zero eicment.s except for a. few elements 

associated with the rectifier and inverter AC bus bar. By 

taking into account the decoupling bet.weenP & Q. We have N 

&. J 	LO] and. for the DC system equation F 	I 0] . The active 
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and reactive power mismatches, at bus bars connected to DC 

link are influenced by DC link variables. Therefore the / X 

is to be evaluated for every iteration alongwith /\P and  LQ 

as follows. if we take it only with /\c as follows 

& Q 
	

0 L E 	A 

R LB C A 

x 

	

H () I) 	L 0 

AV/V 

AX 

Then the solution will take longer time to converge 

because X is updated alongwith Z\Q only. 

3-3.1 	From the above consideration the Integrated 

Jacobian 	can be represented into two decoupled matrix 

equations . i. e. /\F, R combination and ZQ , R combination as 

follows. 

Zero 
Q.k/Vk 	 B 	 .E:1cnieritz 	, Vk 

QM/VM 	 VM 
Qn/Vn 	 :13 	AA" 	 Vn 

Zero 
ElomeritsBB' 

A 	 Ax 
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AQ/V - ~..i3C 	LSV 	 (3.21) 
R 	QX 

In this the matrix B" is same as for AC system alone. 

i. e. constant and symmetrical in value and position except 

for diagonal elements associated with the rectifier and 

inverter bus bars. Sub matrices A and .AA" are non symmetric 

and their elements vary at every it.eratiorn, All these 

matrices are highly sparse. The value of those matrices is 

given in appendix,. 	. 

3.3.2: The /.\ P and R combined Jacob.ian can be given as 

LP 	B' 0 DL)' 	OEC 

R 	BU' C(; A. 	Q v 

Q X 

The real power at a bus bar connected to a converter 

ter.mina.l (m) can be given by 

Pm = Pm (ac) + Pm (do) 

Though variables in equation. (3.-21) are considered p rt, 

of DC link model, the power Fm (DC) flows across the 

transformer on the AC side of the converter. Elence its 

derivative and can be ignored in the same manner as 

6 Pm(ac)/Vm 
-_ -------- - - - - 0 (:Due to decoupling pri:nciple ) 

6Vm 

The dependerica of R on AC bus bar voltages is already 
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incorporated 	in 	equation (3. 20) and need not to be 

duplicated and then sub matrices CC becomes zero. Since B 

does not depend on 0 therefore the- sub matrices 138' is a 

square matrix of zero elements. Thus the equation (3. 21) 

transform to the following equation. 

Pk/ V k 

Pm/Vm 
Pn/Vn 

B 

Zero 
13' 	elements 	Ok 

Om 
On 

Zero 
eleznonts 	A 	X 

The matrices DD' and A are non symetric and their 

elements vary at each iterations. The suhmatri.ces B' as same 

as for AC system in absence of DC link I . e. constant. and 

symmetrical in value and position. 

One DC link is represented by 13 variables and solution 

require 4 control equation or control speeificaton which. 

are as follows 

(a) Constant. Voltage Control Mode 

V  =Vd 

Co6n = Cos bII 

or Se Cos cm = Cos am 

(b) Constant Current Control Mode 
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Id 	Id 

(c) Constant Power Control Node 

'Ed = Pd 

These are chossen depending upon the control s trwt.iges 

adopted 

3.4 REACTIVE POWER REQUIREMENT 

The reactive power requirement of the converter is very 

high and has bearing on the cost of the terminal The 

reactive p.wer requirment can he optimised by adopting the 

suitable control stretegies. 

The reactive power can be given by 

Q.iPiTan(aiori) 

Thus to keep the reactive power requirment at minimum 

the converters are operated at nünmnrn specifed value of a or 

6. When operating on constant current, the reactive power 

demand at low powers can he very high. However such 

condition is prevented in HVL)C conve rters by the addition of 

the on-load transformer tap changes. Which try reduce the 

steady state control angle (or extinction angle) to the 

minmum specified value. Typical variation of reactive power 

demand vs. active power for an HVDC converter is shown in 

fig. below. 

II,IIL1II 

LAW 
UM 

The reactive, power demand is approximately 60% of the 
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:pow'r transmitted at full load. Thus by keeping a and 6 at 

minimum and optimising the tap position the reactive power 

demand can be optimised. 

-.........0 



o 
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CHAPTER IV 

ALGORITHM, FLOWCHART AND COMPUTER PROGRAMMING 

In this chapter algorithm, flowchart and computer 

programming for load flow method of integrated AC/DC system 

have been explained. The computer program for the method is 

given. in Appendix. 

4.1 ALGORITHM AND FLOW CHART 

The flow chart is based upon equations (3-9) to 

(3-24). The significant steps are as follows. 

( i.) 	The matrix [BP] and [BQ] are formed using equation 

(3-9) to (3-24). 

(ii) Assume the bus voltages except PV buses and angles for 

all buses except slack bus where it is specified. 

(iii) Set the iteration count to 1. 

(iv) The real and reactive powers are calcuated using 

equations (2-8) and (2-9). 

(v) Reactive power limit for the PV buses is•checked and 

if reactive power at any bus exceeds the limit then 

fix spcified power at the limit and the bus is 

converted to load bus. 

(vi) Then the difference of scheduled and calculated 

reactive power using equation (Qsch - Qcal) for all 

load buses is calcuated and D.0 residuals is 

calculated using equations R1. 'to R13 (given in chapter 

III) 

(vii) The inverse of matrix [BQ] is obtained and the 
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correction values for Vol Cages and D. C variable is 

obtained by multipyling [BQ]--1 with the mismatch 

[ Q/V ] 

(viii) The new values of voltage and D.0 link variables is 

calulated by adding the correction value to their 

previous values. 

(ix) After geting the new values, the real power is 

calculated and then the real power mismatch for all 

buses except seack bus alongwith D.C. variables is 

being calculated. 

(x) Then the inverse of matrix [DP] is calculated and 

t;hern the correction v aluro for ngI.e E) ,land .D. C link 

variable is obtained by multiplying [BP] ---1 with the 

mismatch [ Q Ply]. 

(xi) The new values of © and D.0 link variables are being 

calculated by adding the correction values to their 

previous values. 

(xii) Test for convergence is to check the value of power 

mismatch alongwith value of D.C. residuals against 

the given tolrances. 

(xiii) If the covergence is obtained and D.C. feasible 

soulution is obtained then the line-flow bus powers 

are calculated. If the convergence is not obtained 

then increase the iteration count and go to step III. 

The 'flow chart is given in 	fig. (AP?cNo~j 
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4.2 COMPUTER PROGRAMMING 

The large scale programs incorporate many automatic 

features to facilitate their use in power system planning 

operation and inter connection studies. The principle 

objectives of these are to make max. use of the computer's 

capability and to minimise the manual operation required for 

specifying and maintaining system data for the initial and 

subsequent load flow cases. 

The complete computer programming for Fast Decoupled 

Load Flow for Integrated HVDC/AC system load flow are given 

in Appenidx 	[ Di ]. Various important points in the 

programming are as follows. 

4.2.1 	Input Data 

The input program facilitates to read into the computer 

the power system data for flow calculation. This data is 

converted for proper computer representation. The data is 

assembled and read as follows 

(i) NB.. = no. of buses 

MB = no. of PV Buses including slack bus 

NL = no. of lines 

NT = no. of transformers 

NBCAP = No. of buses at which capacitor is 

connected 

(ii) LINE = line number 

SB = starting bus for the line 
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EB ending bus for the line 

NBC bus no. to which the capacitor is connected 

(iii) R 	= line resistance in p.u. 

X 	DC link variables in p.u. 

XA 	line reactance in p.u. 

Rdc = DC line resistence in p.u. 

YST 	line charging susceptance in p.u. 

TR = Off nominal turns'ratio of the transformer 

corresponding to line no., starting bus, 

ending bus 

Ycap 

	

	Admittance of the,  capacitor connect to a 

bus 

(iv) V = Bus Voltage 

8 	Bus angle 

PG = Active or real power generated 

QG reactive power generated 

PL = Active power (load) 

QL Reactive power (load or absorbed) 

QA = Max. reactive power limit at PV bus 

QB Min. reactive power limit at PV bus 

ALPHMS = 	specified 

DELTNS = 	specified 

VDNS 	= specified DC voltage at inverter end 

EPSV = tolerance for reactive power mismatch 

ESPTH tolerance for active. power mismatch 

PDMS specified DC power 



4.2.2 ASSEMBLY OF DATA 

The data are assembled 	in the following mariner for 

convenience. 

(i)  The bus no. 	1 is taken as slack bus 

(ii)  All •P.V. buses are taken serially, 	starting with 

slack bus and data are arranged accordingly. 

(iii) The last two buses are those to which DC link is 

conected i.e. 	last but one becomes rectifier end 

and last bus becomes inverter end. 

4.2.3 FORMULATION OF ADMITTENCE BUS 

The formulation of y bus (for AC) is included in the 

main program. 

4.2.4 INTEGRATED AC/DC LOAD FLOW PROGRAM : 

The program is based upon Fast Decoupled Load Flow 

Method. Following routines are used in the program 

1. SUBROUTINE POWER . 

In this subroutine the real and reactive power at buses 

are being calculated. 

2. SUBROUTINE MULT : 

The correction vector is obtained by multiplying the 

inverse of Jacobian matrix with the vector [ P/V] or 

[ Q/V]• 

3. SUBROUTINE MAX. 

In this subroutine the max. value of the (DPV or DQV 

and R) is obtained. 
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4. SUBROUTINE YBPP : 

The combiried AC/.DC Jacobian matrix [DP] corresponding 

to active power and residuals is calculated. 

5. SUBROUTINE YBQQ 

The combined AC/DC Jacobian matrix [BQ] corresponding 

to reactive power and residuals is obtained. 

6. SUBROUTINE RES 

I.n this subroutine, the DC residuals have been 

calculated. 

7. SUBROUTINE DLDPV 

In. this subroutine the difference in real power along 

with DC residuals vector [La P/V] is obtained. 

8. SUBROUTINE DEVIDP 

The correction in angles (DTH) is seperated from the 

correction in DC variables (DX). 

9. SUBROUTINE ADDTH : 

Ire this subroutine the correction (DTH) and (DX) are 

added to previous values to get new values of angles 

and DC variables. 

10. SUBROUTINE DLDQV 

The difference in reactor power along with DC residuals 

vector [AQ/V] is being calcualted in this subroutine. 

11. SUBROUTINE ADDV 

Ire this subroutine the the correction (DV) and (DX) are 

added to the previous values of voltages and DC 

variables to get new values for them. 
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12. SUBROUTINE MINV 

In this subroutine the inverse of Jacobian matrix is 

obtained. The Gauss-Jordan Method with partial pivoting 

has been used for matrix inversion. 

13. SUBROUTINE ARRAY : 

This subroutine is used for converting the double array 

to single and vice-versa. It is required alongwith the 

inverse subroutine. 

14. SUBROUTINE LINPOW : 

In this subroutine line power flows are being 

calculated. 

4.3 VALIDATION OF THE TEST PROGRAM: 

The program for Fast Decoupled Load Flow for AC system 

was developed first and tested on six bus system [10], 14 

bus system [12], (IEEE standard system) and NTPC system. The 

program was further modified for intergrated AC/DC system 

and study were carried out on AEP 14 [12] bus system [12] by 

replacing one line by DC link. 

OUTPUT DATA 

The output is obtained as follows 

(i) 	PLN = line power active between buses in one 

direction (1 -- 2) 



(ii) 	QLN = line power (reactive) between the buses in 

reverse direction (2 -> 1) active and 

reactive power at bus 

(iii) P,Q = voltage and angle at a bus 

(iv) V,O = voltage and angle at a bus. 



II 

I. 

La 



CIiA TER-V 

DATA, STUDY RESULTS & CONCLUSION: 

DATA: The data for AEP-14 Bus system and NTPC system are 

given in Appendix I from table no. ( &• 	) to (5•x•) , 

STUDY RESULTS: 

On the developed program, study for AEP system and 

NTPC system as shown in fig (52•) &. (5•'3) were carried 

out. 

The AEP system has the operating point given in 

Appendix I.The results for AEP system given in table 

no , (AZ- 2,) and shown in fig no . ( 5.2 A) are varified with the 

results given in ref no (Li) and are reproduced in table no. 

(.i). This, validates the program. 

The NTPC system includes a Bipolar HVDC line carring 

1500 MW power at ± 500 KV to Delhi region from Riha:nd super 

thermal power region. 

The case studies carried out for NTPC system include. 

(i) At Nominal firing arigles(a =15 & 617 ) as indicated 

in the data. 

(ii) At firing angles (a = 8 &. 6 = 21) 

The results of converged load flow results for NTPC 

system as given in table no. ( R-3) &. ( Ft-L) and in fig no. 

( 	 ) & (5'3"3J closely agree with -the available results of 

system studies with NTPC which are shown in fig no. (S•3•1.) 

The number of iterations required with flat start for 

voltage and bus angles for AEP system and NTPC system were 8 

O 	p & 6 respective1 . .. ~.r,2.. ~h~ `., . ~ T+ ► 1{ ~ °~, w 	*rpt 



CONCLUSION 

The developed program has worked well and the results 

obtained are on expeted lines. The reactive power at the AC 

bus of the rectifier end of HVDC link has been reduced by 

reducing the firing angle. The diffrence in active power 

between the rectifier and inverter end is slightly small' 

thOn given in NTPC results. Apperently this is due to the 

value of DC line resistence. 

SCOPE OF FUTURE WORK 

The present program could easily he modified to 

follow the algorithm proposed by R.M.Mathur (14) and may 

prove to be useful for large sustem studies. This program 

could also be modified further for multiple HVDC lines or 

multiterminal HVDC schemes. 



AEP-14 BUS SYSTEM 
----------------- 

GIVEN RESULTS 
------------- 

---------------------------------------- 
BUS NO. 	VOLT 	 THETA 

---------------------------------------- 

1 1.060 .000 

2 1.045 "~5.020 

3 1.010 -12.700 

4 1'080 -14.280 

5 1.070 -I4.200 

6 1.050 -15.300 

7 1.030  -14.300 

8 1'050 -16'400 

9 1.070 -15.500 

10 1.070 -15.600 

11 1.060 --15.100 

12 1'060 -15.100 

13 1.030 -8.740 

14 1'000 -1I.200 

DC PARAMETER 
------------- 

FIRING ANGLES 

TURNS RATIO 

DC VOLTAGE 

DC CURRENT 

DC POWER 

Am °15Ao 	«f 

Vdm1.286, \7dri~1'284 

Id .45G 

E`dnu~.D0S, Pdzz~'5O8 



AEP-'U ]BUS MEM  

TEST RESULTS 

BUS NO. VOLT THETA 

I 1.0600 .0000 

2 1.0450 -5.0143 

3 1.0100 '-12.5786 

4 1.0900 -14.3077 

5 1.0700 -14.2855 

6 1.0545 .-15.3385 

7 1.0915 -14.3077 

8 1.0535 -16.5657 

9 1.0842 -1.5.7842 

10 1.0743 -15.8142 

11 1.0687 -15.2059 

12 1.0574 -15.1722 

13 1.0348 -8.8655 

14 1.0845 -11.5628 

L'I 

FIRING ANGLES a = =  

DC VOLTAGE 	: Vdm =1.286, Vdm=1.284 

DC CURRENT Id =461 

REACTIVE POWER: Qdm =.155, Qdn=.202 

DC POWER Pdm =.599, Pdr,=.598 

TURNS RATIO Am .950, An =.925 



NTPC SYSTEM:CASE I 

TEST RESULTS 

BUS NO. 	VOLT THETA 

1 1.0540 -13.6937 

2 1.0240 26.9976 

3 1.0240 22.7988 

4 1.0580 -22.7515 

5 1.0520 28,3214 

6 1.19f0 -7.9103 

7 1.0520 -1,6649 

8 1.0426 8.0827 

9 1.0206 21.0659 

10 1.0022 17.2630 

11 1.0589 -.4711 

DC PARAMETER 

FIRING ANGLES 	i7 

DC VOLTAGE :Vdn=1.173 	Vdmz1.191 

DC CURRENT : 	Id=3.30 

TURNS RATIO Am1.105 	An=.877 

REACTIVE POWER: 	Qdm11.94)  Qd.n=5.87 

DC POWER : 	Pdm=15.70, 	Pdn15.44 

TABLE NO.( (2,-3 	) 



NTPC SYSTEM: CASE II 

TEST RESULTS 

BUS NO, VOLT THETA 

1 1.0540 -13.6937 

2 1.0240 27.1791 

3 1.0240 22.9696 

4 1.0580 -22.8324 

5 1.0520 28.5058 

6 1.1910 -7.7191 

7 1.0445 -1.7381 

8 1.0414 8.3029 

9 1,0226 21.2594 

10 1.0077 17.4639 

11. 1.0503 - .3163 

DC PARAMETER: 

FIRING ANGLE 	: o 	8 21 

DC VOLTAGE 	: Vdm= 	1.192, Vdn= 1.173 

DC CURRENT 	: Id= 	3.30 

TURNS RATIO 	: Am= 	1.066, An= .901 

REACTIVE POWER: Qdm= 	10.98, Qdn= 6.71 

DC POWER 	: Pdm= 	15.70, Pdn= 15.43 

TABLE NO. 
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APPENDIX 

DC SYSTEM DATA: 

EP-14 BUS SYSTEM 

1.on\ret.or inverter 

Transformer reactances p. u. Cl. 126 0. (17275 

4o, 	of tap positions 27 19 

Regulation range % ± 	15 ± 	15 

Communication reactance 0-126 0,07275 

DC link power setting 0-586 - 

Minimum delay angle am 7 

Minimum extinction angle 6n 1.0 

DC link 'voltage- - 1,284 

Resistance of DC line 0.00334 

NTPC SYSTEM 

Nominal Power Rating lbOO MW 

Nominal DC Voltage 4.: 	hOO 	KV 

Nominal Current : 	1568 	A. 

Nominal. DC resistance 10.76 Q 

Nominal firing angle a 15° 

Nominal extinction. angle 6 

Converter transformer rating 

Rihand Station 945 MVA 
Delhi Station 915 HVA 

Commutating reactance 

Rl1'ind Station 	: 18.8%, 
Delhi Station 18.2% 

No. 	of series F 	pulse bridges 2 

Electrical line resistance = 	0.51 	Q 
Ground Electrode rcsis't.uicc 0 	1 Q 



Nominal turns ratios 

Rihand Station : 400/213 

	

Delhi St.ttio,n 	400/206.  

No, of taps on primary +14 &. -10 for both Rihand &. 

Delhi. 

Tap Size 	1.25% 

Nominal AC Voltage at both sides = 400 KV 



68 	1  

NT PC : 	ST EI 

LINE' DATA 

LINE' NO. 513 EB t L,  X Y.Y1 

1 11 1 .001.80 .01800 .00000 

2 11 7 .00120 .01.220 24240 

3 11 7 . 01070 . 00000 

4 1 .1 2 002110 . 071340 0000 

00000 .4!5800 . 00000 

6 10 9 00070 . 001310 22830 

7 10 8 007 90 . 091 50 2 . S 6000 

6 10 3 .00000 .01100 .00000 

9 9 5 . 00050 .01.040 .00000 

10 9 8 . 00203 . 03,1610  . 00000 

11 9 2 .00000 .02400 .00000 

12 8 6 . 009 30 . 07 500 . 00000 

1.3 8 7 . 00346 . 06,770 00000 

:1.4 7 4 .00560 .05260 .00000 

TABLE NO. ( 



@TI'U SYSTEM 
----------- . 

BUS NO. V 
__--_------_-__-_----_---_-----_---_-____-__------ 

----_-----_____-_----_-----------------__----_--_- 
T[{ Q Q MIN 

1. 1.05400 -.Z39N0 2. 210O -1.00000 

2 1.03400 .00000 3.25000 -1.00000 

3 1.02400 .00000 2.25000 -1'00000 

4 1.05800 .00000 3C9.00000 -1.00000 

5 1.05200 .000a0 30.00000 - l.00000 

6 1.18100 .00000 30.00000 -1.00000 

7 l.00000 .00000 .0~0(40 . 00000 

8 1.00000 '00000 .00000 .0000Q 

 9 1.00000 . 00000 .00000 .00000 

1.00000 ~0 

 

.00000 ~~000 ~0000 

11 1.00000 .00000 .00000 .00000 

'[A8[8 NO. ( 	) 



7.0 

NTPC SYSTEM 

BU DATA 

BUS NO. PG QG PL Qb 

1 . .0000 .0000 .0000  

2 4.5000 .0000 .0000 .0000 

3 9.0000 .0000 .0000 .0000 

4 -7,3000 •.0000 .0000 .0000 

5 13. 2000 .0000 . 0000 .0000 

6 -4.1000 .0000 .0000 .0000 

7 .0000 . 0000 .0000 . 0000 

.0000 .0000 .0000 .7200 

9 .0000 .0000 .0000 .0000 

10 .0000 4.0000 .0000 .7200 

1.1. .0000 4.0000 .0000 4.2700 

TABLE NO. ( ) 



71 
AEP-1.4 J31J3 SYSTEM 

LINE DATA 

LINE NO. SB 	EB R X YST 

1 1 2 .01930 .05910 .05280 

2 1 13 .05400 .22300 .04920 

3 2 3 .04690 .19790 .04350 

4 2 14 .05810 .17630 .03740. 

5 2 .13 .05690 .17380 .03400 

6 3 14 .06700 .17100 .03460 

7 6 8 . 1.7090 . 34800 .00000 

8 14 7 00000 . 2091 0 00000 

9 14 9 .00000 . 15610 .00000 

10 13 5 .00000. . 25200 .00000 

11 5 11 .09490 . 19590 .00000 

12 5 12 .12290 .25580 .00000 

13 5 6 .0861.0 .1.3020 .00000 

1.4 7 4 .00000 .17610 .00000 

15 7 .  . 	.00000 .11.000 .00000 

1.6 9 10 .02180 .08450 .00000 

17 9 8 ,i.2710 . 27030 .00000 

18 10 ii .08200 .19200 .00000 

19 12 6 .22090 . 	.19980 .00000 

TABLE NO. ( S•L t) 
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AEP-14 BUS SYSTEM 

BUS DATA 

BUS NO. V TH 

1 1 .06000 .00000 

2 1.04500 .00000 

3 1.0.1000 .00000 

4 1.09000 .00000 

5 1.07000 .00000 

6 1.00000 .00000 

7 1.00000  . 00000 

8 1.00000  . 00000 

9 1.00000 .00000 

10 1- 00000 . 00000 

11 1 . 00000 . 00000 

12 1.00000  . 00000 

13 10.00000 .00000 

14 1.00000  . 00000 

TABLE NO. ( S1.2  ) 
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AEP-14 BUS SYSTEM 

GENERATION & LOAD DATA 

BUS NO, PG QG .PL QL 

1 2.3200 -- .1700 .0000 .0000 

2 . 4000 . 4200 2170 .1.2.70 

3 .0000 -.2340 .9420 .1900 

4 .0000 . 1740 .0000 .0000 

5 .0000 -.1224 .1120 .0750 

6 .0000 .0000 .1.350 .0580 

7 .0000 .0000 .0000 .0000 

8 .0000 .0000 .1490 .0500 

9 '.0000 . 0000 . 2950 . 1660 

10 .0000 .0000 .0900 .0580 

11. .0000 .0000 .0350 .0180 

12 . 	.0000 .0000 .061.0 .0160 

.13 .0000 .0000 .0760 .01.60 

14 .0000 .0000 4780 .0390 

TABLE NO.( 	5.3) 
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rt 

Read system data and control data 

Read d.c. link data 

Form Bus admittance matrix. 

Assume initial values of Bus voltage 

Vk for K= I.......n,nAS,n~PVBus. 

Angle ®k for K=I ......n, n'S 

PV Bus & slack Bus voltage is specified 

Set iteration count KN = 

Calculate reactive power 

Q for K =l.......n, K#S 

B 	 i 	 ~C 
heckfo 

eactive power limit a 
PV Bus 

If Qcal)Qmaket Qsp =9max 
4QcalQmin: set  

Calculate reactive power mismatch 
alongwith d.c. residuals 

(AQK/V) for K =I.... ,.n,K4S 
Kid PV Bus 
Rk for K=I,I3 

I0 

(Contd.) 
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ICalculate max.valueof (Qck/V) & R 	I 

Solve for OV & QX & updateVand X. 

Calculate active power PK for K=I.... n 
n S 

Calculate active power mismatch along 
with D.C. residuals 
(OFk/V), K=I.....n, KSS 

RK 	,K=1,13 

Calculate max.value of (AP/V) & R 
KN='KN+) 

4 	 est 
olve for.AQ & 	 or covergenc 	Yes No 	maxlAP/VI LCP 
iX & upto X& Q 	 maxlDQ/Vl LCQ 

axlRl LCR 

C 

KN=KN+l 

fessible 
soli. n 

No f.i iui iya 

control 
eauotions 

Print 

Stop 

.OW CHART FOR LOAD FLOW OF INTEGRATED A.C./ D.C. SYSTEM: 

AQP 9 N Di x, :ii 
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1, 	FURMAr(2J~. 'B~!S 3A~/A'/~ 

1/) 
x(I)Y3T(),i1 

~~ 	[UHMAT(71Q,l5,~X,l3`2X,I3,5X,3~10.5/) 
~4~lTF(2,14) 

`~ 	i URMAT(T 0 'BLS HO ' 7X ~PG' 7X 'OG' 6X 'F'L ' ~~ '~  , 	, 	, 	, 	, 	, 	, 	~L, 
:Ti" 	(j IN(T 	PG(I)Q(I),PL(I),OL(I) ` I=|,NQ) -UkM (T10,I5;X,4F8.4/) 

WRITE(2,16~ 
FU}\MAT(T12,'BU3 	9X,'V'9X, |!!' ` /X,'~ MT1X~5X,'O MEN'/) 
WRIT 	17) 	l4E<I),V(1),[1(I),QA(I),QB(I> ^ I=1,!~B) 

.1/ 	FO(' 	112,I5,5X,4F1Z.5/) 
D~ 10 I=2,yJ8 
/`|(J>`'PU(l) ['L(~) 

QL(I) 
1~  

l=2,NB  
! 2(l>=P1(I) 

1NUE 
P1' 

(2^21) (f:.'- (I)  
~Rl~E(2,*)'Q1' 

18) (Q1(I),I=2,N~) 
1G 	FUR;'AT(2X,10F8.3) 

20 I=1 ,NL 
2~ 	R1(I}=RB(I) 

DU]0 I=1.NL.. 
SERZ(I)=CMPLX(R1(I),XA(I)) 
YSHT(l) 	X(  Vi, 0,YST(I)) 

J0 	C~N[lNUE 
DO 40 J=i,NB 
DU 40 K=i,NB 
Y(J,K)=CMPLX(0.0,0.0) 

40 	CONTlNUE 
~~ 	1,NL 
~G~Y(:.>~1.0/3ERZ(I) 
..~S1/( .) 

(I..1)—FY(I)/TR(l) 
Y 	)=Y(II,)—SERY(I)/~R<I) 
Lbk|iNU~ 
1l 

	

	 8O TO 160 
l=.,NBCAP 

(J:C(),NBC(^)~=Y(NDC(I),NBC(I>)+YCAP(I> 
60 	Cci\TIWi~~ 

UU /0 1.1 'Ii:: 
8O 

 
it J=1,NB 

/^ 	 i,J)='A1MAL(•I(1,J)) 

W}(l7L(*,»)'FLED Wb. Q 	I7ERATIONS' 
!iLAL)(*,«)(NI 
0J 	KK.l,KN 

II'.NH 
~~M=X(7) -X c.3) 
WN=X(8)—X(4) 
Vp/~~(10) 



rv~Y(:.1> 
'/1 	.::l 1 6 

~~ 90 J=1,Nli 

6 I=2,NB 
|`L(l)=P2(I) 
U1(l)=Q2(I) 
CUNTINUE 
CALL 	FL: WER(|`U,Y,~,TH,NB) 
~mdc=((-X (X~:i2)*X(1 	 ) 	: 
Undc=((-X(:3)*X( .3>*BM*V VN)+(X(13)«X(2)*BN*VN*COS(WN)>)«q.~ 
WRIT[(2,*)'Qmdc,Qndc' 
WRI!E(2,27: 	,Qndc 
Q1(i0)=Q 	(10)-Qmdc 
Q1<11)=U1(11)+(..'ndc 
WRllE(2,*)'Q1 	MOD' 

1F 	2) 	(Q1(I),I=2,NB) 
WRITE(2,*)'Q' 
WRITE(2,22) 	(Q(I),I=2,NB> 

22 FOHMAT(2X,7F10.4> 
DO 	110 	I=1,NB 

1ltli Q1L(I)=Q1(l) 
MBB=MB 
KK3=K3 
DO 120 L=1 ,MB 
DO 120 M=1,MB 

120 BUS(L,M)=0.0 
NBEGIN=~ 

C -------------------------- 
NEND=1 

DO 80 I=2,MB 
M=MB-I+2 
IF(Q(M)-QA (ND -0.00001) 200,200,100 

2~W IF(Q(M)-QB(  ii: +0.00001) 300,123,123 
1~0 Q1L(M)=QA(M) 

IF(NBEG IN, EQ.NEND) 	GO TO 81 
Q1M=Q1L(M) 
Q2M=Q'(M) 
VIM=V(M) 
STR=3TORE(NDEGIN) 
51L(M)=Q1L(STR) 
Q(M)=Q(STR) 
V CM) =V(STk) 
Bus (M,STR)=1 
Q1L(S1R)=Q1M 

(13'R :i 
V(STR)=VIM 
GO TO 101 
Q1L(M)=QB(M) 
IF(NBEGIN.EQ.NEND) 	GO TO 81 
Q1M=Q1L(M) 
Q2M=Q(M) 
VIM=)CM) 
STR=GTORE(N8EGIN) 
Q1L(M)=Q1L(SlR) 
Q(M)=Q(STR) 
V(M) :Ci (STR) 
B(.JS CII. STR)=1 
Q1L(STR)=Q1/4 
Q(Clk)=Q2M 
V(S[k)=~IM 

1 	:s1 UU 	130 J=l,ND 



JLH1U .... ~L(M,J) 
~.1L(K,J)=~L(SlH,J) 

~J~ 	l'L(U1R,J)=~LMlD 
DU 140 K=1,NB 
BL11iL)=DL(F::,F1) 
BL(K,M)=BL(K `STR) 

14ui 	)ZL(K,STR>=3LMID 
NBEGIN=NBEGIN+1 
M8B~MBB-1 
KK3=KK3+1 

1~3 	STORE(NEND>=M 
NEND=NEND+1 
GO TO 125 

~l 	MBB=MBB-1  
KK3=KK3+1 

125 	lF(I.EQ.MB.AND.MBB.Eu.MB) GU TO 201 
80 	CONTINUE 
C ----'-------'------------- 

DO 150 KI=1,KK3 
DO 150 KJ=1,KK3 

.150 	BCL. (KI,KJ)=BL(KI+MBB,KJ+MBB) 
23 	FOHMAT (ix ,9F8.4) 

CALL ~ELPOQ(Q1L,Q,V,DUV~,KK3,MDB> 
MODE=2 
CALL AKRAY (MODE,K|(3,KK3,N}|, III ,S1,BQL) 
CALL HINV (S1,KK3,DD, L. 

MODE=1 
(:;ALL ARRAY (MODE,KK3,,NH,MH,S1, ,QL}NV> 
CALL MULT (DV,BQLINV,DQVN,KK3> 
CALL MAX (DQVN,DQMAX,KK3) 
CALL ADDVM (V,DV,KK3,MBB> 
DO 151 M=1,Ni. 
DO 	151 	1...:l. 91L 
IF(BUS(M,L).NE.1) GD lU 151 
VMID=V(1'> 
V(M)=V(L) 
V(L)=VMID 

1 1 	CONTINUE 
S 	CALL FOWER (P,Q`Y,V,T|~,N8) 

GO TO 202 
~~91 	 X BEFORE K~~U' 

WRITE(2,41)(X(IK) ` IK=] ` ~.i) 
CALL K[S (R,X,K1 ,K2,VM`VN,HDC,VDNS`A! PMS,VF!'~NS,PDM~, 

~ BH `BN,KM,&N) 
CALL DLDUV (DOV,U1U ' 4v) `1 3 KMB) 
CALL \( i! 	(BUQBX,KJ~K4K5M1 NB 1MBNWM,WNK1,K2, 

1 VM,VN,XM,XN,HDC> 
MODE=2 
CALL ARHA/ (MDDEK5K5,NH,MHS2,BQQ> 
CALL MlNV(S2,KG,D,LL1 ,MM. 
MODE=~ 
CAL( RR0Y 	,K5,K~jNH,MH,S2,BQINV> 

~UL[ (`)QX : BQINV,DQV,K5) 
CALL MAX (DUV,UOVMAXK5) 
CALL iii'VISU (:)VDX 'DQXK3) 
C0'L !DLV (V,X,DV,DX,K3,MD) 
IF X(12).GF 1'1 	X(13)1.:175 
[F (~ (1 2) .S 	875) X (12)=0.R75 
F(X(13)'UF' 1 .175) X(13)=l,175 

IF  



. 	j' H-^ (I.W~ 
`, 	.. 	`•1 	|~ 
Fm,~~'.Z«(•X(12 	(:X 	 'X(3))) 

(X 	 •X(4>)~ 

L:(2 ' 2/)Pmdr,Fn./c 
(1V.>^71(1()~P/^d~ 
~I)=P1(1l)+PnJ~ 

~ALL 	1 OJiH(P,Q,Y,V,TH,N8> 
R|~~ 	(RX,:.t  

1 b~,B~ ` @1,XN) 
CAL 	DLDpV 	( DPV,P1 ,P,V,R,N1 ) 
WHl|~(2,*) 'Di:.v 
Wi:I:2(2,28) 	(DPV(I) ` I=1, 	) 

lu FURMA[(2X,9F8.3) 
C~LL ~AX 	(DPV,DPVMAX,N3) 

ALL 	v~PP 	(8PP,B,X,K4 ,MJ,N8 ,BM,DN,WM,WN,K1 ,K2 ,VM,V~,XM,XN,R3C) 
ODE=2 

(MODE.,N3,N3,NH,MH,S3,~PP) 
~ALL ~INV 	(S3,N3,D1,LL2,MM2) 
~]1 

ARRAY 	(MODE,N3,N3,~H,MH,S3,8PINV> 
[ALL MULT 	(DPX,BPINV,DPV,N3) 
CALL DEVIDP 	(DTH,DX,DPX,N1)  
CALL ADDTH 	(THXDTH~X q 41) 
lF(X(12).GE.1.175) 	X(12)1.1/5 
lF(X(12).LE.0.(375) 	X(12)=0.875 
IF(~(13).GE.1.175) 	X(13)=1.17~ 
lF(X(13).LE.0.875) 	X(13)=0.(75 
WRITE(2*) 
WRITE(2,41)(TH(IK),IK=1,N1) 
WRIT~(2 ;*)'X' 
WRITE(2,41)(X(I(),IK=1,13) 
WRITE(2~*)'V AT THE END UF~ 	ITFRA~ION' 
WHITE (2,41) ()(IK),IK=1,NB) 
IF(<ABS(DQVMAX).LE.EPSV).AND.(ABS(DPVMAX).L!.EPSTH)) Tu 	iv~ 
IKK=KK 

500 CONTINUE 

400 WRITE(2,32) 
J2 FORMAT(9X,'NO. 	OF 	ITERATION') 

WRITE:(2,*) 	IKl< 
PI=4~AiAN(1.0) 
DO 	152 I=1,NB 
THE~A(T>=(TH(I)*180.0)/PI 

1 CONTlNUE 
CALL 	POW[R(P,Q,Y,V,T|~NB) 
WRIT~(2, 	) 
FORMAl(27X,'TLST  
WRITE<2 ` 34) 
FORMA!([10,'BUS 	NO,' `5X,'V,7X, iNX ^ 'P'~X'Q'/) 

V([)T|FTA(l)P()Q(])I=1NB) 
~|'~ FORMAT(|1m,l4,3X ^ F10.4,?X,F10.4 `~X,2F1~.4//) 

WRITE(2 ` »)'X' 
(l)l=11> 

`rL 7 	/[1N.4) 
CALL 	 iWP]t4 	<PLN,U!'N,F'|NR,0NR`Y,YEl,V,ly,~\  
WRITE(2 ` ~/) 

J~ F[~~MAl(27X, 	 /) 
WRlTC(~` 	~E> , 

NF 	!~~ 	',5X,'F'|J' `7 .'Q} 	/K ~!~y~',~~,'~l~}~'|~/) 



i ) 	I 

I/ 
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SURROUTINE POWER(P,Q,Y,V,TH,NB) 
DIMENSION P(30),V(30),TH(30),Y(30,30),Q(30> 

10 

DIMENSION VC(30),VS(30) 
COMPLFX S,SUM,VC,VS,Y 
DO 10 I=1,NB 
VC(I)=CMPLX(V(J)*COS(TH(I)> 
VS(I)=CMPLX(V(I)*COS(TH(I)) 
CONTINUE 
DO 20 I=2,ND. 
SUM=CMPLX(0.0,0.0) 
DO 30 J=1,NB 
SUM=SUM+VC(I>*VS(J)*Y(I,J> 
CONTINUE 
P(I)=REAL(SUM) 
Q(I)=-AIMAG(SUM) 
CONTINUE 
RETURN 
END 

,-V(I>*SIN(TH(I))) 
,V(I)*SIN(TH(I))) 



SUBROUTINE MU \T  (CC`BB,AA,NN) 
DIMENSION AA(30),BB(30,30) ^ CC(30> 

C  CC=BB*AA 

DO  10  I=1,NN 
GUM=0.0 
DO 20 J=1, NN 
SUM=SUM+BB(I,J)*AA(J) 

20  CONTINUE 
CC(I)=SUM 

10  CONTINUE 
RETURN 
END 
SUBROUTINE MAX  (A,C,MM) 
DIMENSION A(30) 
C=A (1> 
DO  10  I=2,MM 
IF(C.GF.A(I>) GO TO 10 
C=A(I) 

10  CONTINUF ' 
RE URN 
END 

~ 



3JBROUTINE YBPP(8CPP,BC,XS,KC4,NC3,NCB,BM,BN ` WM,WN,K1,K2, 
1 	VM,VN,XM,XN,RDC) 

DIMENSION BCPP(30,30),BC(30,30),XS(20>,BP(30,30),V<30) 
NB=NCB 
DU 	10 	I=1,KC4 
DO 10 J=1,KC4 

10 BP(I,J)=0.0 
DO 20 	I=1,NB 
DO 	20 	::s 	j, 

20 8P(IJ)=BC(I,J) 
BP(NB-1,NB+1)=XS(12)*BM*SIN(WM) 
BP( NE- 1,NB+3)=-XS(12)*BM*XS(1) *cos (WM) 
BP(NB-1,NB+7)=XS(12>*BM*XS(1)*COS(WM) 
BP(NB-1,NB+12)=XS(1)*BM*SIN(WM> 
BP(NB,NB+2>=XS(13>*BN*SIN(WN> 
BP(NB,NB+4)=-XS(13)*BN*XS(2) *co S(WN) 
BP(NB,NB+8)=XS(13)*BN*XS(2)*COS(WN) 
BP(NB,NB+13)=BN*XS(2)*SIN(WN) 
BP(NB+1,NB+1>=-K1*COS(XS(3)> 
BP(NB+1,NB+3)=K1*XS(1)*SIN(X8(3)) 
8P(NB+1,NB+5)=1.0 
BP(NB+2,NB+2)=-K1*COS(XS(4)) 

:i)< 	(2)  
BP(NB+2,NB+6>=1.0 
BP(NB+3,NB+1>=-BM*SIN(XS(3>) 
BP(NB+3,NB+3)=-BM*XS(1)*COS(XS(3)) 
BP(NB+3,NB+7>=BM*XS(12)*VM*COS(XS(7)) 
BP(NB+3,NB+9)=K1 
BP(NB+3,NB+12>=BM*VM*SIN(XS(7>> 
BP(NB+4,NB+2)=BN*SIN(XS(4)) 
BP(NB+4,NB+4)=BN*XS(2>*C)S(XS(4)> 
BP(NB+4,NB+8)=-BN*XS(13>*VN*COS(XS(8)) 
BP(NB+4,NB+9)=K1  
BP(NB+4,NB+13)=-BN*VN*SIN(XS(8)) 
BP(NB+5,NB+1)=-K1*XS(10) 
BP(NB+5,NB+5>=1.0 
BP(NB+5,NB+9)=K2*XM 
BP(NB+5,NB+10)=-K1*XS(1)  

BP(NB+6,NB+2>=-K1*XS(11) 
BP(N8+6,NB+6)=1.0 
BP(NB+6,NB+9)=K2*XN 
BP(NB+6,NB+11)=-K1*XS(2) 
EI' (NB+7,NB+5)=1.0 
BP(NB+7,NB+7)=K1*XS(12)*VM*SIN(XS(7)) 
Hi: (NB+7,NB+12)=-K1*VM*COS(XS(7)) 
HF' (NB+8,NB+6)=1.0 
BP(NB+8,NB+8>=K1*XS(13)*VN*SIN(XS(8)) 
BP(NB+8,NB+13)=-K1*VN*COS(XS(8)) 
BP(NB+9,N8+5)=1.0 
BP(NB+9,NB+6)=-1.0 
HF' (NB+9,NB+9> ..... -RDC  
HF' (NB+10,  NB. 5>=-XS(9) 
BP(NB+10,NB+9>=-XS(5) 
BP(NB+11,NB+10)=1.0 
BP(NB+12,NB+11)=1.0 
BP(NB+13,NB+6)=1.0 
DO 30 I=1,NC3 
DO 30 J~1,NC3 
B1'PP(I,J>=BP(I+1,J+1> 

30 CONTINUE 
KE TURN 
END 



S\!8ROUTINE R[S(R,X,K1,K2 ` VM,VN,RDC 
DIMENSION R(20),X(20),RA(2))),V(30) 
DC 4(Z =113 
RA(l)=N.0 

RA(2)=X(6)-K1*X(2)*C8S(X(4)) 

RA(4)=K1*X(9)+BN*(X(2)*SIN(X(4))-X 
RA(5)=>(5)-K1*X(1)*X(10)+K2*XM*X(9' 
RA(6)=X(6)-K1*X(2)*X(11)+K2*XN*X(9~ 

VDNS,ALPHMG,DELTNS,PDMS> 

(12)*VM*SIN(X(7))) 
(13)*VN*SIN(X(8))) 

1A(.7)=X(5)-K1*X(12>*VM*COS(X(7)) 
RA(8)=X(6)-K)»X(13)*VN*COS(X(8)) 
RA(9)=X(5) X(6)-RDC*X(9 ) 
RA(13)=VDNS X(Z.) 
R(::(11 	 X(10) 
RA(~2)=DFLTNS-X(11) 
RA(10)=X(5)*X(9)-PDMS 
D8 	I=1,13 

0 	R(I)=RA(I) 
HETURN 
END 



XN,RDC) 
1lM[~C1UN BQU(30,30)D(30~0> X(2(/),BQ(30,30),V(3~> 
DO 10 [=1,K4 
D[~ |I, .}=1,K4 

10 	nQ(T,J)=0.0 
I ! 20 7=1,NB 
P|:` ?W J=1,NB 	 ` 

/N 	|'(;(I,J)=B(\,J) 
!V](N3-1,ND+1)=-X(12)*BM*COS(WM) 
rQ(IIB- 1,NB+3)=-X(12)*BM*X(1)*SlN(WM) 
EG) (NB-1,N1 .7)=X(12)*BM*X(1)*SJN(WM) 
BQ(NB-:1,NB+12)=-X(1)*BM*COS(WM)+2.0*X(12)*BM*VM 
1;isQ(NB ` NB+2)= X(13)*BN*COS(WN) 
BQ(NB,NB+4)=-)((13)*BN*)<(2)*SIN(WN) 
BQ(N8,NB+O)=y<i3)*BN*X(2)*SIN(WN> 
BQ(NB,NB+: 3)=X/13>*BN*VN-X(2)*BN*COS(WN> 
BQ(NB~3, 	1/=X(12)*BM*SIN(X(7)) 
BQ(NB+7,NB : ='K1*)(12)*COS(X(7)> 
BQ(NB+4,NB)=-X(1I>*BN*SIN(X(8)) 
BO(NB~8,NB)=K1*X(13)*CO8(X(8)) 
BQ(NB+1,N)+1)=-K1*COS(X(3)) 
BQ(NB+1,NB+)=K1*X(1)*SIN(X(3>) 
BQ(NR+1,NB+5)=1.0 
B(: NB+2,NB+2)=-K1*COS(X(4>) 
BQ(NB+2,NB+4)=K1*)((2)*SIN(X(4)) 
BQ(NB+2,NB+ 	1.0 
DQ(NB+3,NB+1)=-BM*SIN(X(3>) 
BQ(NB+3,NB+3)=-BM*X(1)*COS(X(3)> 
BQ(NB+3,NB+7)=BM*X(12)*VM*COS(X(7)) 
BQ(NB+3,NB+9)=K1 
BQ(N)+3,NB+12)=BM*VM*SIN()((7)) 
B( 	,  III +2)=9N«SIN()((4)> 
BQ(NB+4,NBi )=BN*X(2)*COS(X(4)) 
BQ(NB+4,N8+8)=-BN*X(13)*VN*COS(X(~)) 

 BQ(NB+4,NB+..)=K1 
BQ(NB+4,NB+13):: 	 IN()((O>> 
BO(NB+5,MB+!)=-K1*X(10) 
BQ(NB+5,NB+5>=1.0 
BQ(WB+5,NB+9)=K2*XM 
BQ(NB+5,N8+10>=-K1*X(1) 
BQ(NB+6,NB+2) ......... K1*X(11> 
B1.(N1Y+6,NB+6)=1.0 
BQ(NB+6,NB+9)=K2»XN 
8Q(NB+6,NB+11)=-K1*X(2) 
(Q(NB+7,NB+5}=1.0 
BQ(NB+7,N)+7>=K:1*X(1 SS) *VM*SIN(X(7>) 
BQ(NB+7,NR+12)=-K1*VM*COS(X(7)} 
BQ(NB+8,NB+(:)=1.0 
1:)Q(NB+8,NB+(3)=K1*X(13)*VN*SIN(X(8)) 
BQ(N)+8,NB+13>=-K1*VN*COS(X(8>) 
B8(NB+9 ~ N8+5)=1.0 
BQ(NB+9,ND..6>=-:SS 0 
BQ(NB+9,NB+9)=-RDC 
8U(NB~10,NIy5)=-X(9) 
BQ(NB+10,N0+9)=-X(5) 
BQ(N8+11,NH+~(/)=1.0 
BQ(NB+12,NB+11)=1.0 
BQ(NBI .13` NB+6>=  ISS 0  
DO 30 I=1.K5 
DO 30 J=1,K5 
B(::iQ(I,J)=BQ([+MB,J+M}i 



r. 



INE )EV IDP (DTHDX, IDE X,N1) 
DIMENSION DPX(30),DTH(30) ,DX(20) 

DO 10 I=1,N1 
DTH(l)=DPX(I) 
DO 20 I=1,13 
DX(I)=DPX(I+N1) 
}<[lURN 
END 
bill. RUUTINE ADDTH (TH,X,DTH,DX,N1> 
DIMENSION TH(30) )DTH(30),DX(20),X(20) 
DO 10 I=1 ,N1 

I+1)+DTH(I) 
DO 20 I=1,13 
X(I)=X(I)+DX(I) 
RETURN 
END 



1jiillNE DEYIDQ (uv, DX,DQX,K3) 
D}hENSlON DV(3Q>,DX(2@>,DQX(30) 
DO ~t,1)  

UO 20 l=1,13 
2~ 	nX(l)=DQX(l+K3) 

TUHN 
END 
SUBROUlINE ADDV (V,X,DV,DX,K3 ,M8 ) 
DIMENSION 	 X(20),DV(30),DX(20) 
DO 10 I=1,K3 

l0 	V(MB+I)=V(MB+I>+DV<I) 
DO 2(2 I=1,13 

20 	X(l)=X(I)+DX(I) 
RETURN 
END 



IN[ 	DB 	(Q1 `Q ' V,DQVN,K3,MB) 
IM:NGlON Q1(30)Q(30),V(30),DQVN(30)DQN(30) 

C;.? 	:10 	:ii,k3 
/)=Qi(MB+})'Q(MB+I) 

DtVN(I>=UQN(l)/) (M8+1) 
1 	CUNTINUE 

K[/UHN 
LND 
SUBROUTINE ADDVM(V,DV,KK3,MBB) 
DlMENSION V(30),DV(30> 
DO 	10 	I=1,KK3 

1~ 	V(MB1 	I)=V(M8B+I)+DV(I) 
RETURN 
END 



INE LTNFOW (P~'N,QLN,PL~F,QLNR,Y,YST,V,T~~,*i ^ NB,S8,EB,SE~Y> 
ll"ENSION PN(30) Qi.1\(30> 	 PL~~R(30) 	 OLNR(30> Y(3WJ0~ 	 SD( ;0> 	 EB(~W/ 
D:!M~NSION YST())YSHT(30),Vl(3)VS(30),l>|(30>,C(30)SC(30),V(30) 
DlMENGION SERY(30) 
CO}1PLEX Y,Y~H~ `S,SS,VC,VS,SERY 
~NTEGER SB,FR 
DO 10 I=1,NL 

\0 	YSHT(I)=CMPLX(0.0 ` YST(I)> 
DO 20 :t i., 
VC(I)=CMPLX(V(I)*COS(TH(J)) 
VG(I)=CMPLX(V(I)*COS(TH(I)) 

~0 	CONTINUE 
DO 30 Ti 9 N11... 
J=SB(I) 
K=EB(I) 

,-V(I)*SIN (iii (I>)> 

)G(K>)*SERY(I>+VC(J>*VS(J>«(YSHT(I>/2.0) 
PLN(I)=REAL(S(I)) 
QLN(I>=-AIMAG(S(I)) 
SS(I)=VC(K>*(VS(K)-VS(J)>*Y(L(,J)+VC(K>*VS(K>*(YSHT(I)/2.0> 
PLNR(I)=REAL(SS(I)) 
QLNH(I)=-AIMAG(SS(I>> 
CONTINUE 
HElURN 
END 



SUBROUTINE MlNV (A,W,D,L,M> 
DIM[NS{ON A(1),L(1),M(1) 
D=1"0 
NK=-N 
DO 8()) K=1,N 
NK=NK+N 
L(K)=K 
M(K)=K 
KK=NK+K 
BIGA=A(KK> 
DO 20 J=K•N 
IZ=N*(J-1) 
DO 20 I=K,N 
TJ=IZ+I 

10 	lF(ABS(BI:•:A>-ABS(A(IJ))) 15,20,20 
15 	BIGA=~~(IJ> 

L(K)=I 

20 	CONTINUE 
r::: 	?.:'Y 
IF(J-K) 35,35,25 

25 	KI=K-N 
DO 30 I=1,N 
KI=KI+N 
HOLD=-A(KI> 
JI=KI-K+J 
A(KI)=A(JI> 

30 	A(JI)=HOLD 
35 	I=M (K) 

IF(I-K) 45,4~,38 
38  

DO 40 J=1,N 
JK=NK+J 
JI=JP+J 
HOLD=-A(JK) 
A(JK)=A(JI>  

40 	A(JI)=HOLD 
45 	IF(BIGA) 48,46,48 
46 	D=0.0 

RETURN 
48 	DO 55 I=1,N 

IF(I-K) 50,55,50 
50 	IK=NK+I 

A(IK)=A(IK)/(-BIGA) 
55 	CONTINUE 

DO 65 I=1 ,N 
lK=NK+I 
HOLD=A(IK> 
IJ=I-N 
DO 65 J=1,N 
IJ=IJ+N 
IF(I-K) 60,65` 60 

60 	lF(J- K) 62,65,62 
62 	KJ=IJ-  I+K 

A(IJ)=HOLD*A(KJ)+A(IJ) 



COM~IWUE 
KJ=KN 
DU 	75 	:j::.1 
KJ=KJ+N 
:1:1:: (.J 	il) 	70,75,70 
A(KJ)=A(KJ)/BlGA 

75 CONTINUE 
D 	*BlGA 
A(KK)=1.0/BIGA 

80 CUNTINUE 

100 
K=N 

(1: 	1) 
IF(K) 	150,150,105 

105 ]=L(K) 
'IF 	I.:) 	120,120,108 

108 1) 
JR=N*(I-1) 
DO 	110 J=1,N 
JK=J(.+J 
HOLD=A(JK) 
J 

110 A(JI)=HOLD 
120 J=M(K) 

IF(J-K) 	100,100,125 
125 Kl=K-N 

DO 	130 	I=1,N 
KI=KI+N 
HOLD=A(KI) 
JI=KI-  K+J 
A(KI)=-(.(Jl) 

130 A(JI)=F0LD 
GO TO 100 

.1. RETURN 
f.ND 



~,UDRLi~TINi 	ARRAY 	(M~DE` 1 ,J,N,M,G,D) 
JIM 	NS ION 	S(1)1)(1) 
NI=N-1 
l 	MODL 	1) 	100,100,120 

100 1 	1xJ`1 
Ni=N»J+1 
D~ 	110 	KI. ,J 
NM=NM-NI 

1t0 	L=1,I 
lJ=IJ-1 
NM=NM-1 

11~ D(NM)=.3(IJ) 
GO TO 140 

NM=0 
DO 130 K=1 ,J 
DO 125 L=1,I 
lJ=IJ+1 
NM=NM+1 

125 S(IJ)=D(NM) 
130 NM=NM+NI 
140 RETURN 

END 
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