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In this paperdescribesghe designof a transientanalysigorogramfor linear circuits andits implementation
in a ConstraintLogic ProgramminganguageCLP(R). The transientanalysisprogramparseshe input
circuit descriptioninto a networkgraph,analysests semantiacorrectnesandthenperformsthe transient
analysis. The testresultsshow that the programis at least97% accuratewhenrun at two decimal
places. We have also compared pleeformancedf our programwith a commercialpackagemplemented
in an imperativelanguage. The advantage®f implementingthe analysisprogramin a CLP language
include: quick constructionandeaseof maintenance We alsoreporton the synthesif generatiorof a
circuit with given transient characteristics.

1. INTRODUCTION

Electrical circuit analysisis donein order to allow the designerto verify his designandto predictthe
response of the system under varying conditions of load and excitation.

A circuit can be analysed at different points in tinféhenevera switchis closedin a circuit, the voltages
andcurrentsin the circuit takesometime to settledownto their final values;the component®f voltages
andcurrentsthatdie downarecalledastransients Transientanalysisof a circuit is doneat the time of
switchingto studythe effectsof the transientsaswell asto determinethe time takenby the systemto
settle down.

The behaviourof the circuit asa functionof time is studiedundertransientanalysis. The inductorsin the

circuit are replacedby their equivalentcurrentsourcesand resistancesand the capacitorsin the circuit

arereplacedby their equivalentvoltagessourcesand resistances.The circuit voltagesand currentsare
calculatedat thetime of switching(usuallyatt = 0); this is the initial conditionsolution. The voltages
across the capacitors and the currents across the

Inductorsareusedto calculatethe circuit voltagesandcurrentsat eachtime step;this is donerepeatedly
for a designated amount of time ahe resultsarethenplotted. Constraintprovidean elegantmeansof
stating relationship among objects that should be maintained by the underlying system.

2. BACKGROUND

Electrical circuits consist of electrically (and sometimesmagnetically) connectedbuilding blocks.
Examplesof building blocks are resistors,inductors, capacitors voltage sourcesand current sources.

The calculation of voltages and currents in a circuit and its response to input excitations form fioe basis
analysinga network. The mathematicaltools involved in analysis are the basic voltage-current
relationshipsfor the circuit elements,rules for generating simultaneousequations,and solution
proceduregor theseequations. Thetoolsinvolvedin analysisarethe basicvoltage-currentelationships

for the circuit elementsyulesfor generatingsimultaneousequationsand solution proceduredor these
equations.



Circuitsin which radiatedelectromagnetienergymay be assumeadegligibleare calledlumped cir cuits
andtheyareobtainedby interconnectingumped component circuit elements. Thelumpedcomponent
circuit elementsare idealisedmodelsof physicalelements. The circuit analysed is therefore not the
physical circuit, but its mathematical model.

The node method consists of summing the currents at each node in the network with uridteayesat
the nodes and solving the resultant equations for the voltages.

The basic relations for circuit analysis are the first two laws of Kirchoff :

1. The sumof all currentsenteringa nodemustequal the sumof all currentsleavingit (currentlaw or
KCL).

2. The sum of all voltages in a given loop must be equal to zero (voltage law or KVL).

One or the other of the abovelaws is appliedto every independennode or independentoop of the
network in analysis. The voltage-currentrelationshipsfor passiveelementsin a linear circuit are
characterisedthy i= y.vwith y = 1/R for aresistor,1/L for aninductor,or C for a capacitorwhereR is
theresistancel. is theinductance( is the capacitanceandy is the admittancejn the AC analysisj and
v are complex valued phasor representations for the current and voltage.

3. ANALYSISOF A NETWORK

The elements that are used in this analysis is a minimum subset of elements that are presevbik a
; thoseusedin our programcomprisepassiveelements resistancéR), inductanceL), capacitancgC),
andactive elementéSources) - independent voltage sources (V) and independent current sources (I).

In our analysiswe will consideronly accompanied/oltage sourcesas unaccompaniedourcespresent
difficulties whenforming the branchadmittancematrices. Sincethe accompanyingesistanceR is zero,
the admittance (1/R), becomes infinite and the current through the branch becomes indeterminate.

The voltage-current relationships for the passive elements lead to the matrix equation
le =YeVe

where Y. is a diagonalmatrix of M rows and M columnsif the network consistssolely of resistors,
inductors and capacitors.

3.1. THEINDUCTOR MODEL

The voltage-current relationship for an inductor of value L is
1 t
ity==— J'v(t)dt+i(0)
L t=0
wherei(0) is the currentin theinductorat time t=0. The voltagevaluesare calculatedat equallyspaced

time intervalsg, t; ... 1, t&
The integral can be replaced by trapezoid approximation

t
[ vvdt= Lt +w)
=0 2

with At being the time step. The current is now a linear relationship
Ik = i1 + Y2t (Vier + W)
The last equation is of the form
i=l+g.v

Thevalueof g will not changeduring the entirecalculation. However,the valueof | mustbe readjusted
at every new time value.



3.2. THE CAPACITOR MODEL

The voltage-current relationship for a capacitor C is
i(t) = Cdv(t)/dt
The current attime t x ts
ik = C dv/dtli
The slope of the voltage vs. time curve may again be approximated. Once such approximation is
dv/dt Gl = L/At (Vi - Vi)
Hence the capacitor current is approximated by
ik = CIAt (Vi - Vi)
The last equation is of a conductance of valu¥ @/ series with a voltage source;v

Since each branch contains only one component, the element clyeemdslementvoltagesV. maybe
separated as follows:

||_ VL
Ie = IR Ve: VR
IC VC

wherel, V| referto the currents andvoltagesacrosghe inductorsin the network; 1r, Vg referto those
across the resistors in the network &gnd/c refer to those across the capacitors in the network.

This derivationassumeshatthe branchesn the networkgraphare numberedsuchthatthe inductorsare
in a group of branches followed by the resistors and then by branches containing the capacitors.

The currents and voltages of the various elements are related as follows:
lr = [1/R]Vg
lc=[C] 1iAt (Vei-Veia)
I = [L]AYV2 Vi + [L]7AY2 Vs + e
Hence the element currents at tinare given by
le= Ye Vek+ lpk1
The vectoi 5.1 contains all the past history of the inductors and capacitors in the circuit.

At timet = 0, the
- vector lp.; does

(AU2)[L]* 0 0 Vik (AY2) [L]1 *Vik +H ka not exist. For

this, the initial

lek= |0 [1/R] O Ve | + 0 condition,  the
inductor [

_O 0 (1At)[C] _ _VCK_ _'(1/At)[C] * V ck-1 ] replaCEd by a

very small

conductance in
parallelwith the currentsourcedenotedby I, the initial currentacrossthe inductor. The capacitoris
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replaced by amallresistancen serieswith the voltagesourceV,, theinitial voltageacrosshe capacitor.
Then, thecapacitorvoltagesandinductorcurrentsare solved,andtheseform the basisfor calculatingthe
first I, so that normal circuit equations may be formed font.

4, DESIGN

The transient analysis program is implemented as an analytical tool (an interpreter) to simulate the
behaviour of an electrical circuit. Nodal analysis of the network (i.e. calculation of the currents and
voltages at different nodes (location) in the network) is carried out and the results are output to the user
Nodal analysis is based on the algebraic manipulations of matrices.

Therefore any input given by the user has to be suitably transformed before the actual analysis can take
place. In this program, one of the inputs is a file containing a description of the circuit topology and the
other inputs are the analysis time, the nodes at which output voltages should be calculated and the file t
which CLP(R) should write the output. The transformations take place in the parser and the analyser, th
voltages and currents are calculated in the interpreter, and the results are displayed as output.

The interpreter is the process which does the actual transient analysis of the given circuit. It requires as
inputs, the circuit topology the time scale for which the simulation should run and the desired output frorr
the program. The circuit topology is described using a Circuit Definition Language defined by us for this
purpose. A parser checks the inputs and reports any syntactic errors back to the user and the output
from the parser is in the form of a network graph.

The network graphis thenpassedn to the analyser. The analysemperformsa semanticanalysisof the
network, reporting any errorsbackto the user. It also convertsthe network graphinto matricesand
passeshemon to theinterpreter. Theinterpreterhasaccesdo CLP(R) and to a purposebuilt library
implementingvariousmatrix operationsas an abstractdatatype. The interpretercalculatesand outputs

the dynamic behaviour of the circuit (i.e. the change of node voltages over a period of time as specified &
the user).

Apart from the circuit description the userhasto input otherinformationsuchasthe time step,the start
time and endtime of analysis, the outputnodeswhich are of interestaswell asa file nameto which
CLP(R) can write the output.
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Figure 1 Transient analysis program structure

4.1. CIRCUIT DEFINITION LANGUAGE

The circuit details must be presentedn a specific mannerand in this program,this is done using a
language called the circuit definition language which will be defined in this section.

Thelanguagehasto representn a uniqueway all the circuit elementsandhasto distinguishbetweenthe
activeelementsuchasthe currentsourceandthe voltagesource(the drivers),andthe passiveelements
such as the inductors, the capacitors and the resistors.

The connection of each element in the network is indicateéddiyvo nodesto whichit is connected.A
node is represented by the letter n followed by a digit. Numbering of the staaltsfrom 0. In electrical
engineering,voltages are measuredsthe potentialdifferencebetweentwo anytwo nodes. Whenone
of suchnodesis at zero potentialit is calledasthe groundandis representeésn(0). All voltagesare
measured relative to the grounéin example is:

circuit( [voltage_source(v1,30,5,n(0),n(1))],
[inductor(11,10,1,n(2),n(1)),
resistor(rl,10,n(0),n(2)),
resistor(r2,10,n(2),n(0))] ).
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4.2. PARSER

The parserreadsthe input file and convertsit into a network graph. The network graphwe use s

representedy two sets:the setof independennodesin the circuit and setof branchesor arcsin the

circuit. Eachbranchin the circuit is given a numberby the parser. This numberis usedlater on by the

analyserto form the network matricesand then by the interpreterto manipulatethe matrices.The

branchesontaininginductorsin the circuit are numberedirst, followed by the resistors the capacitors,
the voltagesourcesandfinally the currentsources. The outputof the parseris a positionallyorderedset
of arcs and an ordered sdtnodes. The parseis not uniquefor the arcsasthe orderingin the setof arcs
dependson the orderingin the input file. However,the time takento parsethe file doesnot dependon

the ordering of the input file.

43. ANALYSER

The analyser transformsthe inputsi.e. the setof arcsandthe setof nodesinto matrices. In additionit
alsodoesa semanticanalysisof the network, reportingerrorsbackto the user. The matricesform the
foundationfor the nodal analysisof the network and so the analyserplays an important part in the
program.

The outputsof the analyserare the incidencematrix (A), the admittancematrices(Yb and YbO0), the
independenturrentmatrix (Ig) andthe independentoltagematrix (Vg). The productof the incidence
matrix and the branch current matrix representsidtevorkgraphat theendof theanalysis process.In

the semanticanalysis,the analyserchecksto seeif the circuit is connectedproperly and detectsopen
circuits. The analysisis doneby checkingthat the numberof elementdn the arc list is greaterthanthe
number of elements in the node list. If the node list is the lésgethe incidencematrix is usedto locate
which of the branches are open. The results of the semantic analysis are output to the user.

44. SEMANTIC ANALYSISOF THE NETWORK

The circuit definition file is context sensitive due to the inclusiothehodesin the language.Therefore,
the file hasto be checkedto ensurethatit is correctsemantically. In semanticanalysis,the network is

checkedto ensurethatit is connectedproperlyi.e. the branchesare all connectedo one anotherand
thereare no opencircuits. The incidencematrix and the network graphare usedin the check. In a
properly connectectircuit, the numberof nodesis alwayslessthanor equalto the numberof elements.
Hence thefirst checkis madeon the numberof arcsandthe numberof nodesin the networkgraph. If

the nodesaregreaterin numberthanthe arcs, it impliesthatthe circuit is not properlyconnected.If the
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networkis open,the incidencematrix is usedto determinewhich of the branchesareopen. This canbe
found out from the fact thateverynodehasat leasttwo connectiongo it. In otherwords,everyrow in
theincidencematrix shouldhavemorethanonenon-zerocolumnin it. If arow hasjust oneentrythatis
non-zero, then that node is the open node.

45. INTERPRETER

The interpreteris the procesghat performsthe actualtransientanalysis. The matricesfrom the analyser
andthetime input by the userarethe inputsto this process. The interpreterstepsthroughthe analysis,
onetime stepat a time from theinitial time T, to the final time Ty, calculatingthe currentsandvoltages
requiredby the nextiteration. Thetime stepis representetby ét. The pasthistory of the capacitorsand
the inductorsare representedyy the matrix Ip. At eachiteration, the outputvoltagesand currentsare
accumulatecindat the endof the analysisare sentto the outputprocess.The interpretermakesuse of
the operationgdefinedin the matrix library to calculatethe voltagesand currents. The outputprocesss
usedto outputtheresultsof the analysis. The nodevoltagesof interestto the userare by defaultprinted
on to the screen for each time step. A copy of the output is also wridmtaputfile at the requesif
the user.

46. MATRIX LIBRARY

To implement the abstract data type of matrices, operations such as multiplication, addition, subtraction,
transpose, determinant and inverse have been defined. The definition of matrix inverse is: if Ais the
matrix to be inverted, | is a unit matrix, and AxB =, then B is the inverse of A. This can be
implemented very elegantly and economically in Q)Rfy making use of the multi-directionality of

logic programs. Since matrix multiplication has already been defined, it can be used to find the inverse
and a separate predicate need not be defined. This is also very efficient.

S. TESTING

Thetransientanalysisprogramwastestedusingthe examplegivenin StaudhammefSTAU75]. Forthe
analysisthe inductorsandcapacitoran the circuits arereplacedoy their equivalentimodelsasdiscussed
in Section2. The calculationsstart with the determinationof the initial conditions existing in the
network, prior to the application of the time-iteratioe initial conditionsshouldbe consistento gain
a meaningful result: for exampiéwe replacea 0.5 farad capacitorby two 1 faradcapacitorsye would
expect the initial voltage across the two separate capacitors to be equal.

As anexampleJet us considerthe RL circuit of Fig. 3-2. The inductor connectedetweennodel and
node2 hasaninitial currentof 1 ampereflowing throughit. The solutionto this networkis givenby the
following equations in [STAU75]:

Va(t) = 15 + 108"
Vy(t) = 15 - 108"
with T = L/Rt = 1 since,Ry, thetotal resistancehat existsin the currentloop of the networkis equalto

10 ohms.

The analysis was carried out with an initial time of O, a time step of 0.1, and a final time of 5 seconds.
Table 1 shows a comparison between the expected results (V1 and V2) and the actual results obtained
(n(1) and n(2) represent the voltages at node 1 and node 2 respectively) for selected values, presented
time intervals of 0.5 seconds for reasons of clarity.

Time V1 n(1) V2 n(2)
(sec) | (volts) | (volts) | (volts) | (volts)




Time V1 n(1) V2 n(2)
(sec) | (volts) | (volts) | (volts) | (volts)
0.0 25.00 25.00 | 5.00 5.00
0.5 21.06 21.06 | 8.94 8.94
1.0 18.68 18.68 | 11.32 | 11.32
15 17.23 17.23 | 12.77 | 12.77
2.0 16.35 16.35 | 13.65 | 13.65
2.5 15.82 15.82 | 14.18 | 14.18
3.0 15.50 15.50 | 14.50 | 14.50
3.5 15.30 15.30 | 14.70 | 14.70
4.0 15.18 15.18 | 14.82 | 14.82
4.5 15.11 15.11 | 1490 | 14.89
5.0 15.07 15.07 | 14.93 | 14.93

Table 1- Comparison of expected resultswith actual results

Comparisorof the expectedesultswith the actualresultsshowsthatthe programis 99.99%accurateat
2 decimalplaces;the only discrepancyoccurringwhentime is equalto 4.5 seconds.See[SHAN95] for
detailed results of this and other examples, where the minimum accuracy is 97%.

The test results show that CI®(can be used to perform transient analysis of circuits with accuracy and
ease. The response time of CRP(is very fast. For example, in the test, CLP(R) had to solve 700
equations and this was done within 2 seconds.

6. BACKWARD EVALUATION

One of the main benefits of implementing the transient analysis program in CLP(R) is that in addition to
the analysis, we can use the same program for design. For example for the circuit in Fig 3-2, we can
guery the program as to what should be the value of the voltage source and the initial current across the
inductor so that the node voltages at n1 and n2 are 25 and 5 respectively.

circuit([voltage_source(vl, V,5n(0),n(1))],
[inductor(l1,10,1,n(2),n(1)),
resistor(rl1,10,n(0),n(2)),
resistor(r2,10,n(2),n(0))]).

The program comes out with the answer 30 andl = 1. To accomplish the same result in an
imperative language either a different program has to be written or the simulation has to be run several
times with different values of V and | and the answer to the question found by trial andWeoote

that due to the fact that the transient analysis maps inductors and capacitors to resistors, the generation of a circt
given an expected transient behaviour requires the provision of a skeleton circuit which describes what type of
components are in it. Our method then is able to generate values for the skeleton components.

Currently we are extending the system to permit the description of transient behaviour as constraints within ranges
rather than absolute values. At the same time we are enhancing our Circuit Definition Language to permit the
description of circuits using constraints in the form of ranges and relationships between values. In this way we
permit the synthesis of circuits with constrained values from a required constrained description of its behaviour.
This will permit circuit designers to select the tolerances of circuit components, and thus potentially to ensure that
circuit components used have only the required level of tolerance, thus potentially saving manufacturing costs.



1. COMPARATIVE TEST

The time taken by the transient analysis program to evaluate a 13 element circuit was compared again:
the time taken by PSPICE to evaluate the same circuit. A larger example was used in order to get bette
precision in comparison. See [SHAN95] for full details.

PSPICE is designed to be the micro computer version of SPICE, the acronym for Simulation Program
with Integrated Circuit Emphasis, developed by the University of Berkeley, California.

PSPICE took about 5 seconds to analyse the circuit while our program took about 16 seconds. The tes
were run on a 486 DX machine and the time taken by the two programs is the total time and not CPU
time alone. The reasons for the slower response time could be as follows: firstly our program being a
prototype, is not optimised for efficiency and speed while PSPICE is an optimised commercial package.
Secondly, our program is not compiled, but is interpreted by theljliRterpreter while PSPICE is an
compiled executable. There could also be a penalty for calculating inverses at each time step. Since ou
matrix library is a standalone module, it can be replaced by other faster more efficient library routines.

8. RELATED WORK

CLP(R) hasbeenusedto in the designandanalysisof circuits by [HEIN92] andalsousedby [FATT94]
to model dynamic systems in general.

In [HEIN92], CLP(R)wasusedfor the analysisof circuits suchasRLC circuits, transistorcircuit design

etc. Steadystate,or staticanalysisjs doneon RLC circuits containingvoltagesourcesgcurrentsources,
resistors, inductors and capacitors.

A general purpose approach has also been adopted by [FATT94] to model dynamic systems using bonc
graphs and CLIR). The structure of the dynamic system is described using a bond graph language. The
circuit is analysed using state space analysis and the resulting differential equations are solved using a
relational differential equations solver implemented in Q)P(

In [HONG94] a solver for differential equations described, included an example program to solve simple
relationships over electrical circuits. We believe that this system could provide a good implementation
platform for extensions to our work.

9. FURTHER WORK

Our work hasdemonstratedhat CLP(R) andits multi-directionalcapabilitiescanbe usedin a particular
applicationdomainwhich is generallyconsideredto be more suitablefor imperativelanguages. We
concentrated on the DC analysis of linear RLC networks aiidsandscanbe usedasa teachingaid for
undergraduates. To make it a commercially viable package the following have to be added:

* Providing an integrated windows environment for the program
» Addition of further circuit elements to the basic set considered here.
* Adding constraints to the circuit definition language (the circuit description) used in the program.

Adding constraintsto the input and output and implementingthe programin an integratedgraphics
environmentwill be of greatuseto the designersincethe costof circuit componentss relatedto the
tolerances (i.e. constraints) to which they are manufactured.

10. SUMMARY AND CONCLUSIONS

This paperinvestigatesthe implementationof transientanalysisof linear circuits in constraintlogic
programming, and providesdeclarativealternativeto the procedurabpproactusuallyadoptedo model
electrical circuits.

The starttime, endtime and time step of the analysisare user-providedand the nodesfor which the
voltagesand currentsare calculated. The parserconvertsthe circuit descriptioninto a network graph
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represented by twsets- the setof arcsandthe setof nodes. The analyserchecksthe networkgraphfor
open connections and convertsthe network graph into matricesrequired by the interpreter. The
interpreterstepsthroughthe analysiscalculatingthe requiredvoltagesand currentsandtheninforms the
useraboutthe resultsof the analysis. The testsconductedshowthat the accuracyof the programwas
99% at two decimal places.

We have also shown that implementingthe analysispackagein CLP(R) enablesus to use the same
packagefor designinga circuit aswell. Usingthe desiredoutputasthe constraintthe necessarynputs
to the circuit were calculated. Multi-directionality of CLP(R) was alsousedto definethe inverseof a
matrix in termsof multiplication alone,therebyavoidingthe taskof defininga new predicateto calculate
the inverse.

Future work shouldinclude additional elementssuch as transformersand dependensources thereby
extending the range of circuits that cardp@lysed. Anotherimportantextensionwould bethe inclusion
of constraints as part of the circuit description itself.

The process of implementing the program in Gt)R{as enabled us to reason about the circuit itself as

well as the analysis, thereby increasing our understanding of the problem. The declarative language use
has proved to be very useful in the implementation. Backward evaluation makes the analysis tool a
design tool as well. Given a known output, the program was able to deduce the values of the input
excitation. The same technique was used to find the inverse of a matrix. Coding of the entire program
was followed easily from the logical design. The code is readable and hence maintenance is easy. Give
that our system was a interpreted prototype, its performance compares very well with a commercial
package which has been implemented in a compiled imperative language.

Finally, an advantage of our approach is that we are able to generate instances of circuits from general
schemas and descriptions of their required behaviour.

11. REFERENCES

[BOUT88] Boute RaymondT., ‘SystemsSemantics Principles,Applications,and Implementation’in
ACM Transactionson ProgrammingLanguagesand SystemsVol. 10, No. 1, January1988, pp. 118-
155.

[FATTO94] El FattahY. andHolzbaurC., ‘ConstraintLogic Programmingor Modelling and Simulation
of DynamicSystems’jn ‘Proceeding3LPS ‘94 workshopon ConstraintLanguages/Systendstheir use
in Problem Modelling Vol 1, Nov 1994.

[HONG94] Hoon Hong, ‘RISC-CLP(CF) ConstraintLogic Programmingover Complex Functions’,
LPAR94

[JAFF87] JaffarJ. and Lassez].L., ‘ConstraintLogic Programming’,in Proceedingf the Fourteenth
ACM Principles of Programming Languages ConfereMnich, January 1987.

[JAFF92] JaffarJ., Michaylov S., StuckeyP.,andYap R., ‘The CLP(R) Languageand System’in ACM
Transactions on Programming Languages and Systéois4 No 3, July 1992, pp. 339-395.

[HEIN92] HeintzeN., Michaylov S., StuckeyP., ‘CLP(R) and SomeElectrical EngineeringProblems’
Journal of Automated Reasoninggl 9, 1992, pp 231-260.

[NERI70] Nering E.D.Linear Algebra and Matrix Theorylohn Wiley and Sons Inc., New York, 1970.

[NILS93] NilssonJ.W.,andRiedelS.A., Introductionto PSPICE Addison-WesleyPublishingCompany
Inc., 1993.

[STAU75] Staudhammer Joh@ircuit Analysis by Digital Computdtrentice-Hall Inc., 1975.

[SESHG63] SeshuS., andBalabaniarN., Linear NetworkAnalysis JohnWiley & Sons,Inc., New York,
1963.

[SHAN95] ShankarA., Gilbert D., JampelM., TransientAnalysisof Linear Circuits using Constraint
Logic Programming TechnicalReport TCU/CS/95/17 City University ComputerScienceDepartment,
London,

10



