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STATE-VARIABLE ANALYSIS OF NON-LINEAR
CIRCUITS WITH A DESK COMPUTER

INTRODUCTION

This work was prompted by the need to analyze the transient performance of the
power regulator unit for the multi-mission modular spacecraft, in particular under the condi-
tion of short-circuit failure of the switching transistor of a power module. Due to the non-
linearities introduced by the filter inductors and by the solar array characteristics, the state-
variabie programs available for desk computers could not be used. The purpose of this
work is to fill up this void and to be general enough to handle most nonlinear circuit or
system analyses. |

The nonlinearities considered here are not restricted to any particular circuit element.
They may arise from any passive or active source. What the program needs is the funda-
mental relationship governing each nonlinearity in the form <.)t’ points on a curve; for example,

the flux linkage-cuqent relationship of a nonlinear inductance or the voltage-current relation-

~ghip of a source.

The starting point of thie program is a set of first-order differential equations and
algebraic equations describing the system. That is provided by the user, It was therefore
deemed useful to include in this document the methodology of writing equations directly
from a simple examination of a circuit. Examples have been included, where appropriate,
in order to illustrate such methodology.

The program is interactive and offers many options to the user, among which is plotting
of the results. It was used very successfully for the transient analysis of the power module
mentioned abo;'e. _ , C ‘ , -

Circuits As Graphs

- The graph representation of a circuit enables focusing on the manner in Which the various
elements of the circuit are interconnected. Each node of the circuit has its counterpart in |

the graoh, a2 node being the point at which two or more circuit elements join. For the



purposes of this analysis, all sources (voitage or current) are considered by themselves, dis-
sociated from any other circuit elements; besides, their values arc presumed to be variable.
Any passive circuit elsment (resistance, inductance or capacitance) found connected in

perallel with a voltage source or in series with a current source may be removed as it has

no bearing on the analysis at hand. The graph of the circuit is then obtained by representing
each circuit element, except those removed, by a line (edge) joining the nodes at the terminals

of that element. This is illustrated in Fig. 1.
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Figure 1. Circuit and its graph. (a) Original circuit. (b) Modified circuit where elements 7
and 8 are dropped because they were in parallel with a voitage source and series with a current

source, respectively. (¢) Circuit graph with 5 nodes and 6 ed,ces.

The tree of a graph is obtained, using' the following procedure. Starting out with
the node configuration only, enough edges are subsequently added to interconnect the
nodes without forming any closed paths. The edges forming a tree are célled tree
branchies and the remaining edges are called links. It is, in general, possible to derive a
large variety of trees from a graph as illustrated in Fig. 2. In (b) the tree branches are
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Figure 2. Gmbh and scme of its trees. (a) Original
graph. (b) & (c) Possible, but not all, trees.

1, 2, 3, and 4, while the links are § and 6. In (c) 2, 3, 5, and 6 are tree branches, | and
4 are links,

Due to Kirchhoff’s voltage law (KVL), the tree branch voltages may be c&psidered
independent variibles. The addition of any link to a tree produce; a unique clé{?sd path.
This enables the vriting of a link voltage in terms of a unique combination of tree branch
voltages. Thus, in the tree of Fig. 2(b), the voltage of link 5 can be expressed in terms
of the Voltages of branches 1, 2, 3, and 4, while the voltage of link 6 depends on branch
voltages 3 and 4. In Fig. 2(c), link 1 needs branches 2, §, and 6 for its voltage, and
link 4 branches 3 and 6. Each link can thus be associated with a unique set of tree
branches, namely, those bx:anches which lie along the closed path defined by the link,
and form a “tie set.” See Fig. 3(a).

Likewise, each tree branch may be associated with a unique set of links to form a
“cut set” aS follows. A closed surface can be found, crossed by that tree branch alone,
such that the tree nodes are split into two distinct groups. The links crossing that surface
are those associated with the tree buhch. For the tree of Fig. 2(b), the following associa-
tions hold, as illustrated in Fig. 3(b).

Tree branch Cut set Link Tie set
i 1,$ 5 1,2,3.4,5
2 2,5 6 34,6
3 3,5.6
4 4,5,6



For the tree of Fig. 2(c), the mociq’.ibm are:

Tree branch Cut set Link Tie set
2 1,2 1 1,2,5,6
3 34 4 34,6
s 1,$
6 1,4,6

Figure 3. Use of a tree in defining: (a) link voltage,

(b) tree branch current.

The Concept of State

At any instant of time, the amount of energy stored in an energy-storing ¢lement is an
indication of the “state” of that element. In a capacitance the energy stored is /4 C vz,
in an inductance it is % Li®. Thus, the voltag;'v may be considered the state of a
capacitance, describing completely its present, independent of its past. Similarly, the
current i may be considered the state of an inductance.

The transition of an element from one state to another requires the flow of energy
into or out of t.ht-z element, i.e. a certain behavior of the electrical quantity which is
not descriptive of its state. In the case of a cuapacitance, the transition from a voltage v,
to a voltage v, necessitates a flow of current whose behavior in time is responsible
for taking the capacitance from the first state to the second. An inductance undergoes
a transition from a state i ;, to a state i, on the heels of a voltage performance in time.

From a different standpoint, it can be said that a knowledge of the behavior of

the current of a capacitance between two instants of time t; and t, is not enough to A

determine the voitage (state) of the capacitance at time t, ; it is essential to know also



the state from which it started, i.e. the voitagz at t;,. The same holds true for an inductance
where the voltage variations across it between times t, and t; cannot determine its state

iz unless its state i is known. As for a resistance, no particular behavior in time is

needed of either of its electrical quantities, i and v. It is a memoryless element with

no need for a concept of transition. The idea of state is therefore foreign to it. Let

us move on now to a more complex configuration, the circuit,

The state of a circuit may be conceived as the set of states of all of its energy-stoﬁni"
elements. The electrical quantities, which are capable of effecting a transition of the circuit
from one state to another {the capacitance currents and the inductance voltages) are inter-
related by the circuit topology and the source values. Those electrical quantities may be
obtained at any time if the stiate of the circuit and the source values are known. As an
example, the circuit of Fig. 4(a) is in the following state at t = 0,1 second:

Voltage across C = 3V
Current through L = 0.2 A

g — s

1002
.St : : 50
(

Fig. 4. An example: (a) the circuit at any time;

048 A

Q2
)

(b) the circuit at t = 0.1s,

This state and the source values are shown in Fig. 4(b). Using simple dc circuit analysis

techniques, the following results are obtained:

iy = QOl1A
i; = 039A
'V’ ag = SO0V
Vog = 46V



The capacitance current and the inducunca voitage at t = 0.1 s are thus known, namely,
0.39 A and 4.6 V, respectively, The transition to the “next” circuit state can then
presumably be determined.

In the equivalent circuit of Fig, 4(b), no distinction is made, or is necessary, between
the 6.1 V of’ the source and the 3 V of the capacitance state, or between the 0.48 A of
the source and the 0.2 A of the inductance state, It is therafore convenient to include
the source variables, in the set defining the circuit state, as the sugmented set permits the
determination of the voltage and current of every element in the circuit.

State-Variable Approach to Analysis

In che sequel two assumptions are implicitly made for any circuit:

(a) no tie set contains only capacitances; (b) ho cut set contains only inductances.

As a result, it is possible to find a tree where all the circuit capacitances are included,
and none of the circuit inductances. To simplify this first anai7sis, resistances are assumed
to be all tree branches or all links, Voltage sources are to belong to thie tree, while
current sources have to be links. The state variables are then defined as the capacitance
voltages, the inductance currents; and the source variables (voltage or current).

If the circuit is linear, the next step is to write a set of first-order differential

equations for the state variables, obtained directly from KVL and Kirhoff’s current law (KCL).

For n state varisbles, denoted by X, X,, ..., X;, the rth equation is of the form:

dXr
e ay Xy tag Xy taotay X,
There are n such equations, which in matrix form may be expressed as:

X = A X
The detailed procedure now follows. First, if the resistances are tree branches, express
their individual currents in terms of state-variable currents. The voltage is then‘ the current

expression multiplied by R. On the other hand, if the resistances are links, their individual
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voltages are expressed in terms of state-variable voltages. The current is then the voltage
expression divided by R. In either cay/: both the voltage and current of each resistance
may be expressed in terms of state variables only. And now the state equations.

Each capacitance is a tree branch and its voltage v is a state variable. The derivative
dv/dt is equal to the capacitance current divided by C. Usng the graph method described
above, the capacitance current may be expressed in terms of link currents, i.c. state-
variable currents only as sc;u;ht. The same holds true for the inductances,

Each inductance is a link and its current i is a state variable. The derivative di/dt is
equal to the inductance voltage divided by L. Using the graph method, the inductance
voltage may be expressed in terms of tree-branch voltages, i :. state-variable voltages only.
Finally, a (set of) first-order differential equation(s) is obtained for each source, obviously
in terms of its own state variahii(s) only. For more details conceming sources, see
Hewlett-Packard manual for model 30 calculators, entitled “State Variables PAC,” pages
36-37. ! '

Ry L R, L,
Example 1, Y g ' A
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tree (5 state variables)

The sources are dc with values A and B. A tree is formed including all capacitances,

excluding all inductances, and including all resistances. The tree also includes the voitage



source, but not the current source. All state variable polarities chosen arbitrarily.

Resistance R,

Resistance R;

Resistance R‘

o-l—n.
Lad K3

j-%
-
~

e 2z 2 o

! curent
voltage
current
voltage
! cument

voitage
! cument

voltage

—lé- (iy +i3) -

0

L;

In matrix form,

vl

iz

Ryiy

iy

Rais

iy +

Ry (iy + ij)
-iy + ig

R‘ (‘i, + i,)

.1':. [=Ryig + vy = v| = Ry (iy +i3)]

[R“ (=iy +ig) = v, = Ry (i + i3) =Rais ]

-1/L,
-1/L,

e e
<R *RYIL,  -Ry/L;

-R;/L; ~(R4+Ry+R;y)/L;
0 0 |
0 0

-

coefficient matrix




The initisl state vector is

v1(0)
i;(0) where v ,(0) is the initial voltage of C,
i3(0) i3(0) is the initial current of L,
A i3(0) is the initial current of L,
B
Example 2.
P R‘ L N
- L
Aot RZ ] Cl FR R3 b C2 T
!l«--- e “his'
|
v |
4 V2 '
|

tres

Here all resistances are links.
Resistance Ry :  voltage = v, -v,
current = (v, - v{)/R,
Resistance R, : voltage = v,
current = v,/R;
Resistance R; : voltage = v,

current = v ,/R,

B cos (wt + ¢)



-

s 1 vy = V¥R = V{/Ry = iy}
<
L
f

liy - v2/Ry + 5]

= 1 [Vl - Vz]

. aLn. n.Lc.
s

dv, = -av, for voltage source

dt

di;s = X 6 for current source, since

dt dig/dt = = wB sin (Wt + ¢)

dXg = -wli d3ig/dt2 = -wiB cos (wt + ¢)

dt

In matrix form,
= ™ - > "
Vl ‘(I/Rl + l/RZ)/Cl 0 "l/C[ l/Cl 0 0 Vl!

d Vz 0 -I/R3C2 l/Cz 0 l/Cz 0 A&

dt |i3 | o 1/L -1/L 0 0 0 0 iy
\X 0 0 0 -a 0 0 Vs
ig 0 0 0 0 0 1 ig
Xg 0 0 0 0 w? 0 X
L D L - - -

The initial state vector is

- -

v,1(0)

v,(0) where v ;(0) is the initial voltage of C,

i3(0) v 5(0) is the initial voltage of C,

A i3(0) is the initial current of L

B cos ¢

~wB sin ¢

-

Concerning the status of resistances in a graph, it is not always possible to have them

all either tree branches or links. A mix is the norm rather than the exception. In this

10
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case comidqr temporarily that the voltages of tree-branch resistances and the currents of
link resistances are state varisbles, Write an equation for the current of each tree-branch
resistance and the voltage of each link resistance, using state varinbles only. Solve for

the resistance state variables in terms of the remaining state variables,

Example 3, R L, L,

e et 1 A B
Ry
A Ry % : b Ry

T"c
——

i
m—.z--— 4. - e ws SEMSEAESRyE—
* - *
E ’
v‘ : + E RJ
I 'Yy -
M—— . ——

)

Let the temporary state variables be v for R,,i¢ for R,, v; for Ry, and vy for R,.

vs/Ry = iy Vs = Ryl

isRy = Vg4V Raig = Vg= vy
VilRy = iy D vy = Ryiy

Ve/Ry = iy =ig =i Va/Re +ig iy =iy

Solve for vg, tg, V7, and Vg4,

vs =Ry . e - .
| R -~ R
i‘ - V[ + .‘ ig - 4 i3
- Ry + R, R,+ R4 R, + R,
Vp = R\:il
R

-

Re v+ RaRe g, RS
RQ "‘R‘ Rz "‘R‘ Rg +R‘

vy -

11



The previous procedure is now followed,
Resistance R, | current = i,
voltage = Rlii
| R R
Resistance R, urrent = L2 sl NN UL
tnce %2 curren R:+R, ! R:*'er K +R,

voltage = ‘K—I“_ iy -r:% iy

Resistance R; ! current = iy

voltage = R,i;

| 1 R, . R, .
Resistance R‘ : current = m:v i+ W 2 = mlm 5

l -—1—-—
voltag® * ~ 3K, 1("5-"#:i

l -
dv, — - R R s - i

P |" - T Y Wr‘”x;;’nr” '3]

N U - R RR
dig = Il Ryiy v, =V +-R——‘1E- 'R_Lt'i i
dt L{ : ¢ 1t 2 z+

l -
diy = — Ry
T L R+ R "'*n,+n, lt;';:'r"*"' "R’”]
dvy = 0
*

Notice that in all the state equations written so far the differentiated variables were the
state variables. This is always true of linear systems, not necessarily true of nonlinear
systems. For the latter a distinction is made between the differentiated variables and

the state variables. The state equations take the form X' = AX instead of X = AX.

The basic equation characterizing an inductance is v = d\/dt, where \ is the coil flux

~ linkage. If \ is produced by a coil current i, then the inductance L = \/i. L is not
constant unless \ is directly proportional to i, in which case v = d\/dt = d(Li)dt = L di/dt,

For a magnetic core whose B-H curve is available, the A - i relationship is derived iit the

following manner.

*



A=N¢ =(NA)B ,
i =@NH
where N is the number of turns of the coil, v

A is the crosssection of the magnetic core in m?

2 is the mean length of the magnetic core in m,
In setting up the state equation of an inductance, write d\/dt ;h terms of the state
variables using KVL. For a nonlinear inductance, the differentiated variable is thus A,
and the state variable i

The above expressions for A and i are based on SI units, i.c. B is in tesla’ (weber/m?)
aid H in ampere/meter. The B-H curve is often available in cgs units. In that case,
A = (NAXx10°%)B
i = [2/(04xN)] 'H
where A s in square centimeter,

£ is in centimeter,
B isin gauss,
H is in oersted,

As for a capacitance, the basic equation-isi = dq/dt, where q is the charge in
coulomb on the plates of the capacitance. The charge is related to voltage across the
capacitance by ~q = Cv, where C is the capacitance in farad, If C is constant (linear
capacitance), then i = C dv/dt; otherwise, the relationship between q and v nllust be
known. In setting up the state equation, write dg/dt in terms of the state variables
using KCL. For a nonlinear capacitance, the differentiated variable is thus q and the
state variable v.

For a resistance v = Ri. If R is not constant (nonlinear resistance), one of its
electrical quantities is taken as a state variable. If the resistance is a tree branch, its
state variable is the voltage. If the resistance is a link, its state variable is the current.
In either case, the other:ele‘ctﬁcal quantity is expressed in terms of the state variables

of the whole problem, using KVL in case of a link, KCL in case of a tree branch. This

other quantity is obviously not differentiated.

13



Example 4,

Consider the circuit of example | in this section. Let C, L;, and Ry be nonlinear,

Using the same tree, assign voltage v¢ to Ry, V¢ is a state variable since R, is a tree

branch, The state equations become:

da =iy 4y
dt

gélz_--R!i=+V‘-V‘-R3(iz+i;)
dt

diy =l (v - v, =Ry Gy +iy) = Ryiy |

t L

dV4-Q

dt
dis =9

dt

ig = =iy +is

In matrix form,

- r
aq 0 1 1
Ay -1 ~-(R,+R;) ~-R,
%T iy |« | =VL;  =RyL, ~(Ry + Ry)/L,
Ve 0 0 0
ig 0 0 0

14
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\\/(

or X' = AX

E.] - EO 0 -1 0 4 0] —v. -

i

iy

Ve

is

. ig
.

or X' = KX
NOTE: It is reccommended that a tree be chosen such that a honlinear resistance which
‘ is a link be not associated with a loop (tie set) containing another nonlinear
resistance. Likewise, a nonlinear resistance which is a tree branch should

preferably not be associated with a cut set containing another nonlinear resistance,

Method of Solution e
From the initjal state vector X(0) and the curves of the nonlinear elements, the
initial values of the differentiated variables X'(0) are obtained. The time interval of interest
is now divided into equal increments At, small enough not to impair the accuracy of the
solution, yet large enough not to cause the computer to take too long in reaching that
solution. Increments of the differentiated variables are obtained:
AX' (at) = A X(0) At
The values of the differentiated variables at time At are:
X' (at) = X' (0) + AX' (At)
) Using the curves of the nonlinear elements, one can now obtain the state variable values
at time At, namely, Z,(At). If no nonlinear resistances exist,
then X(at) = X(At). Otherwise, obtain
X"(ar) = R X(ap)

15




Using the curves of the nonlineéar resistances, a further update of the state variables
X (At) is obtained, namely, X (At).

X (At) is now taken as the initial state vector and the same procedure is repeated
to obfain X (24t), and so on.

The outputs at any time kAt are given by Y (kAt) = B 2(_ (kAt) where Y is
the output vector and B the transmission matrix. Each output is a linear combination
of the state variables. Thus, each row of B, say row i, contains the coefficients relating

output i to the state variables,

Computer Program - Flow Chart




DV, : Differentistd

AV, : Algebraic
Varishle

SET UP 8.V,
R ZeN

| 4

SET UP DV,
VECTOR USING
NL CURVES D =2

\

SET UP l?.\l.
NLCURVES F~ 2

NO

NEXT &t ]

QeCz A

!

D=D+Q

Y

UPDATE S.V,
VECTOR USING
NL CURVES Z - D

Y

FaRZ

!

UPDATE S.V,
_ VECTOR USING
NL CURVES Z = F

1

EeT2

]
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The program was implemented on a Hewlett-Packard 9830 computer, provided with
a 9866 printer and a 9862 plotter. A listing of the program may be found in Appendix A.
The COMMON statement permits modification of individual pieces of data once the
program terminates. The modified data may be stored on tape with STORE DATA file#
command. '
Following is a list of the main variables used in the program, together with a description
of their role.
C Coefficient matrix for the differential equations, 10 x 10, Each row of C multi-
plied by state-variable vector Z prpduces the derivative of a differentiated variable.
Vector of differentiated variables, 10 x 1.
Qutput vector at time considered, 4 x 1.

Vector of non-state variables of dissipative elements, 3 x I,

@ m m ©O

Output matrix, 4 x 181. Each row gives the consecutive values of an output in

H Nonlinear characteristics matrix, 10 x 10. Each pair of columns represents a curve;
hence, up to 5 curves. The first column of a pair contains the x-coordinate values,
the second column the y-coordinates: for an inductance i and A, for a capacitance
v and q, for a resistance i and v,

L Matrix of nonlinear energy-storing element position in Z and corresponrding curve
number in H, 10 x 2.

N(1) Number of state variables, max. 10.

N(2) Number of basic time intervals.

N(3) Print interval.

N(4) Number of outputs, max. 4.

N(5) Number of output values to be printed out.

N(6) Number of differet;i curves of nonlinear characteristics, 0-5.

18



N(7) Number of nonlinear energy-storing elements, 1-10.
N(8) Basic time interval, ‘ *

N(9)

through Initial condition values.

N(18)

N(19) Number of nonlinear dissipative elements, 0-3,

P

z

Matrix for nonlinear di.ssipative elements, | x 9. To each element corresponds a .
triplet: state variable position in Z, curve number, and kind of state variable (1 for
current, 2 for voltage).

Vector of change in differentiated variables, 10 x 1.

Data file number.

Number of energy-storing elements, i.e. number of differential equations.

Coefficient matrix for the linear equations of the nonlinear dissipative elements,

3 x 10 o

Transmissions matrix. 4 x 10. Each row of T multiplied iyy state-variable vector Z

produces an output value.

State-variable vector at any time, 10 x 1.

Computer Program -~ Instructiggx; for Use

1.

NEW JOB (Y OR N)?

Enter N if you already have a data file for the job; Y if you wish to produce new
data, and then proceed to question 3.

FILE # ? |

Enter number of existing data file. Proceed to question 20.

NO. OF STATE VARIABLES (1 TO 10)?

Enter number of sﬁte variables. This number may be larger than the order of

the system, the latter corresponding to the number of first-order differential

19



4.

7.

equations. Each nonlinear dissipative element (resistance, Criction) requires a
state varigble, but jives rise to an algebraic aquatlon only.

NO. OF NONLINEAR DISSIPATIVE ELE’MENTS ©, 1,23

Enter number of nonlinear dissipative elements (resistances), up to three,

NO. OF NONLINEAR ENERGY-STORING ELEMENTS (0 TO 10)?

Enter number of nonlinear energy-storing elements (inductances, capacitances),
up to 10.

BASIC TIME INTERVAL (SECONDS)?

Enter the elementary time interval of integration. For example, if the period of
interest is | miilisecond and this period is divided into 500 basic time intervals,
the length of each basic time interval is 2 microseconds. Too large a basic time
interval speeds up the soluticn, but impairs its accuracy.

NO. OF TIME INTERVALS?

Enter number of basic intervals into which the total time of interest is divided.
PRINT INTERVAL (i, 2, 3, ...)?

If the basic time interval has been chosen judiciously, the variation of the solution
from one basic time interval to the next is, in general, too small to be relevant.
When the solution is eventually printed out, you may want to get the solution
every k basic time intervals. This k is called “print interval.” For examnple, let
the number of basic time intervals be 500. If the print interval is szlected as 5
only solution values #1,6, 11, 13, ... will eventually be printed out, that is
101 values: the initial condition and 100 intervals. Value # | is the initial one,
before any integration takes'place. Incidentally, only those 101 values are kept
in memory, to be later stored with the data. Up to 181 output values may thus
be stored, i.e. NO. OF TIME INTERVALS/PRINT INTERVAL < 180.

4

20



10,

ll.

13.

14.

15.

NO. OF OUTPUTS (I, 2, 3, OR 4)?

Enter number of outpgt funcﬁom,‘ up to 4. An output function is a linear combi-
nation of the state variables.

TRANSMISSION ka J

J takes the values of 1 to the number of outputs designated in instruction # 9,
For output function J, enter the coefficients of its linear combination, one at a
time as requested on display, Q

COEFFICIENT MATRIX FOR DIFFERENTIAL EQUATIONS

Enter the coefficients, one at a time, as requested on display, This matrix is not
square if nonlinear dissipative elements exist.

COEFFICIENT MATRIX FOR ALGEBRAIC EQS. OF N.L. DISSIPATIVE ELEMENTS
Enter the coefficients, one at a time, as requssted on display. This information is
not requested if the answer to instruction 4 is 0,

INIT. COND. VECTOR R

Enter the initial values of all state variables, one at a time, as requested. The
initial values of the state variables corresponding to nonlinear dissipative elements
may have to be estimated. Once the computation starts, the program will try to
improve the accuracy of these values to within 0.1% in 10 iterations. If it does
not succeed, it will request improved initial conditions and terminate.

NO. OF NONLINEAR CHARACTERISTICS (0 TO 5) ?

Enter the number of curves describing the characteristics of nonlinear elements.
This is less than, or equal to, the number of nonlinear vlements as two or more
such elements may possess the same characteristics.

ENTER CURVE # J (BY PAIR OF VALUES)

J takes the value | to the number of curves designated in instruction # 14.

For curve J, enter two values at a time, as requested. The first value is the
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16.

17.

18.

19.

20.

x-<coordinate: The current [ for a resistance and an inductance, the voltage V for a
capacitance. The second value is the y-coordinate; the voltage V for a resistance, the
flux linkage A (voit-sec) for an inductance, and the charge Q for a capacitance. Ten
such pairs must be entered for each curve. This information is not requested if the
answer to question # 14 i3 zerc.

FOR EACH NONLINEAR ENERGY-STORING ELEMENT, ENTER STATE-
VARIABLE POSITION AND CURVE #

For each of the nonlinear energy-storing elements numbering the answer to question
# S, enter a pair of values at a time: the state-variable position number in the
state-variable vector ay entered, for example, under # 13 above, and the associated
curve number as entered under 15 above. More than one element may be associated
with the same curve,

FOR EACH NONLINEAR DISSIPATIVE ELEMENT, ENTER STATE-VARIABLE
POSITION, CURVE # , AND KIND OF STATE VARIABLE (1 for [, 2 for V)

For ;-.ach of the ncnlinear dissipative elements numbering the answer to question

# 4 above, enter a triplet of values at a time: the state variable position number

in the state variable vector, the auociated/;curve number, and a designation of 1

if the element is a link or 2 if the element is a tree branch.

STORE DATA (Y OR N) ?

Enter Y if you wish all the above data stored on tape, N if you don’t. In the
latter case skip to instruction # 20.

FILE # ?

Enter the number of the file where the data is to be stored. NOTE: The file

must have been previously marked (see HP manual tor FIND and MARK commands).
COMPUTE (Y OR Ny ?

Enter Y if you wish the computation to be carried out in order to obtain solution,
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23.

24.

25,

26‘

27.

N if you don’t. The purposs of this instruction is to separate the data input from
the data procezsing. Thus, the whole job need not be done in one sitting. The
instruction is alsc found useful in separating the computation job from the output
job.

INTERVAL #J. BE PATIENT ! ! !

This message occurs every SO integration intervals. Nothing to answer.

FINAL STATUS OF STATE-VARIABLE VECTOR IS:

The solution has ended. The last values of the state variables are printed out. .
They may later be used as initial values to a subsequent time interval. The solution
and data are stored in the file specified under instruction # 19 if the answer to

# 18 is yes. This information may later be retrieved for recomputation, and/or
printout, and/or plot.  Nothing to answer,

TOTAL TIME INTERVAL = — SECONDS

Nothing to answer

PRINTOUT NEEDED (Y OR N) ? "

Enter Y if you wish to have the outputs printed out, N if you don't.

PLOT NEEDED (Y OR N) ?

Enter Y if you wish to have tlu sutputs plotted, and get plotter ready. Enter N
if you do not néed plot, and skip to # 28,

SET PLOTTER, PRESS CONT

Raise pen, pla‘c‘e’ paper on plotter board, and set all margins. Then press CONT and
EXECUTE

MIN AND MAX VALUES ?

Enter pair. [t establishes the range of the y-axis. Choose it by referring to the
values printed out under # 24 above. (MAX-MIN)/S should be a convenient
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value for a marked interval on the y-axis. If the output just plotted is not the last
one, the program goes back to-# 26.
28. END OF JOB
Nothing to answer. The cassette tape is rewound.
Possible messages which are followed by program termination:
1) OUT OF CHARACTERISTICS -BOUNDS, PROGRAM ABORTED.
Variable of nonlinear element is outside range of curve,
2) PROGRAM ABORTED, IMPROVE INITIAL COND‘lITIONS.
Initial values-entered for .'.'tate variables of dissipative‘- elements are not correct.
3) NO, OF N.L. ELEMENTS = - - -, NO CURVE.
Answers to instructions 4 and 5 are inconsistent with answer to # 14,
It is recommended that the data entered be checked for accuracy before computation.
After entering all datz for a new job, answer N to question #20 and all succeeding
questions. This ends the program. Next, execute the following commands to obtain a

printont of the data entered:

MAT PRINT N [EXECUTE]
MAT PRINT T [EXECUTE]
MAT PRINT C (EXECUTE]
MAT PRINT R [EXECUTE]
MAT PRINT H (EXECUTE]
MAT PRINT L (EXECUTE]
MAT PRINT P (EXECUTE]

If corsections are to be made,l the program does not have to be rerun. Simply enter
the corrections, one at a time, as follows. If element C (3,5), say, is to be corrected then:

C (3.5) = new value  [EXECUTE]

P

and so on. After all corrections are made, store the data. Thus, if the data had been

stored by the program in file # 4, then:
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STORE DATA 4 [EXECUTE])

Now, in order to compute, run the program again considering that you m‘dealinc
with an old job. | |
1. NEW JOB (Y OR N) ?

N

2 FILE #?
4

3. COMPUTE (Y OR N) .
Y

This feature is particularly convenient when the circuit mode! changes due to the
presence of diodes, SCRs, ... The program would first be run for, say, SO time intervals
with a diode current as one of tile outputf. Check thé output values printed out. Suppose
that at interval # 38 the diode current reverses direction, The solution is therefore valid
only to interval # 37. Then,

N@2) = 37 [EXECUTE]
N(s) = 38 (EXECUTE]
STORE DATA same file no.  [EXECUTE]

Rerun the program. At the end, the final values of the state variabies are to be used
as initial values for the next run with different equations for a new model and, say, for
80 time intervals. Then,

N(2) = 80

N(GS) = 81 ‘

N = Z (1,1) and likewise for the rest of the initial conditions.
Changes in the model

STORE DATA new file no.
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The solution over the whole time interval of interest may tixus be formed of a number
of solutions over consecutive subintervals. In order to obtair: a sinzie plot for the overall
solution, the nex,:t task is to splice all subso?,uti!ons together, with the proper print
interval, and store the result in a single file. This can be achieved with the program
listed in Appendix B and whose details follow.

1. NO, OF OUTPUTS?

Enter the number of output functions stored in the files to be spliceld’. This number

must be the same for both files. |
2. TOTAL NO. OF INTERVALS (BOTH FILES)?

Enter a + b, where a and b are the number of stored data intervals in files | and 2,

respectively,

3. SUPPLEMENTARY PRINT INTERVAL?

Both files | and 2 to be spliced must also be based on the same print intérval, say c.

If a value d is entered here, it will be considered as a print interval on the output

data of the prespliced files. The resulting file will have a print interval of ¢ times d.
4. FIRST FILE #?

" Enter number of frent file.
S. SECOND FILE #?

Enter number of rear file.

6. NO. OF TIME INTERVALS LEFT OUT = - - -

Nothing to answer. It indicates the number of data pieces lost from the end of the

second file due to the supplementary print interval. For example, let the number

of intervals of the first and second file be 37 and 80, respectively. If the supple-
mentary print interval chosen is 2, the 80th output value of the second file is lost
from the spliced combination.

7. FILE # FOR NEW DATA ?
Enter number of file where resulting spliced data’are to be stored.
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APPENDIX A

Jth4ni81IrHllooIOIvL(lBoal,RCBfiﬂlvPllvgi

IF QSH"Y“ THEN 100
PRINT -"FILE #"

INPUT Q3
LORD DATA 3
GOTO 1120

PRINT "NO. OF STRTE VYARIRBLES <1 T 1@)"

INPUT NC11

?Z;ﬁ¥ ;P?é]DF HONLINEAR DISSIPATIVE ELEMENTS <0s1,2,3)"
?sén; ;?33 OF NONLINERR EMERGY-STORING ELEMENTS <0 TO 10>
PRINT “BHSIL TIME INTERYAL (3ECOMDS)"

INPUT NC31

PRINT “NO. OF TIME INTERVAL3"

INPUT NC21]

PRINT “PRINT INTERMAL (112939.442"

INPUT NC31

PRINT "MHO. OF OQUTPUTS (1,2,390R 40" -
INPUT NC4)

MAT T=ZERCNC41,HE 111

R4=NC1]=NC19]

MAT CmZERCQ4sHL1]]

MAT ZsZERCNCL1)y 11

IF NC191=@ THEN 319

MAT R=ZERCHC191sNL1]]

MAT P=ZERC 1,3#NC191]

HCS1mINTCNC21/NC 3 10+l

MAT GaZERCMNC41sNCS]] o
FOR Je! TO NC4]

PRINT "TRANSMISSION YECTOR"J

FOR I=i TO NC1i1]

DISP “("313i")>"}

INPUT TCJ» 11

NEXT !

NEXT J

PRINT. "COEFFICIENT MRTRIX FOR DIFFERENTIAL EGQUARTIONS"
FOR 1=t TQ Q4

FOR Joi TO NCL]

nIbP "(“;x.“ ‘l;JCll)ll;

INPUT CLIvJ]

NEXT J

) NEKXT I

IF Ntl?]-B THEN 539

PRINT "CDEFFICIENT MATRIX FOR ALGEBRAIC E@S. OF N.L. DISSIPRTIVE ELEMENT:"
FOR I=1 TO NC191]

FOR Js{ TO NL11

DISP !0("':;" ". M:li’

INPUT RCTy S

NEXT J

NEXT I

PRINT "INIT. COND. YECTOR"

' FOR I={ TO NC1L1

DISP "(*3T8")"]
INPUT 20151)
NC3+11e2( 1,12
NEXT
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610
620
630
649
630
660

999

1009
1918
1a2e
1939
1940
1950
19e0
1079
1830

29
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FOR I=NC1J+l TO 10
HE3+[]e@

HEKXT I

PRINT "ND. OF HONWLIMNEAR CHARACTERISTICS <@ TO %)
IMPUT NC5J y

IF NC&1sd THEN 970

REDIM HL 10, 2#NCS 1]

FOR Jsl TO N(&]

PRINT "ENTER CURYE #".J3"<BY PRIR OF YALUES)"

FOR I=1 TO 1@

DISP "PRIR #"3il}

IMPUT HEIs2%J=1 1sHC I3 2%J1
NEXT I

NEKT J

IF NL7139 THEN 350

REDIN LINC?Iy2)

| PRINT

) PRINT "FOR_EACH NOWLINERR EMERGY-STORING ELEMENT."
' PRINT "ENTER STATE-YARIABLE POSITION AND CURVE #*

FOR =1 TO NC?)

DISP "("315")"}

INPUT LEIs12sLEEs2)

HEXT T

50TO 359 |

MAT La2ERC1,1])

é;,ﬁ%‘al’* THEN 345

PRINT "FOR ERCH NOMLIMEAR DISSIPATIVE ELEMENT) ENTER STATE-VARIABLE"

PRINT ;ngt;g?ga CURYE #» RAND KIND OF STRTE VARIABLE <1 FOR Iy 2 FOR ¥)"
E ]

) ITHPUT POLy3%#[-21sPL L2311 1Pl 1y3#] 1]

HEXT I

GOTO 1858

MAT P=ZERC1,11
MRT R=ZERC1,1]

| GOTO 1938

IF HE7J+NC 19 1= THEW Lo19
PRINT "NQ., OF N,L. ELEMEMTS="$NC7I+HC1213"y NO CURVE."
DISP "ERROR| PROGRAM RBORTED."
STOP

MAT P=ZERL1s1]

MAT R=ZER[1s1]

MAT H=ZER[1:11]

MAT L=ZERC1s11

PRINT "STORE DRATR Y OR HX"3
INPUT R¥

I[F R¥="N" THEHW 127

PRINT "FILE #";

INPUT Q3

STORE DRTAR i3

LOTO 1278

N4mNC 1 J=NC 121

R"'! \'}-"
REDIMTTCNT4IsNC 1 J3sCORaME 133 20NEL 351 s 5ENCSIINES D]
IF NC51=9 THEN 1229

REDIM HC 1@y 24NL 5 1]

IF NC7J=9 THEW 1206

REDIM LLNC?7 1,21

G0TO 1219

REDIM LL1s11]
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IF NCL13)=Q THEN 12340

REDIM RINC {21 NCLIsRC Ly S¥NC19)]
GOTO 1270

REDIM RLI»11:PCLs12sFCEr1])

GOTO (37 _

REDIM MLl 1L LLLst1 JoREL 1 pPLLNL ]

) REDIM DCQ4s ! 1 ECNCH1 1 1oQ0Q401 ]

IF NC191=d THEN 1300
REDIM FCHC191)11
PRINT "COMPUTE <Y OR N2

 INPUT QS

IF Q$="N" THEN 2040
FOR I={ TO NCL11
oCl:11aN(S+I]

IF I>04 THEN 13vQ
DIrtluNCB+L] )
NEXT 1

[F NL& =@ THEN 1840
IF NC?1=Q THEN {480
FOR Ji=y TO NC?)
FlaDCLCJLs1 10t
Fimll 11221

GOSUB 2730
DLLJL» L 1l dupPd

NERT J1

IF N[191=0 THEN 1848
FOR Qi=1 T) 10

MAT FaR»Z ‘

R2w .
FOR Ji=1 TO NC19

) PLeFfJls 1]
P3EPE 1y 3¥J1=-11
) GOSUB PC1,3%J11 OF 2900,2730

IF 2L04+J1,1120 THEN 1589
Q2=Q2+ABSCC2L A4+ J1 s 1 1=PR) 2L Qd+dls 1 1)

2CR4+d1s 1 JaP2

NEXT J1

IF Q2<0.001#NC 191 THEN 162

IF Q1810 THEN 1§30

ERINT "PROGRAM ABORTED. IMPROVE INITIAL CONDITIONS."
Q=19

NEXT @1

MAT EaTsS

"FOR I=1 TO N(4)

GLIst)=ECIy1]

NEXT I

FOR Ki=i TO NC21
MAT QaC*Z

MAT Q=CNES 1IMQ

MAT DD+

REDIN 2LQ4s1]

MAT 2eD = |
REDIM 2CNCI 112

IF NCS 1= THEN 1350
IF NC?J=d” THEN 1330
FOR Ji={ TO NC7)
PLa2lLLJ1sdDr1]
P3aLLJ1y2]

GOsSUB 2999
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ZtLtJl:lJ:l]-P°
NEXT J1
IF N{1?]=3 THEN 1930@
FOR Ql=) TO 2
MAT FsR*2 }
FOR Ji={ T N{19]
PlefFlJ1s1]
P3wpPliy3%Jl=1]
GOSUB PL1.3%8J11 OF 29002730
ZEG4*J1pl]=P°
NEXT Ji
NEXT Qi
IF KIRCINTCRL#SD) 450 THEN 19%0
PRINT “IMTERVYRL B"KI{"BE PRTIENTI!I®
IF KISCINTCRLANE 31D 2%HE3Y THEN 2019
MRT E=T#Z
K2sK1 NL3 I+t
FAOR I=1 TO M[U41]
htI:K21=EEInlJ

) NEXT 1

) NENT K1

IF R¥="N" THEN 2049
STORE DRTR Q3
PRINT

PRINT "FINAL STRTUS OF 3TRTE-VRARIRBLE VECTOR IS:"

REDIM Ztertlll

MAT PRINT Z

;gln; “TOTAL TIME INTERYAL="MC 2 14NC 2 1" SECONDS"
- DISP "PRINTOUT MEEDED <Y QR N)"i

[NPUT Q%

IF Q$="N" THEN 22189

PRINT

FOR I=1 TO NC4]

PRINT "OUTPUT"I

FOR Jsi TO NCS)

PRINT GLI»J1¢

NEXT J

PRINT

NEXT I

DISF "PLQT NEEDED «Y OR M)"3

INPUT Q3

IF Q="N" THEN 28T

) FOR I=1 TO NC41

DIS> “SET PLOTTER, PRESS CONT®
STaP

7EN

DISP "MIN AND MAX VRLUES":
INPUT E1,E2

SCRALE 9»1.1#N[2I*NC2R1VEL1HER
E3=INT(NC21/1008)%10*%N( 3]
E4=fB-E2~EL)

ES=LGT(EY)

. E4=E4~-1OPES

ES=[NT(E4) #19t(ES=1)
IF E28E1>9 THEN 2390
E4=0

GOTO 2439

| IF E1<Q THEN 2429

E4=El
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2419 GOTO 2430

2420 E4mE2

2430 ES=l, 1#NC2 %NS "
2449 XAXIS E41E3»0ES ©
2430 YAXIS OEEELHE2

o450 LABEL (#51.3)1,7:9:8,5711)

2479 FOR Y=Q TO 190 STEP 2

2980 IF RBSCEL+YHES-E4)<EE THEN 2320

2499 PLOT 0y Y#ES+EL) 1

2309 CPLOT 2+-0.3

aste hﬂB;LY(SEBO)(Y*ES+EI)

EX
2930 LRABEL <#91.%5)1, 7 FI-2:8.5-11)
2349 FOR X=9 TO 10 STEP 2
2330 IF Ns@ THEN 2%90
2860 PLOT K*E399s1
2870 CPLOT 2,-0.3
23580 LABEL (2500)(K*E3)
2990 NEXT ¥
2600 FORMRT E3.!
2610 PLOT @»GLI»112,~2
2620 FOR J=2 TO HLS] ‘
2530 PLOT CJ=1)0#NC2I4NCE1GLIs 0002
2540 NEXT J
2532 PEN
2660 NEXT 1
2679 REWIND
2630 PRINT
2€90 PRINT "END 0OF Jog"

END
27D §$g; FROM STRTE VAR. TQ PROBLEM VAR,

2730 K3m2#P3=1

2740 K4m2#P3

2759 FOR I=f T 19

760 IF Pi=HL I,K3) THEN 232¢

Q779 IF PIXHLI,K3] THEN 2348

2730 IF I=! THEN 28%&

2790 Jul=-1 ’

2300 PIxHl Jr K4 I+CHI T k4 I~HE Ja R4 0¥ CPL-HL Lo k3 1D/ CHE T4 K3 1=HE Js K3 D)
2319 GOTO 23879

2320 P2wHL [1K41]

2838 L0TQ 23870

2340 NERT I .

23390 ﬁ?égT "QUT OF CHARACTERISTICS BOUNDS., PROGRAM HBORTED. "

3

2379 RETMRN

2380 R?g; FROM PROBLEM VAR. TO STRTE YAR.
s d

2900 K3=2¥p3-1

2910 K4=2#p3

2920 FOR [=1 TD 10

2930 IF PIsHCI'K4] THEN 2990
2340 IF P1>HLI K41 THEN 3010
2383 IF =1 THEN 3920

296Q JxI-1 ;

2979 P2aHC Js K3 3+CHL I K3 1=HE JrK3 1D #CPL=HE JoK4 332 CHE TrK4 1=HE Jo K4 1)
2930 GOTO 3049

2590 P2 /K31

3000 GUTO 3040

NEKT 1
39020 g?égT "QUT OF CHRRACTERIZTICS BOUNDS. PROGRAM RBORTED."
3041 RETURM
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APPENDIX B

n 2{39];Y%49£01:F£1u-lUJ»AClB!l)vG[4:lBlIvHClB’IGIthlO;
°P "HO. BF DUTPUTS"S

IPUT €4
Sg NéPT "TOTRL HO. OF IHTERYALS (BOTH FILES»"
79 PRINT "SUPPLENENTﬁRY FRINT INTERVAL"

80 IHPUT E§

99 ESsINTIES/EEO+L. |

109 REDIM RLE4EZ) °

119 DISP "FIRST FILE #"$

120 INPUT 23

130 LOAD DATA 23

140 [F Ed=Nl4] THEN 120

158 PRINT "ERROR! DIFFEREMT MO, OF OUTFUTS,"
150 DISP "PROGRAM TERNINHTED"

o-*m—-uon

M
219 REDIM GLE4,ES]
EZsy

230 FOR J=t TD E% STEFP E5
240 FOR Is1 TD €4

%0 ﬁtl,EBJ-th;Jl

260 NEWT 1

272 ER -EB¢1

259 MEWT J

290 EVES~((E2~2#EE+1)
200 ETz2E8«E7+]

319 REDIM GL4s 13513

320 DISP "SECOND FILE #"3

320 LHPUT 03

24989 LORD DRATR 02

2%0 IF Ed4=NL 41 THEN 279

360 G0TD 1950

370 IF E3sHC3] THEN 400

35% PRINT "ERROR! FILES DIFFER IN PRINT IHTERYAL."
390 20T0 16w

409 IF ESeN(S1-22E9 THEN 4

413 FRINT "ERROR! TOTHL HO. DF IHTERYALS =" (ES+MH( S 1=2)
420 GOTO 160

430 REDIM GLES,NLS1]

443 FOR Js€? TO N1 STEP EB

420 FOR 1=y T E4

459 AL I1,ES1=5( [» )]

470 NEXT 1

430 E3=E3+1

420 HERT J

09 E3aEg-t

910 EVHIETINIT 1=2)=(EZ-1)#ES

$20 PRINT “NTU. UF TIME INTERVALS LEFT OUTs="3E?
$30 REDIM GCE4/ES)

S48 MAT GaR

856 HLSIsE3

S50 MLZIsNL2J+E2

57O HU3IsNL 3 I#ES

%32 DIZP "FILE # FOR HEW DATA"}

Sea LHPUT Q3

600 DIZP "IF TAPE RERDY, FRESS CONT"
610 STOP

520 3TORE DRTA 03

538 DISP "PRINTOUT MEEDED «¥ OR M)}
B4 [NRUT 18

650 IF Q#="H" THEH 570

650 MAT PRINT &

878 DIZP "END OF JOB" .

£89 END
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