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CHAPTER I

INTRODUCTION

1,1 Statement of the Problem, Systematic methods for formulating

the equations describing linear networks have resulted from the
application of linear graph theory. Koenig and Blackwell (1) utilized
linear graph theory in the development of methﬁds of analysis of complex
networks containing electrical and mechanical components, These authors
extended the use of linear graph theory to cbtain the n-port represen-
tation or characteristics of multiport networks, The terms multiport

model and n-port model are used synonymously in this thesis to mean the

port (or terminal) linear graph and the p§rt (or terminal) equations,
The existence of systematic methods for obtaining network n-port
models suggests the possibility of employing a digital computer to
fcrmulate and solve the required network equations., This thesis reports
on a stﬁdy to determine a means of employing a digital computer to
formulate and compute the n-port models of large networks, Networks
containing linear passive one=port and multiport devices and ideal
drivers are considered, Basic to the study is the determination of a
method to formulate the n-port models of large networks which contain
algebraic (electrical conductance or mechanical damper) elements only,
together with mixed (both through=variable=independent and across-
variable~independent) drivers, Once this method is developed, it is

extended to the formulation of multiport models of networks containing



energy storage devices (electrical capacitance and inductance or
mechanical spring and mass elements).

Specifically, when the research was initiated, a method was sought
which would divide the network into parts, solve each part separately,
and form the required n-port model from the divided network solutions,
A method was required which could be programmed on a digital computer
so that the computer could accept simple input data and compute the

desired model without manual analysis,

1.2 Previous Work in this Area. The most recent work in this area

was done by Lucky (2)., This work describes the obtaining of multiport
models of networks containing resistances, ideal voltage and current
drivers, and two-port components, specifically three-terminal linear
algebraic components, and resulted in a computer program which computes
the specified n-port representation for networks of limited size, The
techniques used required simple input data to the computer, data
obtained from a linear graph of the network,

Other digital computer programs have been written for analysis of
electrical and mechanical networks. A program described by Branin (3)
computes the d-c and transient responses of transistor circuits., The
DYANA program of the General Motors Research Laboratories analyzes
networks of arbitrary configurations (4). Both programs are able to
formulate and solve the necessary mathematical equations from simple
input dataj; \however, neither obtain the network multiport model--the
goal of the work reported in this thesis,

The idea of dividing the network into parts, or subnetworks, for

analysis was suggested by Lucky. This idea of dividing a network into



smaller units in order to obtain a solution is not new. Kron used this
idea in his method of tearing (5, 6), A summary of Kron's method of

tearing is given in Appendix A,

1,3 Brief Outline of the Method §f Solution, The method of
solution involves dividing the network into subnetworks such that an
n;=-subport model can be obtained for each subnethrk. The individual
subnetwork models are combined to form an m-subport model of the entire
network, The desired n-port model for the network is then obtained
from the m-subport linear graph model,

The method of solution involves the following steps:

1. Divide the given network in accordance with certain topological
restrictions and add driver branches to the ports of the
subnetworks,

2, Determine a fundamental tree and cotree for each subnetwork,

3, Determine the fundamental cutset matrix for each subnetwork,

4, Determine the subport model for each subnetwork.

5, Form the composite or m-subport model of the given networkvby
combining the subnetwork ;ubport models.,

6, = Obtain thé required n=port model of the given network from the
composite modela

A detailed discussion of the method of solution as outlined above
and the network division algorithm are presented in Chaptef II; The
tree=formingsand cutset=forming algorithms afé presented in Chapter II1I,
The network informatioﬁ necesséry fbr these algorithms is also discussed,

Chaétep IV discusses the ﬁgdeling of mu;tipdrt components as

individual subnetworks and presents the computer program for obtaining



n-port models of networks containing both one~port and multiport
algebraic components, Examples arebgiveno
In Chapter V the mulfiport modeling of networks containing passive

energy storéée one-port elements is defined, and the formulation of
such models is discussed, The equations are derived to characterize
the subnétwork models of such networksok The computer ﬁfogram(for
obtaining the state-space n-port models of these networks is discussed,
Exampleé are given, |

"‘The method of solution which is developed in this thesis, as well
as the algorithms and the computer programs derived from the solution
method, is completely general and can apply to a yariety of types of
linear mechanical or eiectrical.systemsg The progréms can be gasily
adapted, if they cannot be used in their present form, to systems
containing both electrical and mechanical elements, However, in the
interest of clarity of presentation, where it is necessary to discuss
system elements and system variables, the elements and variables of

the electrical network will be used in the following chapters,



CHAPTER II

THE METHOD OF SOLUTION AND THE

NETWORK DIVISION ALGORITHM

2,1 Introduction, An n-port model of the following form:

Ip = Gp Vo + Gp En + Dy Iy (2,1.1)

is sought for linear algebraic networks, where

is the n=-vector of the n-port currents,

E.é—i

the n-vector of the n=port voltages,

&ﬁ
=
V2]

is the p-vector of voltages of the p network voltage drivers,

g b

is the g-vector of currents of the q metwork current drivers,
and

s Ops and are coefficient matrices of dimension n by n,

& 2

n by p, and n by q, respectively,

The network models sought are based upen a Lagrangian tree--all of
the branches of the modeling tree are incident to a common node; Thus

the terms ports and port nodes are used synonymously to identify the

nodes, other than the common node, of the mode ling tree,

The commonly‘used terms of linear graph theory are used as defined
by Seshu and Reed (7) and will not be redefined, |

A method of obtaining the n-port modél of large networks containing

only one-port conductance (resistance) elements and driver elements 1is



presented in the following section. This basic method iz +hen extended
in subsequent chapters to networks containing energy storage (capacitance

and inductance) elements and multiterminal components.

2,2 The Method of Solution., One step in obtaining an n-port model

of a network is the simultaneous solution of a set of equations, The
number of equations involved depends, in part, on the size of the network.
Consider obtaining the n-port model characteristics Ip = Gp Vp of a
network of passive elements with v nodes., The solution is of the nodal
analysis form and requires v-l-n equations. Thus it is desirable, if
possible, to divide the given large network into several smaller units
or subnetworks and form the desired model from the subnetwork models.
Consider a large electrical network composed of one-port conductance
elements and voltage and current drivers. Assume the network has a
total of v nodes, among which are the n port nodes and the common node
of the desired Lagrangian model, Divide or partition the network into
disjoint subnetworks by placing arbitrary (with one restriction given
below) groups of elements into each subnetwork such that only some of the
v nodes are contained in more than one subnetwork, Define as subnetwork-

port nodes, subport nodes, or simply subports those nodes which either

belong to the set of n port nodes of the given network or are nodes
which are common to two or more subnetworks (other than the common node);
define the total number of subport nodes as m, In each subnetwork add
subport voltage drivers between each subport and the reference or common
node of the subﬁetwork mode 1--the common node of the desired n-port
model,

The constraint imposed upon the network division is that no



subnetwork may contain a circuit of subport and network voltage driver
elements, If this restriction is observed, an n;-subport model of the

form

&
o
[N

Lgp, = Lol @] v 2 dy (2.2.1)

-

i

may be fermulated for each of the subnetworks (refer to Chapter III)

where
EGPi is the nj-vector of currents of the n, subport voltage drivers,
ESPo is the n;-vector of voltagss of the n; subport voltage drivers,
l ad - N

Ep, is the p;-vector of voltages of the p; subnetwork voltage
1

drivers, a subset of the p-network voltage drivers,

Jd; is the gj-vector of currents of the g; submetwork current
drivers, a sﬁbset of the q network current drivers,

and

Gl., G2., and D, are the coefficient matrices of dimension h; = ns,
il B ], i, i i

B3 X Py and ny % g, respectively.

This form of the subport model characteristics, where the vector iSPi
is explicit in terms of the subport voltage driver, network voltage
driver, &nd network current driver independent variables, is similar
to the form sought for the given network n-port model (Equation 2.1.1).
Again, each subnetwork model is baséd upon a Lagrangian tree,

The models of the subnetworks can be combined to form a composite
n-subport modél of the original network. The common node of each

subnetwork model tree has been defined as, common to all subngtworks,



the common node of the desired model tree of the given large network.,
Thus the trees representing the individual subnetworks can be combined
to form a coméosite Lagrangian tree for an m-subport model of fhe given
network, Tree elements he}ving common subport nodes represent subport
voltage drivers of identical voitages; thus these paralleled elements

of the composite model may be repreéented by a single element which
represents phe voltage of the subport drivers and the sum of the currents
of the paralleled subport drivers,

The equations which characterize the composite m-subport model are
formed by placing the elements of the individual subnetwork matrices
Gljs G2;, and D in the appropriate element locations of the composite
Gl, G2, and D matrices, respectively. The composite matrix equation is

P

I, = [61 62] +DJ (2.2,2)

U

where

P is the m-vector of all subport voltage driver currents,

3/?1 &H

P is the m-=vector of all subport voltage driver voltages,
E; is the p-vector of all network voltage driver voltages,

J, is the g-vector of all network current driver currents,

o

and

Gl, G2, and D are ccefficient matrices of the composite model.

Since the composite tree model is formed by paralleling certain
subnetwork tree elements, certain of the elements of the composite Gl
matrix are sums of elements of the subnetwork Gl. matrices. The

individual elements summed are conductances of the paralleled subnetwork



elements that are coefficients of the same subport voltage drivers,

This is similar to the paralleling of n-port networks represented by

indefinite admittance matrices discussed by Weinberg (8) on pages 52-53,

An example follows which illustrates the forming of the composite model,
Consider the network shown in Figure 2.,2,1(a). The network is

divided into two subnetworks as shown in Figure 2,2,1(b) with appropriate

subport voltage drivers added in the subnetworks. The Lagrangian trees

which represent the two subnetworks are shown in Figure 2.2,1(c). The
subnetwork models are characterized by
T T ) ) WY T ] Taw) 407 [y
1 &1 g12 g3 B W 1 11 12 1
(1) (1) (1) (1) (1) (1) (1)
I = E d d J
2 B B By By, 2 21 22 2
(1) (v () _(1) _(1) E d(1) d(1)
3 L g By £i3 B3y 3 [ 31 32 |
E
> - (2.2.3a)
and
[ +(2) ] T (2)  (2)  (2)  _(2) ] L (2) ] [ ]
I ; E d J
2 Bl B By By 2 11 3
(2) (2)  _(2) _(2) _(2) (2)
I = E d
3 81 B2 823 By 3 21
(2) (2) _(2) _(2) _(2) (2)
I : E d
Loow __g31 32 g33 €34 d b L 31
E
6 (2,2,3b)

The superscripts indicate the subnetwork to which the equation elements

belong,

There are four subports, the two ports specified for the given
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Figure 2.2.1l. Example Network., (a) Given network. (b) Two subnet-
works of given network. (c) Modeling trees for the two subnetworks.
{d) Composite model tree,
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network and the two corresponding to the two nodes common to both
subnetworks, The composite network model tree is shown in Figure 2.2,1(d),

The composite equations characterizing this four-subport model are:

S R G D I B G (1) (1) (1) T 0=
I I 0
1 1 11 €12 s 1y 0 El
(1), .(2) (1) (1), (2) (1), _(2) _(2) _(1) _(2)
IZ IZ * IZ.,_ g'2'1 g 'g22 +g11 g23 +g12 g13 'g2"+ _glh E2
- (1) L(2) (1) (1), (2) (1), (2) (2) _(1) (2)
I3 I3 Ia ' 531 g;z e Baz By gzaﬁ Ba By E-3
(2) | (2) (2) (2) (2)
L}&d B Iu __‘__0 83 g3, £33 0 gagq Eu
E_
5
E
L 6]
(1) d(1) o | [g]
11 12 . 1
FICSINFEY! d(2) J
+ | 2t 221 2 (2,2,4)
HEPRRNCO RN ED] I I |
31 32 12 | 3]
0 o a2

Here the superscripts indicate from which subnetwork the composite
eéuation elements originate,

The désired n=port model for the given network can be derived from
the m;subport composite modgla This is accomplished in a manner
analogous to that described by Weinberg (8) for reducing an n-terminal
network to a network with fewer tgrminals and determining a new

indefinite admittance matrix for the network, The vector of currents
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of the subports, which are not ports of the network, is set equal to
zero; and the corresponding subport voltage vector is solved as a
function of the voltage vector of the port drivers and the voltage and
current vectors of the network dpivers‘of the given network, If the
m=subport model is formed so that the first n rows correspond to the n
ports of the given network, the composite matrix equation, Equation

262+2, can be partitiocned

it

I G G G E D J
- 11 ]2 =13 =PSP 1 | =D (2.2.5)
Zrsp £"-21 9-22 9-23 Ersp -D-z
5

where Ipcp and EPSP are the n-vectors of currents and voltages of the
n-port drivers of the given network and ERSP and ERSP are the (m-n)-

vectors of currents and voltages of the remaining subports, It follows

then, that if Ipep is made equal to zero, the vector ERSP is
= -1 , .
Ersp = = [82] " [8p Epsp * S5 By + 2 &y (2.2.6)

Substituting Equation 2.2.6 into Equation 2,2,5 results in the desired

n=-port model

-1 . -]
= = ( - G
uI-PSP [g‘ll 212 222 .(.;.Qlj E.PSP + [‘9-13 ) 2 -G-dzz 9-23] ED

+0D, =6,6. 7" D] (2.2.7)

S0 % XD

which is of the form of Equation 2,2.1 where

is equal to Ipgp,

Ll '

is equal to ~Epgps

: -1
Gp is equal to §y; - Gy 8pp ~ Coio
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. -1
Gp is equal to G5 - G, Gy 7 G300

and

o ]
D hed e
Dy is equal to 2% 942 9@2 RQ

Network analysis requires: (1) that the mathematical relationships
relating the variables (current and voltage for the electrical network)
of each element be known, and (2) the gxistence of a means of specifying
the network topology or the interconnections of the network elements.,

By specifying the element type and the element "value," the first
requirement is satisfied, If the elements and nodes of the network are
numbered, an array of numbers may be used for specifying the network
topology. The algorithms and the analysis procedures developed and used

in this study require only this basic network information,

2,3 The Network Division Alégrithm° In addition to the theoretical

constraint given in Section 2,2, a second constraint must be imposed on
the network divisio; process for practical reasons--the size of the
computer memory limits the size of the subnetworks for which model
characteristics are to be computed, Thus the number of elements in each
subnetwork tree and each subnetwork cotree is limited by some maximum
nurber, Subnetwork tree and cotree sizes can be calculated without
knowning the specific elements which belong to either set, The number
of tree elements is equal to the number of nodes of the subnetwork
minus one; the ﬁumber of cotree elements is equal to the total number
of subnetwork elements minus the number of elements in the tree.

A third constraint in dividing a given network may be imposed if,
for some reason, subnetworks of maximum size are not desired, Computation

round-off errors may be checked by forming an n~-port model two or more
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times from different network divisions. Also, as is done in Chapters IV
and V, a small network may be divided into small subnetworks in order
to illustrate the process without requiring the use of large example
networks, In either case, a subnetwork of minimum size may be specified,
and the network division algorithm described below will add network
elements to the subnetworks (form the subnetworks) until the minimum
size is reached or exceeded.

The network division algorithm is developed around the above
constraints. The following terms are specifically defined for the
purpose of defining the algorithm. Attention is called to Section 2.1

for the meaning of the term port or port node. It should also be noted

that the word network will be used exclusively to mean the given network,

without port drivers, for which the n-port model is desired,

Definition 2,3.1, Subnetwork. In general the term subnetwork
means any subset of elements of a given network. For the purpose of
this thesis a subnetwork is defined as any one of the disjoint subsets
of elements resulting from a dividing or partitioning of a given network
such that:

(a) the union of all subnetworks is equal to the given network,

(b) the intersection of any pair of subnetworks is the null set,

(c) there exists no path made up exclusively of voltage driver

elements between any pair of subports or any subport and the
common node (reference Sections 2.2.1 and 2,2,2), and

(d) the size of the subnetwork does not exceed a prescribed maximum

(reference Section 2.2.2).

Definition 2,3,2, Reference or common node. The node of the given
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network which is selected as the common node of the desired n-port

Lagrangian tree model is defined as the reference or common node, This

node is further defined as fhe conmmon node of all subnetwork models,

Definition 2,2,3, Subport. A subport is defined as a node of a
subnetwork which either belongs to the set of the n port nodes of the
given network or is a node, other than the common node, which appears in

both a subnetwork and its complement.

Definition 2,3,4, x~-node, An x-node is a node of the network, or
of a subnetwork, that is connected to a port, subport, or to the common

node by a path made up exclusively of network voltage drivers,

Definition 2,3,5; Interior node. An interior node is defined as
a node whigh appears in only one subnetwork. |

An interior nqde is thus a node of a subnetwork such that all
elements incident to it in the network are incident to it in the

subnetwork .,

Definition 2,3.6, Subport driver, Subport drivers are the voltage
drivers added to a subnetwork, between each subport and the common node,
in order to establish the subport model of the subnetwork {refer to

Chapter 6 of Koenig and Blackwell (1)),

Definition 2,3,7, Augmented subnetwork. An augmented subnetwork

is defined as a subnetwork and its added subport drivers,

Each subnetwork is formed by selecting certain nodes, one at a
time, to be made interior nodes of the subnetwork; that is,; all of the

elements incident to each selected node are placed into the subnetwork,
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A node is said to be associated with a subnetwork after any element

incident to the node has been placed into a subnetwork in the network

division process, The steps of the network division algorithm follow,

1,

3a

4o

Determine whether any network nodes are x-nodes, That is,

determine those nodes which are connected to a network port

or to the reference node by a path made up exclusively of

network voltage drivers,

Select a node to be made an interior node of a subnetwork:

(a) select a node from the list of x-nodes, or if no x-nodes
exist,

(b) select a node not associated with a subnetwork, or if
all nodes are associated with subnetworks,

(c) select a node which has elements remaining incident to it
in the network.

Remove from the elements remaining in the network the elements

incident to the selected node and

(a) place the elements into the subnetwork, and

(b) if any of these elements are network voltage drivers or
network current drivers, add them to the appropriate list--
voltage drivers to the branch list, the list of elements
which comprise the tree of the subnetwork linear graph, and
current drivers to the chord list, the list of elements
which comprise the cotree of the subnetwork linear graph.

Determine the other nodes to which these elements are incident

and list the nodes; denote these nodes as k-nodes,

If network voltage driver elements which remain in the given

network are incident to any node listed in the k-node list,
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determine the other nodes to which these elements are incident

and list these nodes in the x-node list, (These nodeé are

listed as x-nodes because the k-nodes may become subports,)

If a node of the k-node list appears in the x-node list,vuse

this node as the next selected node to make an interior node

of the subnetwork and returﬁ to Step 3, If no x-nodes are in

the k-node list, go to Step 6,

Determine the number of branches and the number of chords there

would be in the subnetwork if the subnetwork were completed by

adding subport driver elements, If both are less than the
minimums required, go to Step 7; if both are less than the
maximum and one is larger than the minimum, go to Step 9; if

either is larger than the maximum number allowed, go to Step 8,

Select a new node to be made an interior node of the subnetwork

(a or b below) and go to Step 3:

(a) Select a node from the k-node list which has elements
remaining incident to it in the given network, or if no
such k-node exists,

(b) select any node which has elements remaining incident to it
in the given network, or if no such network exists,

{c) do not select a new node; go to Step 9,

Return all elements to the given network which were placed into

the subnetwork since the previous size determination (Step 6)

was made on the subnetwork, Also remove these elements from

the branch and chord lists if they occur in the lists, Go to

Step 9.

Add subport driver elements to the subnetwork to form the
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augmented subnetwork., Each subport driver element is assigned
a number which is equal to the number assigned to the subport

(node) increased by the total number of elements in the given

network,

10, If elements remain in the given network, return to Step 2 and
start a new subnetwork, If no elements remain in the network,
the process is completed.

This algorithm is the basié of the network division phases of the
computer programs presented in Chapters IV and V, The algorithm will
divide any given network of resistors, voltage drivers and current
drivers, which has no circuits of voltage driver elements (including
the port drivers of the n-ports) and no cutsets of current drivers, into
subnetworks of the same class--no circuits of voltage drivers and no
cutsets of current drivers--if such a division of the network is at all
possible within the maximum size subnetwork constraints imposed, A
test is given in the following section which may be applied to a given
network to determine if the network can be divided into subnetworks of

specified maximum size,

2.4 An Algorithm to Determine if a Network Can be Divided. It may

not be possible to divide a given network into subnetworks of a given
maximum ﬂumber of branches and chords because of the manner in which a
number of network voltage drivers are located in the network topology.
This may or may not be determined by a superficial inspection of the
network, However, a detailed manual procedure is available which tests
a given network to determine if sufficient conditions exist in the

network so that it can be divided. The steps of the procedure are:
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1. Identify each set of nodes which is connected by one or more
| network voltage driver elements,
2. For each group containing a network port node, perform the
following steps:

(a) Count the number of nodes, n, excluding the port node,

(b) Count the number of nodes, m, which are connected by
network currgnt driver oruconductance elements to the
n-nodes,

(c) Sumb =n + m + 1,

(d) Count the number of current driver and conductance elements,
¢, which connect n-nodes to m-nodes and n-nodes to other
n-nodes of the same group.

3. For each group not containing a port node, perform the following
steps: |

(a) Select the node (or%one of the nodes) whose incident network
current driver and éonductance elements connect to the
minimum number of nodes,

(b) Consider this node as a port node and perform the steps 2(a)
through 2(d),

4, For those groups of nodes which are connected by a single
current driver or conductance element from a node of one group

to a node of another group, determine the following:

(a) B
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5, If all b's and B's are less than or equal to the maximum



number of branches allowed in a subnetwork and all c's and
C's are less than or equal to the maximum number of chords

allowed in a subnetwork, the network can be divided by the

network division algorithm,
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CHAPTER III
SUBNETWORK MODELING

3,1 ‘Introduction, The formulation of the subnetwork models as

defined in Chapter II by Equation 2.,2.1 is accomplished by the
application of linear graph theory aé developed by Koenig and Blackwell
(1), A formulation tree and its complement, the cotree, are formed for
each augmented subnetwork, From the tree and cotree, the fundamental
cutset matrix (Qp the fundamental circuit matrix) must be formed. The
cutset matrix is used for reasons stated later, With the cutset matrix
determined'and the values of the augmented subnetwork branch and chord
conductances known, the desired subnetwork model is formulated,

The treemcofree algorithm is presented in Section 3.2, the
algorithm for forming»thé cutset matrix is presented in Section 3,3,

and the_formulation of the subnetwork model is detalled in Section 3,4,

3,2 The Tree Formation Algorithm, Cummins and Thomaéon (9)
developed‘a computer program baéea upon an algorithm by Minty (10)
which lists all of the trees of a linear graphs The algorithm déveloped
in this section is baséd upon the wofk of these authors, but it is
different in that ;nly one treevof théAnetwork is determined, Also,
the algorithm developed here produces a tree which contains certain
specified elements of the augmented subnetwork, and a tree complement

or cotree, which contains other specified elements of the augmented

21
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subnetwork--those elements determined to belong in the tree and cotree

by the network division algorithm, This is necessary since all voltage

driver elements must be in the tree and all current driver elements

must be in the cotree in order to perform the required linear graph

theory analysis,

The steps of the algorithm are:

1.

3.

bs

S5

6.

Remove the elements from the augmented subnetwork which are
contained in the subnetwork chord list created by the network
division algorithm,

Select an element of the subnetwork branch list obtained by
the network division algorithm,

Locate the nodes to which the selgcted branch element is
incident in the augmented subnetwork, Remove the branch from
the subnetwork and join together or identify the two nodes as
one single node,

Remove from the subnetwork any self loop élements—nelements
with both ends incident at the same node-=whi¢h are generated
by the identification of two nodes in Step 3, Add these
elements to the subnetwork chord list.

Return to Step 2 until all elements of the branch list,
listed by %he ngtwork division algorithm, have been selected
and removed from the subnetwork,

If elements remain in the subnetwork, choose any element as a
branch, Add the element to the subnetwork branch list and go
to Step 3, If no elements remain in the subnetwork, the
subnetwork tree and cotree are defined by the branch and chord

lists, respectively,
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3,3 The Cutset Matrix Formation Algorithm, An algorithm has been

developed to form the fundamental circuit matrix (2), The development

of the algorithm to form the fundamental cutset matrix is due to an

attempt to simplify the obtaining of one matrix or the other. Either

matrix may be used with equal facility in the subnetwork model

formulation; howevér, the cutset matrix algorithm developed requires

somewhat less input information than the earlier developed circuit

matrix algorithm, based upon the computer program realization of both,

The steps of the algorithm follow from the definitions of the cutset

matrix and fundamental cutsets (7),

1.

26

3,

U,

Se

6,

Create a matrix of zeros with as many rows as the number of
entries in the subnetwork branch list and as many colums as
the number of entries in the subnetwork chord list, Select

the first entry in the branch list as the first cutset branch,

Detérming one of the nodes to which the cutset branch is
incident in the augmented subnetwork and determine if the
branch is oriented away from the node,

List the nqde in the pnode list, List all the elements incident
to the node, except the branch, in the cutset 1list,

If any elements of the cutset 1isf are branch elements, select
one and remove it from the cutset list, Determine the other
node to which it is incident and go to Step 3,

When there are no branch elements in or remaining in the cutset
list, remove both entries of all those elements which appear
Eﬂi&i.in the cutset list,

The cutset list formed is the list of cutset chords

corresponding to the initially selected cutset branch, Select
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the first chord in this list,

7 Defermine if the selected chord is oriented away from any of
the nodes in the node list,

8, If the orientation of the cutset branch (Step 2) and the
orientation of the chord (Step 7) are both away from or both
toward any of the nodes in the node list, the cutset matrix
entry corresponding to the branch and chord is +1; if either
the branch or chord orientation is away from and the other is
toward any of the nodes in the node list, the entry is =1,

9, Place the entry determined in Step 8 in the matrix row
corresponding to the cutset branch position in the subnetwork
branch list and in thé matrix column corresponding to the
position in which the.chord is located in the subnetwork chord
list, |

10, Select the next chord in the cutset list and go to Step 7.
When all chords have been seleéted9 goato Step 11,

11, Remove all entries from the node énd cutset lists, Select
the next branch in the-branch list for tﬂe next cutset branch
and go to Step 2, When all branches have been selected, the
cutéet matrix submatrix § is completed.

The complete cutset matrix répresentation is [U 8], where U is a

unit matrix.

3,4 Subnetwork Modeling, The subnetwork model is computed from

the cutset submé‘i:rix9 S, and the component values of the tree and cotree
conductances, The matrix S is partitioned and provides both the

fundamental cutset and fundamental circuit equations:
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(3.4,1)

(3.4,2)

of the voltage
of the current
of the tree

of the cotree

The tree and cotree conductances provide two additional equations,

the component equations

and

3

L = & Ly

(3,4,3)

(3.4, 4)

where ET and EC are diagonal matrices, the elements of which are the

values in mhos of the tree and cotree conductances.,

The conductances

are ordered in the same order as the corresponding elements are listed

in the tree and cotree lists; thus the current and voltage vectors of

Equations 3,4,3 and 3,4.4 are the same as those in Equations 3.4.1
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and 3.,4.2,
The subnetwork models are formulated as follows; From Equations

3.4,1 and 3,4,2 the following equations are written:

T T
-YCG_ =2, Ents,, Iy (3.4,5)
= - § - 0 to
.:.[-VD -1 ] -{CD §..12 EnCG (3,4.6)

Equation 3,4,5 is substituted into Equation 3.4,3 and the result

substituted into Equation 3,4.6, resulting in an expression for I . in

=/ D)
terms of driver current and voltage vectors and XTGE
I ==5 _Ju =S._ G [é Teg +s Tv g (3,4,7)
«VD =11 «CD &2 =C “=12 VD =22 <TG
Equation 3.,4,1 also provides
Irg = = 21 Sop T o0 Lo (3:4,8)

Equations 3.4,4 and 3,4,3 are substituted into Equation 3.4,8, Equationm
3, 4,5 is substituted into the result, The following equation,

containing the same variables as Equation 3.4,7, results:

. T .
2 - - C
S lre ® = 50 Loy 7 300 & [S1, Evp * 55, Yl (3,14,9)
Equation 3,49 i lved for V_ :
quatlon 1S sSolve oYy ‘-‘I’G
V. =[G +5 6.8 T17'[-s J -5 6.5 TE J (3.4,10)
~TG “T =2 =C =22 =1 =CD =2 =C =12 =VD

Equation 3,4,10 is substituted into Equation 3,4,7 to provide the

expression for EV , the vector of currents of all subnetwork voltage

D

driver elements, in terms of the voltage vector of these driver elements

and the current vector of the subnetwork current drivers, The result is
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Lyp = S Evp + Dyp dop (3°l+o.lj.)
where
EVD = 312 Sc §.22T LG ¢ ..S..22 Se §22T]-1 §22 & __12T - §_12T (3.4,12)
and
Dyp=S.G6. 8 "6 +5. 6.8 Trls -5 (3,4,13)
o ]2 =C )2 '-T )0 wll w-d) -1 =11

Since only the representation of subport currents is desired, those
equations expressing network voltage driver currents can be eliminated
from Equation 3,4,11 to form the subnetwork subport model equivalent

to Equation 2,2,1,

Isp = ep Zup * 2ep dop (3:414)

where
ESP is the vector of currents of the subport voltage drivers, a
subset of the currents of the vector lyp, defined in Equation
3olaly
Evp and Jop are the vectors as.defined for Equations 3,4,1 and
3.4,23 and

ESP and BSP are matrices derived from END and D,

YD of Equation

3.4,11 by deleting the appropriate POWS,



CHAPTER IV

n-PORT MODELING OF NETWORKS COMPOSED OF ONE~PORT
AND MULTIPORT RESISTIVE DEVICES AND IDEAL

VOLTAGE AND CURRENT DRIVERS

4,1 Introduction, Networks or systems may contain multiport

cbmponents in addition to one-port elements., Thé composition of such
components need not be known in order to be able to model the
characteristics of these devices, Models similar to the subnetwork
models formulated in Chapter III can be férmulated for individual
multiport components, The analysis of networks containing these
devices is carried out in a manner quite similar to the analysis of
networks which contain only one-port elements,

The theory presented in the previous chapters is extended in this
chapter to include systems containing components with more than one
porf, These components are considered as individual subnetworks of
the given network in which they are connected and for which the n-port
model is sought., Section 4,2 presents the manner in which suitable
models of multiport components are determined so that these models can
be added to the composite subport model discussed in Chapter II, The
remainder of this chapter presents thé computer program in detail,
beginning with a discussion of the input data to the program and

concluding with an example,

28
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4,2 Multiport Component Modeling. Multiport components can be

mathematically modeled by a terminal tree-graph and an associated set
of terminal equations (1), It is assumed that the tree graphs which
represent the components to be considered are of arbitrary form and

that the terminal equations are of the form
S e (4,2,1)

where 1 and V are the current and voltage vectors of the modeling tree
elements and G is a matrix of short-circuit conductance parameters.
Subport models similar to those formulated for the subnetworks of
one-port elements are formulated for multipbrt components from the
given models, These subport models are formulated by considering each
multiport component as an individual subnetwork, The augrnente-d sub=-
network in this case is defined as the multiport component plus the
voltage drivers, both subport drivers and any necessary network voltage
drivers, which are required to define the voltages of all of the
terminals of the multiport component., This augmented multiterminal

component subnetwork will hereafter be referred to as an m=c subnetwork,

The simplest subport model of a multiport component is a Lagrangian
treec model with a subport branch element connecting the common node to
each terminal of the component., Such a model can be cbtained by a
simple trese transformation of variables (1), However, this model will
not always be feasible, Consider the case of a multiport component
which has terminals that are connected to network nodes which are
x-nodes or become defined as x-nodes by the division process, The
voltages of each of these terminals is a function of both a subport

driver and one or more network voltage drivers, Thus the models which
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are to represent‘these components will contain both subport drivers

and network drivers, and their linear graph models will contain tree

branches 'in‘ser'ieso

The multiport component models are formulated by linear graph
theory in a similar manner as was done in fofmulating the models in

“Chaptair III, The cutset coefficlient matrix § of the graph of each

m-c subnetwork is required, The tree of'this graph is formed by the

subqut and network voltage driver elements. .The cotree is formed by

the elements of the given model tree-graph,
Because of the characteristics of the linear graphs which represent

m-c subnetworks9 the cutset matrix S can be formed by a unique

algorithm, It is assumed that the n-l chord elements, the elements

of the component terminal model tree graph, are numbered 1, 2, ..., n-1

and that the branch elements are labeled. The steps of the algorithm

follow:
1, Select any terminal of the multiterminal component,
2, Create a vector R with n-l emements by determining which of
the n-1 chord elements are incident at the selected terminal,
If element § is incident and oriented toward the terminal,
Rj = 1, if oriented away from the terminal, Rﬁ = -1, If
element j is not incident at the terminal, Rﬁ = 0,

3, Determine the path of tree elements which connect the selected
terminal to the common or reference node, Determine the
orientation of each element with respect to the path,

4, For each branch determined in Step 3, add a row to the S
matrix; if the branch is oriented toward the component

terminal node, the row added is the vector R; if the branch
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is oriented away from the component terminal, the row added is
the vector -R,
5, If all component terminals have not been selected, select one
and return to Step 2, If all terminals have been selected,
the matrix S is complete.
The subport model of a multiport component is now formulated,
There are no tree conductance elements and no chord current driver
elements in the m-c subnetwork; thus the cutset equations and the circuit

equations are

-I-VD ) -S—}-CG (”'02:;2)
Vo, = ST E (4,2.3)
Yo * 2 Eyp 22

where the variables are the same as defined for Equations 3,4,1 and

3.4,2, The component equation

Ece = Ec Xce (4,2,4)

is the same as Equation 4,2,1, and = G, the given short-circuit

G
=
conductance matrix of the component. The three equations combine to

formulate the model

L = S S (14,2,5)
where

G = SGST (4,2,6)

u:avD_ | e ey e 0“0

Equation 4,2,5, like Equation 3.4,12, gives the currents of all

voltage drivers of the subnetwork. The subport model can be determined
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by omitting the rows of the matrix Equation 4,2.5 which correspond to

network voltage driver currents, The subport model is

-Iep = QSP ,E.:_VD (l"’n207)
where
Lsp is the vector of currents of the m-c subnetwork subport
' drivers, a subset of the currents of END’
EVD is the vector as defined in Equation 3.4.2, and
ESP is the m;trlx derived by deleting the rows from EVD which lie

in the same relative positions as the network voltage driver

currents,

4,3 The Computer Program, A program, designated Program I, has
been written which produces the coefficient matrices of the n-port
models of iarge networké.containing resistivé>one=port and multiport
components, and current and voltage drivers, The program will produce
a one- to five=port Lagrangian representation, as specified, of a
network with up to forty nodés9 with a maximum of ten elements incident
at any node, 100 conductances, twenty voltage drivers, twenty current
drivers, and any number of multiport components, Each multiport
component may be a three-, four- or five-terminal component., The
program is written in FORTRAN IV language for execution on the IBM
1410 computer, The length of the program requires that it be written
in six phases or parts., The phases are executed in order, and data is
transferred to succeeding phases by the use of the computer tape units,
Five tape units aré‘requiﬁedn The input is by punched cards, and the

cutput is printed by the computer line printer,
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As stated earlier, in Chapter II, one requirement of network
analysis is the mathematical description of the nefwork topology., For
analysis to be carried out by a computer, the mathematical description
must be a numerical description which can be utilized efficiently by
the analysis program, Thus the gi&en network linear graph of one-port
elements and the given tree-graphs of the multiport components must be
converted to numerical descriptions, This is accomplished as follows.

The linear graph of one-port elements is labeled as follows: The
v nodes of the graph (including the nodes to which only multiport
components connect) are numbered 1, 2, ..., Vo The nodes are not
required to be numbered in any order; however, the node which is to be
the common node of the desired n-port model tfee must be numbered
last, that is, its number is v, Each element of the graph is numbered
1y 25 oooy €0 All conductance elements are numbered firstj all current
driver elements are numbered second, following theicoﬁductances; and
the voltage driver elements are numbered last, following the current
driver elements, Each of the elements must have an orientation., The
orientation of the conductances is arbitrary, The orientation of the
network driver elements is made to correspond to the polarities of
the drivers they represent; arrows point away from the positive
terminal of the voltage driver elements and in the same direction as
the current flow in the current driver elements,

Each multiport (n-terminal) component terminal tree-graph is
labeled as follows: The elements are numbered 1, 2, sos, D=1 to
correspond with the order of the parameters in the shortwcircuit matrix
representing the component--the order of the equatioens in Equation

4,2,1s, Each terminal is numbered with the number of the network node



to which it connects,
Two numerical arrays and a list are now defined. These are
obtained directly from the directed graphs labeled as described above

and provide the network topology information to the computer program,

Definition 4.3.1, The network connection array NTWKCN, Given
a directed graph with v nodes numbered 1, 2, .s04 Vv and e one-port
elements numbered 1, 2, ¢ss, €s The network connection array NTWKCN =
(aij) is defined by

a,. = the number from the set 1, 2, ..., € identifying element j

j

3n

incident at node i, 1 < j < m, where m elements are incident

at node i,

Definition 4,3,2, The direction array DIRECT for multiport
component. Given a directed tree-graph with élements numbered 1, 2,
sssy D=1 and nodes numbered from the set 1, 25 ,..4 V, Where v is the
number of nodes of the network of which the component is a part. The
direction array DIRECT = (aiﬁ) is defined by

a5 = the number from the set 1, 2, coey V identifyiﬁg the node

from which element 1 is directed,
et

the number from the set 1, 2, .00, v identifying the node

i

i2

Eg’which element i i1s directed,

Definitien 4,3,3, The orientation list, Given a directed graph

with v nodes numbered 1, 2, ..., v and e elements numbered 1, 2, cc0y €,

The orientation list ORIENT = (a;) is defined by
a; = the number from the set 1, 2, s00y v identifying the node

from which element 1 is directed,
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The computer program requires the following input data:
1. General network specifications:

(a) the number of nodes

(b) the number of one=-port elements

(c) the number of voltage drivers

(d) the number of current drivers

(e) the number of multiport components

(f) the number of ports, and

(g) the list of the network port nodes.

2, The terminal tree-~graph direction array, DIRECT, and terminal
conductance matrix G for each multiport .component of the
network,

3. The network connection array NTWKCN,

4, The orientation list ORIENT,

5, A list of fhe conductance values in mhos in the order in which
the conductance elements are numbered on the network graph.

The following paragraphs describe the sequence of éperations of
Program 1, Flow charts of the program phases afe found in Appendix C,
A list of definitions of the program FORTRAN variables which appear in
the flow charts is found iﬁ Appendix B, Some of these variable names
appear in the following paragraphs,

Phase 1 of the program performs two operations., First, the data
of each multiﬁort component is read, and the following computations
are made in turn, The input array DIRECT is used to form a list,
MTCTPT, of nodes tovwhich the component terminals are connected in the
network, The array DIRECT, the list MTCTPT, and the component matrix

G are written on tape for use in Phase 2. During this operation, the
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list, MTCPLT, of all network nodes to which the components connect, is
coﬁpiled,.'The sgcond operation of Phase 1 divides the network of one-
_port elements (one-pqrt conductances and drivers) into subnetworks.
Thé program, based upon the algorithm presented in Chapter II, computes
for each subnetwork the augmented subnetwork connection array SBNWCN,
the partial tree list TRESET, and the partial cotreé list CRDSET, and
writes this information on tape for use in Phase 2, A list of all
voltage driver elements; SRBRLT, béth network dfivers and subport
drivers, is compiled during the formation of the subnetworks., This
list is compared with the list MTCPLT; any nodes appearing in MTCPLT
énd not in SRBRLT are added to SRBRLT. SRBRLT and the lists XNDLST,
XNDREF, and XNDSRC formed during network division are placed on tape
for Phase 2,

Phase 2 performs three operations., The entries of the voltage
driver element list SRBRLT are numbered, forming the list LIST that
specifies the order in which the voltage driver variables will appear
in the. composite subnetwork mode;‘i.o The second operation of Phase 2
computes the models for each mulfiport component in turn, The program
based on the algorithm of Section 4.2 uses the lists XNDLST, XNDREF,
and XNDSRC, thé component array DIRECT and the component port list
MTCTPT to compute the componentnsubnetworkmgraph cutset matrix S and
the voltage source position list SNVSLT, The m=c subnetwork
model matrix EVD is computed using the $ matrix and the given component
terminal matrix G, The matrix Gyp and the list SNVSLT are written on
tape for Phase 5, The final operation of Phase 2 is forming, in turn,
the tree and cotree for each augmented subnetwork of one~port elements,

The program first removes the rows of the subnetwork connection array
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which correspond to nodes not in the subnetwork and produces the

reduced array SBNWCN and compiles theoli’.st9 SUBNOD, of nodes of the
subnetwork in the order in which they appear in the reduced array. The
progrémmed algorithm of Section 3,2 then completes the lists TRESET

and CRDSET, forming the complete augmented subnetwork tree and cotree,
The following are written on tape for Phase 3: the reduced array SBNWCN,
TRESET, CRDSET, and SUBNOD.

Phase 3 uses the algorithm of Section 3.3 to form the cutset
matrix S, Upon the formation of each subnetwork cutset matrix, the
following are cémputed: the subnetwork voltage driver list SNVSLT,
the subnetwork current driver list SNCSLT, the list of conductances of
the tree GTREE, and the cotree GCOTRE, The entries of these lists
correspond to the positions in which the various elements are located
in the cutset equation, Eqution 3.4,1, These lists and the matrix §
are written on tape for use in Phase U4,

The program of Phase U4 computes the matrices gVD and EVD defined
by Equations 3,4,12 and 3.4%,13 for each of the one~port element sub-
networks, These matrices and the lists SNVSLT and SNCSLT are written
on tape for use in Phases 5 and 6,

Phase 5 forms the composite matrix [Gl G2] of Equation 2,2.2 by

relocating the elements of the subnetwork matrices "in accordance

Sip
with the voltage driver position 1list SNVSLT of each subnetwork, When

the composite matrix is formed, the coefficlent matrices Gp and»‘g.D

defined by Equation 2,1.,1 are computed and are written on tape to be

. o o -1 .
printed out in Phase 6, Submatrices 212 and ngz are written on tape
for use in computing Dy in Phase 6,

Phase 6 forms the composite matrix D of Equation 2.2.2 using the
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subnetwork lists, SNVSLT and SNCSLT, to properly locate the subnetwork

O matrix elements, The coefficient matrix D is then computed, and

the n-po?t model matrices Cps ED’ and BD are printed,

4,4 Illustrative Example, The program was used to compute the

models of a number of networks, The solution of one network follows:

Example H,4,1

The diagram of the network is shown in Figure u4.4,1(a), and the
graph of the desired two-port model of the network is shown in Figure
bo4,1(b), The linear graph which represents the one-port elements of the
given network and the model of the multiport (two-port) component of the
network are shown in Figures u4,4,1(c) and 4,4,1(d), The input data for
the computer program is shown in Table 4.4,1 as it is listed on the data
input cards, The added entries on the first card, the general specifica-
tion card, instruct the program to produce small subnetworks, if possi-
ble, with a minimum of four branches or four chords in the augmented
subnetworks, The printed output»from the computer as the program is
executed is shown in Table 404020. Three subnetworks of one-port network
elements are formed (Phase 1), and the models of théée subnetworks are
computed (Phases 2, 3, and 4), These models and the model (computed in
Phase 2) of the two-port component of the network are combined, and the
coefficient matrices of the model sought are computed and printed at the

end of the program (Phases 5 and 6), The resulting two-port model is

ia 2,2923 =0,3248 | [V, 1,923 - -0,0812 E;
= +
I, -0,3248 1,147 v 20,3248 =0,2131 E,
~0,5380 0,1828 | J,
+ (4,4,.1)
~0,162L4  =0,2u436 J,
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Figure l.L.1l. Network of Example L.k.l. (a) Network diagram.
(b) Desired model. (c) Linear graph of network one-port elements,
(d) Model of two~port component of network.



wherve the reference directions of the ¢urrents and voltagés are as

shown in Figures u4.4,1(a) and u4.4,1(b).

TABLE k.4,1

COMPUTER INPUT FOR EXAMPLE 4, 4,1

General Network Specifications }
g 12 2 2 5 2 5 7 4

Multiport Componsent Data -~ DIRECT and G
3 4 5 4 -

2s0 E 00 ~1.0 E 00
~1le0Q0 E 00 2.0 E 00

NTWKCN

1 11

2 3 11

3 4 )

4 5 10

7 8 10 12

6 12

8

1 2 5 6 7 9
ORIENT

1 2 2 3 4 6 5 5 8 4 2 5

Conductance List
1e0 E 00 140 E 00 240
20

0.5 E 00 1.0 E 00 00

E
E



TABLE 4,4,2

COMPUTER OUTPUT FOR EXAMPLE 4,4,1

PHASE 1 NETWORK SUBDIVISION

TOTAL NUMBER OF NETWORK ELEMENTS 12
NUMBER OF VOLTAGE DRIVERS 2
NUMBER OF CURRENT DRIVERS 2
NUMBER OF CONDUCTANCE ELEMENTS 8
NUMBER OF MULTITERMINAL COMPONENTS 1

NUMBER OF PORTS 2
COMMON NODE IS 8

PCRT NODES ARE 1 7

NETWORK TWO-TERMINAL ELEMENT CONNECTION ARRAY
1 11 0 0 0 0

2 3 11 0 0 0

3 4 9 C 0 0

4 5 10 [¢] 0 0

1 B 10 12 0 0

6 12 0 0 0 Y

8 0 0 0 0 4]

1 2 5 -] 7 3

SUBNETWCRK 1

SURNEYWORK CONNECTION ARRAY

1 11 13 Q 0 0
2 3 11 [ 0 ¢]
3 4 9 I5 0 0
4 €] 0 0 4] 0
0 0 0 0 4] 0
4] 0 0 ] ¢ Q
c 4] 0 0 0 0
L 2 9 13 15 16

BRANCHES TU BE INCLUOFD IN SUBNETWORK TREE AREL 11 13 L5 16

CHORDS TO BE INCLUDED IM SUBNETWORK COTREE ARE 9

SUBNETWORK 2

SUBNETWORK CONNECTION ARRAY

—
~ o ONOC OO

0
0
0
V]
17
0
0

p—
caxoe~dOOOO
— o

LN D00

0
0
0
0
10
0
0
5]

-~

1

—

19
BRANCHES TO 8E INCLUDED IN SUBHETWORK TREE ARE 12 té6 17 19

CHORDS TO BE [INCLUDED IN SURNETWORK COTREL ARE 10

SUBNETWCRK 3

SUBNETWORK CCNNECTICN ARRAY

NOOOoONMOOOoO
—
coCcoO>DCC

P

" BRANCHES TO BE INCLUDED IN SUBNETWORK TREE ARE L6

41



TABLE 4,4,2 (Continued)

PHASE 2

LISTING OF XNODES, XNODE REFERENCE NODES
AND ORIVER BRANCHES CONNECTING XNODES TO REFERENCE NODES

XNQDE 0 2 0 0o 0 6 0 O
REFER 0 1 0 06 0 5 0 O
DRIVER 0 1} 0 0 012 0 O

COMPOSITE NETWORK SPECIFICATIONS

NUMBER OF SUBPORTS 5
NUMBER CF VOLTAGE DRIVERS 7

VOLTAGE DRIVER LIST AND
ORCER IN COMPOSITE REPRESENTATICN

DRIVER 11 12 13 0 15 16 17 0 .19
ORDER 6 7 1 0 3 4 5 0 2

MULTITERMINAL COMPUNENT REPRESENTATION
CCMPONENT NUMBER 1

COMPONENT PORT TERMINALS ARE 3 4 5

GIVEN TERMINAL REPRESENTATION

+2000F Ol -.1000E 01}
~«1C00E Ol -2C00E Ot

TRANSFORMATION CUTSET MATRIX
-1 [

1 1

0 -1

VOLTAGE DRIVER PUSITION LIST 3 4 5

SUBPUORT REPRESENTATION MATRIX

‘~«2000E 01 .1000£ Ol +1000E 01
.1CCOE Ol -.2000E 01 .1000E 01
-1C00E 01 «1000€ 01 -.2000E 01}

SUBNE TWORK TREE FORMATION

SUBNETWCRK 1

NUMBER QF TREE BRANCHES 4

NUMBER OF COTREE CHORDS 5

TREE BRANCHES al: 11 13 15 L6

COTREE CHORDS ARE G 1 2 3 4
SUBNETWORK 2

NUMBER OF TREE BRANCHES 4

NUMBER OF COYREE CHORDS 4

TREE BRANCHES ARE 12 16 17 ig

COTREE CHORDS ARE 10 6 T 8
SUBNETWORK 3

NUMBER OF TREE BRANCHES 3

NUMBER OF COTREE CHJRDS i

TREE BRANCHES ARE 16
COTREE CHORDS ARE 5



TABLE 4,4,2 (Continued)

PHASE 3 CUTSET MATRIX FORMATION
ORIENTATION LIST

1 2 2 3 4 6 5 5 8 4
2 5 8 8 8 8 8

CONDUCTANCE LIST

«1C00E Q1 «1000E 01 «2000E 01 «2000E 01

«5000E 00 «1000E 01 .2000E O1

SUBNETWORK 1

NUMBER OF BRANCHES 4 BRANCHES ARE 11
NUMBER OF CHORDS 5 CHORDS ARE 9

CUTSET MATRIX
0 ¢ 1 1 ©
60~ ~1-1 0
i 60 0 1 -1
0 ¢ 0 0 1

NOSNVS 4 SNVSLT . 6 1 3 4
NOGTRE O GTREE :

NOSNES 1 SNCSLT 1

NOGCOT 4 GCOTRE «1000E 01 »1000E 01

SUBNETWORK 2

NUMBER OF BRANCHES 4 BRANCHES ARE 12
NUMBER OF CHORDS 4 CHORDS ARE 10

CUTSET MATRIX
0-1 0 O

-1 -0 0 O
i -1 -1-1
0 0 0 1

%]
N

SNVSLT 7 4
GTREE

NOSNVS
NOGTRE

oS

NOSNCS SNCSLT 2
NCGCOY 3 GCOTRE -5000E 00 -1000E 01

o

SUBNETWORK 3

NUMBER OF BRANCHES 1 BRANCHES ARE 16
NUMBER OF CHORDS 1 CHORDS ARE 5

CUTSET MATRIX
-1

NOSNVS 1 SNVSLT 4
NOGTRE O GTREE

NOSNCS 0 SNCSLT ,
NOGCOT 1 GCOTRE  .1000E Ol

«1000E 01
13 15 16
1 2 3 4
«2000E 01 .2000E€ 01
16 17 19
6 7 8
+«2000E 01
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TABLE 4,4,2 (Continued)

PHASE 4 SUBNETWORK REPRESENTATION

SUBNETWORK |

NUMBER OF VOLTAGE DRIVERS 4
NUMBER OF CURRENT DRIVERS 1
NUMBER OF COTREE CONDUCTANCES 4

VOLTAGE DRIVER COEFFICIENT MATRIX

-+3000€ 01 «3000E 01 -.2000E 01 -.0000E-99
»3000E 01 -.4000E O1 «2000E 01 -.0000E-99

~«2000E 01 «2000€ 01 ~.4000E 01 «2000E 01

~«0000E~99 -.0000E~-99 «2000E 01 -.2000E 01

YOLTAGE DRIVER POSITION LIST 6 1 3

CURRENT DRIVER COEFFICIENT MATRIX
«0000E~-99
-0000E~-99

-« 1000E 01
«0000E-99

CURRENT DRIVER POSITION LIST 1

SUBNETWORK 2

NUMBER OF VOLTAGE DRIVERS 4
NUMBER OF CURRENT DRIVERS 1
NUMBER OF COTREE CONDUCTANCES 3

VOLTAGE DRIVER COEFFICIENT MATRIX

-+5000E 00 -.0000D0E~-99 ~-.5000E 00 -.0000E-99
-+C000E~-99 -.CO00E-99 -.0000£-99 -.0000E~-99
-+5000E 00 ~.0000E-99 -.3500E O} «2000E 01
-+0000E-99 -.0000c-99 »2000E 01  -.2000€ 01

VOLTAGE DRIVER POSITION LIST 7 4 5
CURRENT DRIVER COEFFICIENT MATRIX

- 0000E-99 :

«1000E 01
-« 1000E 01

«CO00E~-99

CURRENT DRIVER POSITION LIST 2

' SUBNETWORK 3
NUMBER OF VOLTAGE DRIVERS 1
NUMBER OF CURRENT DRIVERS 0
NUMBER OF COTREE .CONDUCTANCES 1

VOLTAGE DRIVER COEFFICIENT MATRIX
~e 1000 O1 :

VOLTAGE DRIVER POSITION LIST 4.



PHASE 5

1
- 0000E-99
«CC00E-99
+CCO0E~-99
-0000E~-99
+»0000E-99

i

1
«4COQE 0!
«0CO0E~39
.2000E €1
«0000E~99
«0CO0E-99

2
+400CE Ol
.0CO0E~99
.2C00E 01
+CCO0E-39
.0000E~-99

3
«4000F 01
«CCOO0E-99
+2000E 01
»0C00E~-99
«0CCOE-99

PHASE 6

i
«0000E~99
-0C00E-99

~.1C00E 01
+CCA0E-99
.0000E-99

2
.CCO0E-99
.0000E~-99

~.1000€ 01
.CCOO0E~99
-CCCOE-99

3

«0000E-99
-0000E-93
«0000E~99
«0000E~99
«0000E-99

«0000E~99
«0000E-99
.0000€E-99
+0000E-99
+CO00E~99

«0000E-99
~.2000E 01
+0000E-99
«C000E~99
.2000E 01

.0000E~99
~+.2000€ 01
.0000E-99
.CO00E-99
.2000& 01

- 0000E-99
+0000E~99
.G000C-99
.C000LE~-99
«CO00E~99

«00COE-99
»000GE-59
.C000E-99
.1000& 01
-+1000€ 01

%
N~PORY REPRESENTATICN

NUMBER CF PORTS 2
NUMBER OF NETWORK VCLTAGE DRIVEIRS
NUMBER OF NETWORK CURRENT DRIVERS

TABLE

«0000E-99
.0000E-99
~+2000t Ot
«1000E 01
+1000E 0Ol

«2000E 0l
.0000E-99
-«6000E 01
-3000E 01
«1000E 01

«2000& Q1
«0000E-99
-+6000E 01
.3000t 0l
.1000t O1

.2000E 01
.0000E-99
-+6000& 01
-3000£ 01
.1000E O1

PORT VOLTAGE COEFFICIENT MATRIX

.2923E 0l —-.324BE 00

-+3248E 00

«1147€ 01

44,2 (Continued)

«0000E~-99

«0000E-99
«1000E 01!
~.2000€ 01
«1000E 01

. 0000E-99
<0000E=99
.3000E 01
~.4000€ 01
. 1000E 01

.0000E-99
«0000E~39
+3000E Ol
-+4000E 01
.1000E 01}

«0000E-99
«0000E~-99
.3000E 01
~.5000£ 01

«0000E~99
«0000E~29
«1000& 01
«1000E 01
«2000E 01

«0000€E~99
«0000E=-99
«1000E 01
«1000€ Ol
«2000E 01

«0000F-99
.2000E. Ot
«1000E 01
«1000E 01
«55008 01

+0000E-99
«2000E 01
«1000E O1
.1000£ 01

.1000E 01 -.5500f8 01

2

NETWORK VOLTAGE DRIVER COEFFICIENY MATRIX

«1923E 01 -.8121E~01
~e3248E 00 -.213LE CO

NETWORK GURRENT DRIVER COEFFICIENT MATRIX

~«5380E CO

. 1928E 00

-«1624E 00 —~.2436E CO

«0000£~99
«0000E-99
+0000E~99
-0000E-99
.0000E-99

«3000E 01

«0000E-99
.2000€ 01
+0000E~99
+»0000E-99

-3000E O1
+«0000E-99
«2000E 01
«0000F=~99
+0000E-99

«3000E 01
+0000E-99
«2000€ 01
+0000E-99

«0000E=-99
.0000E-99
«0000E-99
+000DE~99
+0000E~99

«0000E~99
«0000E~-99
«0000E~99
+0000€E-99
«0000E-99

+«+0000E~99
«0000E~-99
-0000E~99
«0000E-99
+«5000E 00

«0000E-99
+«0000E~99
«0000E-99
«0000E~99

.0000E-99 ~-.5000t 00
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CHAPTER V

n=-PORT MODELING OF NETWORKS COMPOSED OF ONE-PORT
RESISTIVE, CAPACITIVE, AND INDUCTIVE ELEMENTS

AND IDEAL VOLTAGE AND CURRENT DRIVERS

5,1 State~Space n-Port Modeling of Networks, The state-space
model of a linear system is generally defined as a set of differential

equations of the form

X=AX+BHN (5.1.1)

and a set of algebraic equations of the form
Yy=CX+2M (5.1,2)

where
X is the vector of state variables,
M is the vector of input or driver variables, and

Y is the vector of output or response variables (11,

The state model of an n-=port network is of the same form as the

above general model and is defined as a set of algebraic equations

E_P “EP.YP (5:103)

and a set of differential equations

U6
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C 0 E E v
== Cl=a|C|+8|F (5.1.4)
0 L 3 E
2 2] = &, 5
J
—D

where EP’ the port current vector, is now defined as a function of

_\_IP, the port voltage vector;

ED’ the network voltage-driver voltage vector;

ED’ the network current-driver current vector; and

EC and QL' the state-variable capacitor voltage and inductor

current vectors,
C and L are, respectively, diagonal matrices of capacitance and
inductance values of the network components. The n-port model is thus

completely characterized by the coefficient matrices A, B, G, , G Ges

= Zps 2p»
BD,'and RLo The formulation of this model is described in the following
paragraphs,

Blackwell and Grigsby (12) considered the network capacitor
voltages and indgctor currents as voltages and currents of ideal
drivers in the formulation of the algebraic equations for a netwofk
state-space moaeic This basic idea permits any formulation technique,
ordinarily used in the deriving of n-port models of networks containing
only resistive devices, tovbe used in formulating the algebraic
equation of the statevmodel n=port representation of networks containing
capacitors and inductors, Thus Equation 5,1,3 of the state model n~-
port representation for a large network can be formulated by using the
theory developed in Chapters I, II, and III, considering.capacitors as
network voltage drivers and inductors as network current drivers, The

partitioned composite subport equation, which corresponds to Equation
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262.5, is
I G G G G - ) D. D J
=PSP | _ | =11 =12 =13 =1y 8P [, | =11 =12 <L
Inap - G G G G D D | J
=RSP =1 =22 =3 “2u =1 =2 =D

éjt’:l (%t’:l c!gb:l Idb:l

(5.1.5)

where the variables are defined the same as in Equations 2,2,5, 5.1.3,

and 5,1s4s Again as in Section 2.2, Irsp is set equal to zero and

Epgp 18 determined:
-1
E = G [=G V. = G E -G E_ =D J =~ D J ] (5,1.6)

Similarly, Equation 5,1,6 is substituted into Equation 5,1.5 forming

the equation

-1 21
I =[G -G G G J]E +[G -G @ G J]E
=PSP =1} =12 =22 ==} =PSP =13 =12 "2 =3 =C
+06 -6 ¢ “'e JE +[D -G ¢ “'p 734
e T Vi Y I 11 =11 =2 "2 =1 =L

+[p -¢ 6 ='p 14 (5.1,7)

w12 =2 =22 =22 =D

which is of the form of Equation 5,1,3 where

1]
[

-1
3 G -G G c
A e P YRS

1]

=1
p = G = G G G
- b =2 =22 24

(]
!

=1
G - G G G
=13 12 =22 =23

H
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D -G G ~'bp

D
=D =p = =y =mp?

and

D =D -6 G ~!'p
=L =] = =2 =)

The formulation of the subnetwork state model differential equation
is similar to the differential equation formulation given by Brown
(13), in which inductors are allowed to appear in the network tree, and
capacitors are allowed in the network cotree (13), In the more
restricted case considered here, the subnetwork is such that a tree
and cotree exist such that all capacitors and voltage drivers are in
the tree and all inductors and current drivers are in the cotree, The
differential equation is formulated by considering the subnetwork

cutset and circuit equations partitioned as follows:

U 0 0 S S S 1, ]
= = = Sl =12 <13 =C
0O U O § S S I = 0 (5.1.8
- = el ™22 ™23 =D - )
0 0 U s S S I
4
J
LIS
I
| =CG _|
T - —
-S s T g T 0 E
~11 =21 =31 = = = =C
T T T
=S =S =S 0O U O E .| =0 5,1,9
=12 =2 e VL B =D - ( )
T T T
=S -8 =S 0 0 U \Y
] 3 =53 =33 = = = TG
I
v
-SD
| Voo
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and the component equations

_ - — - -
ire Sp Irg
Ol
L ¢ e
C | = | dt =C (5,1,10)
I G \
d
V. —J
L= L -4 Ldt =L
where
5@ and EC are the capacitor current and voltage vectors,
Eﬂ and E@ are the voltage-driver current and voltage vectors,
I and V_ are the tree conductance current and voltage vectors,
~TG =TG
EL and V_ are the inductor current and voltage vectors,
iD and XD are the current-driver current and voltage vectors, and
£CG and XCG are the cotree current and voltage vectors,

By a procedure similar to that used by Brown, the cutset, circuit, and

component equations are used to obtain the subnetwork state-model

differential equation

c 0 3 A A E B B

=& == |l =y | _ | =lls ==12s =Cs | 4 | ™lis =28 ~Ds

0 L {é’r A A J B B g

= =5 L =218 =228 =Ls =215 *=22s “Ds
(5,1,11)

where the s in the subscripts denotes subnetwork and where

. 1
A =S 6 S "[a+s 68 'TT's g -g s T
=118 =13 =C =33 T =33 =C =33 =33 =C = =3
T . T -
A =8 ¢.8 (G +S G.S S =S
g =13 =C se33 = | 33 =C w33 ] =31 =11
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T T.=1 T
A = 8 =S [G +S G 8 S G S
~=21s =11 =31 =T =33 =C “33 =33 =C =13
T -1
A = « S (e + 8 S ] S
=228 =31 =T =33 =C =33 =31
: T,-1 T
B =S G.S [G,+S 6.8 178 G, -G, 8
=11 =3 =C =33 «T =33 =C =33 =33 =C =C =23
T Tq-1
B =S G,S [c,+s G s "17"s =
=125 =13 =C =33 =T “C =33 =32 =12
T T Tq=1 T
= 8 S [6.+S G 8 G. S and
=218 =) =3 ~T =33 =C =33 “33 =C =23
T T,=1
B = =8 [G,+S G S S
“228 =T = =33 =C =33 18,

A composite state-model differential equation for a network is

made up from the subnetwork state-model differential equations of the

form
c o 3 A A E B B B B (E. ]
= =] I=c| . |=ilc =2¢ | |=C| , [=11c =l2¢ =13C =jyc| |=PSP|
o L||J A A J B B B B E
=~ = | =L =21c —22¢| |7L =21¢ =22¢ =3¢ =auc| |—RSP
E
—D
EbN
(5,1,12)

where the matrices C and L are diagonal matrices of values of all of
the capacitors and inductors in the given network and the vectors EPSP’

E

Erspe £®9 and g@ are the same as defined in Equation 5.,1.5, The

subscript ¢ in Equation 5.1,12 denotes composite,

The composite nmatrices ée and Ec are formed by the proper location
of the elements of all of the subnetwork matrices és and Eso If each
passive componéntwacapacitor énd inductor-~is numbered in the order in

which its associated variable appears in the state variable vector,
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[Eg gi]Tg-and each driver is numbered‘in the order in which it appears
in the composite differential equétion, it is a simple process to
locate the composite matrix element positions where the subnetwork
matrix elements belong, Each component appears in only one subnetwork,
The rows and columns of each subnetwork A  matrix and the rows of each
subnetwork B, matrix cén be labeled with the assoclated component
numbers, the numbers being derived from the numbering’of the components
in the composite equation, The columns of the B, matrices can be labeled
with the numbers associated with the drivers of the subnetworks, the
numbers being derived from the numbering of the drivers in the composite
equation.‘ The labeling of the rows and columms of the subnetwork
matrices then indicate the proper compqsite A, and Ec element positions
for the elements of the subnetwork és and Es elements,

The following is observed concerning the matrices as they are
partitioned in Equations 5,1,11 and 5,1,12, The elements of the sub-
network subhatrices A A A , and A compose the submatrices

= 1g’ =125’ =218 —023

A s A s A o and A , respectively, The elements of the sub-~
=1lc” =12¢c’ =21c¢C =22C o

network submatrices Eﬂvs compose the submatrices Eﬁl B , and E&ac;

c? =l2¢
the elements of the subnetwork submatrices EQIS compose the submatrices

, and EmSC; and the elements of the subnetwork submatrices
B and B compose the submatrices B and B , respectively,
=123 =D 28 ’ =] L4C =) LC ;

Having formed the composite matrices of Equation 5,1.12, one step
remains in obtalining the state-model differential equation, Equation

5.,1.4, for the desired n-port model, The expression, Equation 5,1.6,

for E

RSP is substituted into Equation 5.1,12, The result is the

partitioned form of Equation 5,1.4
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where

11

A
=12

5,2

o

e

i

]

1]

~-]2¢C
A
-21c
—22¢C
“=11¢C
B
=13¢

B
=] hc

B G
=12¢c =22

B G
=12¢C =22

B G
—-22¢C =22

- B G

~1

=l2¢C =22

B G
=]12C =22

B G
=12¢Cc =22

=1

-1

The Computer Program,

=12

B
=22

- *11

|_-Lc-" (gt'j

=21

G
=y

D
-21
G
-2 4

21

-lG]

=21

G
=23

D
=22

G and

L
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B v
=13 -p
B E
-23 i)
5
(5.1,13)

A program, designated Program II, has

been written which computes the coefficient matrices of the n-port

state~space model of a network of one-port resistors, capacitors,

inductors, current drivers, and voltage drivers,

The program will

compute a one- to five-port Lagrangian model, as specified, of a network
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with up to forty nodes, with a maximum of ten elements incident at any
node, 100 resistors, 20 capacitors, 20 inductors, ten voltage drivers,
and ten current drivers, The program, like Program I, is written in
FORTRAN IV language for execution on the IBM 1410 computer, The length
of the program required that Program II be written in 13 phases. The
phases are executed in sequence, and data is transferred to succeeding
phases by means of six computer tape units, The program input is by
punched cards, and the output is printed,

The input data is similar to that of Program I and is obtained in
the same manner from the network graph as described in Section 4,3, The
only difference is the numbering of the network graph elements and the
omission of multiport component data in Program II, The network graph
elements are numbered as follows: conductances first, inductors second,
current drivers third, capacitors fourth, and voltage drivers last.,

Program II requires the following input data:

1, General network specifications:

(a) the number of nodes,

(b) the number of elements,

(¢) the number of voltage drivers,

(d) the number of current drivers,

(e) the number of capacitors,

(f) the number of inductors,

(g) the number of ports, and

(h) the list of network port nodes,
2. The network connection array, NTWKCN,
3. The orientation list, ORIENT.

4, A list of the conductance values in mhos in the order in which
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the conductance elements are numbered on the network graph,

The following paragraphs describe the sequence of operations of
Program II, Flow charts of the program phases are found in Appendix D,
The FORTRAN variable names used in the flow charts and in the following
paragraphs are defined in Appendix B,

Phase 1 performs the network division utilizing the algorithm of
Chapter II, Capacitor and inductor elements are considered as voltage
driver and current driver elements, respectively, The subnetwork
connection array and the partial tree and cotree lists, TRESET and
CRDSET, are computed for each subnetwork and are written on tape for
Phase 2. A list, SRBRLT, of all voltage driver eléments—-network
drivers, subport drivers, and capacitor elements--is compiled and
written on tape for Phase 2,

Phase 2 performs two functions, First, the entries of the voltage
driver list, SRBRLT, are numbered, forming the list, LIST, as in Phase 2
of Program I, The second function of Phase 2 is the computation of the
tree and cotree for each subnetwork. Each subnetwork is processed in
turn, The elements of the partial tree and cofree lists, obtained in
Phase 1, are ordered numerically so that all capacitor and all inductor
elements are listed first in the respective lists. The tree and cotree
lists are completed the same as in Phase 2 of Program I.

Phase 3 is the same as Phase 3 of Program I except that four
additional lists are compiled for each subnetwork: LISTE, the list of
voltage driver elements; LISTJ, the list of current driver elements;
LISTC, the list of capacitor elements; and LISTL, the list of inductor
elements of the subnetwork. The lists SNVSLT and SNCSLT include both

voltage driver and capacitor elements and current driver and inductor
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elements, respectively, The lists along with the cutset matrix and
GTREE and GCOTRE lists are written on tape for use in Phases U4 and 8,
Phase 4 is the same as Phase 4 of Program I,
Phase 5 forms the composite subport model matrix G (Equation 5,1.5)
in the same manner as Phase 5 of Program I and computes the n-port

and G_, These matrices are written

L] = G
model coefficient matrices G, ED’ e

P

on tape for Phase 13, The submatrix products G ' G , G ~'G , and
=22 e 1 =23
-1

_8_22 §21+ are computed and written on tape for Phases 10 and 12, The

submatrices G = and G are written on tape for Phase 6,
w2 -12
Phase 6 forms the composite model matrix D (Equation 5.1,5) in
the same manner as Phase 6 of Program I, computes the n-port model

coefficient matrices D, and EJ,
1 -1

Phase 13, The submatrix products G ~ D and G D are computed
2 -1 2 =22

and written on tape for Phases 10 and 12,

and writes the matrices on tape for

Phase 7 reads from tape the five submatrix products written by
Phases 5 and 6 for Phases 10 and 12, The products are rewritten on
the same tape in an order compatible for use by Phases 10 and 12,

Phase 8 computes for each subnetwork the matrix A and matrix B
submatrices (Equation 5,1,11) and writes these on tape for Phases 9
and 11 together with the lists, LISTE, LISTJ, LISTC, and LISTL.

Phase 9 compiles the composite matrix Ec (Equation 5,1.12) from
the subnetwork Es submatrices, computed by Phase 8, by using the LISTC,
LISTL, LISTE, and LISTJ lists to relocate the elements of the
submatrices in the composite matrix, The two rows of submatrices of
the partitioned composite B matrix are written separately on tape for
Phase 10,

Phase 10 operates first on the top row and then on the bottom row
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of composite gc—matrix submatrices, read from tape from Phase 9, to
compute the following: the n-port model coefficient matrices E_“,
B ,B ,B ,B ,and B which are written on tape for Phase 13
o= b I I M o T 1 "e3

o | -1

and the submatrix products B G g +.B G B /8 B g »
G e R e L S e B U T W L e 5.
1

and B G " D which are written on tape for Phase 12,
ol &2 -1

Phase 11 compiles the composite matrix é-c (Equation 5,1.12) from
the subnetwork A submatrices, computed by Phase 8, by using the LISTC
and LISTL lists to relocate the elements of the submatrices in the
composite matrix. The two rows of submatrices of the partitioned
composite A matrix are written separately on tape for Phase 12,

Phase 12 operates first on the top row and then on the bottom row
of composite f_c-matrix submatrices, read from tape from Phase ll, to
compute the n-port model coefficient matrices A , A , A , and A

e R e e il O w22
which are written on tape for Phase 13,

Phase 13 reads the coei_:ficient matrices and prints the n-port

model on the computer line printer,

5,3 Illustrative Example, Program II was used to compute the

n-port state-space model for a number of networks, One example follows,

Example 5,3,1

The network is illustrated in Figure 5,3.1(a), and the desired
port model tree is shown in Figure 5.,3,1(b). The data of Table 5.3.1
is the computer input data obtained from the network diagram and the
linear graph, Figure 5,3,1(c), which represents the given network,
Table 5,3,2 contains the output of the computer as the program is
executed, The subnetwork connection arrays are given (Phase 1), The

subnetwork trees, cotrees, and cutset matrices are computed (Phases 2
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Port
a
1 8
a b
9
~ (b)
7 7 8
N
9
S SN
1 12

Figure 5.3.1. Network of Example 5.3.1l. (a) Network diagram.
(b) Desired model. (c¢) Linear graph of network.
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and 3), The coefficient matrices of the subnetwork algebraic models and
the submatrices of the subnetwork differential equation matrices A, and
Eﬁ are printed in the output from Phases 4 and 8, The composite
matrices are printed after the addition of each subnetwork model to

the composite model in Phases 5, 6, 9, and 11, The coefficient matrices

of the two-port model as printed by Phase 13 conclude Table 5.3,2,

TABLE 5.3,1

COMPUTER INPUT FOR EXAMPLE 5,3,1

General Network Specifications

9 12 1 1 3 3 2 H 8 5 5
NTWKCN

1

1 12

2 8 12

2 3 4 10

3 6 8 11

5 6 10

4 7 9

7 9

5 11
ORIENT

2 3 5 7 9 5 7 3 7T 4 9 2

Conductance List ‘
1.0 E 00 1.0 E 00 1.0 E 00 1.0 E 0O



TABLE 5,3.2

COMPUTER OUTPUT FOR EXAMPLE 5,3,1

PHASE 1 NETWORK SUBCIVISION

TOTAL NUMBER OF NETWORK ELEMENTS 12
" NUMBER OF VOLTAGE DRIVERS 1
NUMBER OF CURRENT DRIVERS 1
NUMBER OF CAPACITANCE ELEMENTS 3
NUMBER OF INDUCTANCE ELEMENTS 3
NUMBER OF CONDUCTANCE ELEMENTS 4

NUMBER CF PORTS 2

CCMMUN NODE IS 9

PORT NODES ARE 1 4
" NETWCRK CONNECTICN ARRAY
1 0 0 C

1 12 0 C

2 8 12 C

2 3 4 10

3 6 8 11

5 6 10 c

4 7 9 o]

7 9 0 c

5 11 Q C

SUDNETWORK 1
SUBNETWORK CONNECTICN ARRAY

13 o
12 0
12
10
8
10
0
0
13

VN OWMWNN—~

— ——
rCCOC-=w0000

[l =N e e SRV, ]

1
BRANCHES TO BE INCLUDED IN SUBNETWORK TREE ARE 11 10

CHORDS TO BE INCLUDED IN SUBNETWURK COTREE ARE 6 8

SUBNETWORK 2

SUBNETWORK CCNNECTION ARRAY

C 0 0
C c c
C Q 4]
4 16 0
0 o 0
C Q 0
4 1 9
7 q 20
16 2GC 0
BRANCHES TC BE INCLUDED IN SUBNETWORK TREE ARE 9 16

CHORDS TO BE INCLUDED IN SUBNETWORK COTREE ARE 1

12

20

13
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TABLE 5,3, 2 (Continued)

PHASE 2 TREE FORMATION

COMPCSITE NETWCRK SPECIFICATIONS

NUMBER OF SUBPCRTS 3
NUMBER QOF VOLTAGE DRIVERS 7

VOLTAGE DRIVER LIST AND
ORDER IN COMPCSITE REPRESENTATION

CRIVER 910111213 0 016 0 0 02
0 O

0
ORDER. 5 6 7T 4 1 0 0 3 0 2

SUBNETWORK 1
NUMBER OF TREE BRANCHES 6
NUMBER OF CCTREE CHORDS 5

TREE BRANCHES ARE 10 11 12 13 16
COTREE CHCORDS ARE 5 6 8 3 2

SUBNETWORK 2

NUMBER OF TREE BRANCHES 3

NUMBER OF CCTREE CHORDS 2
TREE BRANCHES ARE 9 16 20

COTREE CHORDS ARE 7 4



TABLE 5,3.,2 (Continued)

PHASE 3 CUTSET MATRIX FORMATION

ORIENTATION LIST

2 3 5 1 9 5 1 3 1 4
9 2 9 9 9 9 9 9 g 9

CONDUCTANCE LIST
«1000€ 01 - <1COOE Ol «1000E 01 .1000€ 01

SUBNETWORK 1

NUMBER OF BRANCHES 6 BRANCHES ARE 10 11 12 13 16

NUMBER OF CHORDS 5 CHORDS ARE . 5 6 8 3 2

CUTSET MATRIX
1 1T 0 0 O
-1 1-~1 O

0 0-1 0 -1
c 0-1 0-1
1 1 0 1 1
0.6 1 0 1
NOSNVS & SNVSLT 6 7 4 1 3
NRCAPS 2 LISTC 2 3
NRVTSR 3 LISTE 4 1 3
NOGTRE 1 GTREE  .1000E 01
NOSNCS 3 SNCSLT 12 4
NRINDS 2. LISTL 1 2
NRCTSR 1 LISTY 1
NOGCOT 2 GCOTRE  .1000E 01  .1000E O1
SUBNETWORK 2
NUMBER OF BRANCHES 3 BRANCHES ARE =~ 9 16 20
NUMBER OF CHORDS 2 CHORDS ARE T 4
CUTSET MATRIX
11
0 1
0 -1
NOSNVS 3 SNVSLT 5 3 2
NRCAPS 1 LISTC 1
NRVTSR 2 LISTE 3 2
NOGTRE 0 GTREE
NOSNCS 1 SNCSLT 3
NRINDS 1 CLISTL 3
NRCTSR O LISTY ,
NOGCOT 1 GCOTRE  .1000E 01 : ,
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TABLE 5,3,2 (Continued)

PHASE 4 COMPUTATION OF SUBNCTWUORK MATRICES G AND D

sU

BNETWORK 1

NUMBER CF VOLTAGE CRIVERS
NUMBFR OF CURRENT ERIVERS
NUMHER OF COTREE CONDUCTANCES

VOLTAGE
.CO000E-99
-COCOE-99
.CCO0E~-99
.CCCOE-S9
.COCOE-99

VOLTAGE

CURRENT
«1000E 0Ol
.CCCCE~99
«COCOR-99
«CCCCE-99
~.10CCE 01

1

CURRENT

SuL

NUMBEFR

VOLTAGE
~+100CE 01
-.1C0CC Cl

.1CCCE 01

VOLTAGE

CURRENT
~+ICOCF 01
«CCQOE-~99
.COCCE-99

CURRENY

PHASE 5

1
-.5C00E GO
«CCO0E~S9
«5CCCE CO

2
-.5CC0E CO
. CCO0LE~69
.5CC0E COC

PHASE 6

1
.CCO0E-99
+CCCOE-S9

-+1CCOF C1

2
.CCCOE-99
«CCCOE~-99

(S RRT, |

DRIVER COEFFICIENT MATRIX
+CC00E-G3 +.0CO0E-99 «CO00E-99 «.0C00F-99
~.1COCE Ol  .000GE-99  .O00OE~99  .1G30E 01
.CCOCE-99 -,5000E 00 =-.5000t 00 . 5000t 0O
.CCCOE-99 =.5C00C 00 -.5000F 00  .5000FE 00
L1COCE 01  .5C00E 00  .5000E 00 =-.l500€ O1
DRIVER PUSITIGN LIST 6 7 4 1 3
CRIVER COEFFICIENT MATRIX
-~ 1C00E Cl  .COODE-99
.1COCE AL =-.1000¢ Ol
.CCOCE-99  .5000F 00
.0000E-99  .S000E GO
-.1C0OCE 01  .5000F 00
ORIVER PUSITION LIST 1 2 4
HNETWCRK 2
NUMBER UF VOLTAGE CRIVERS 3
OF CURRENT DRIVERS 3
NUMHER OF CCTREE CCNCUCTANCES 1
ORIVER COEFFICIENT MATRIX
-.1COCE 01  .1000F 0l
- 1COCE 0L  .1CO0L Ol
<1CCCE Ol =-.1000C 01
DRIVER POSITICN LIST 5 3 2
_DRIVER CUEFFICIENT MATRIX
DRIVER PUSTITION LIST 3
.CCOOE-99 .5C0CE 00 -.50006 U0 .COOOE-$7 .0COOE-99
.CCCOE-99 .CCOOE-49 .0000E-99 .0000E-99 .0000E-~99
.GOO0E-99 -.15006 O .5000f 00 .0000E-99 L.UOOOE-99
.00C0E-99 «.5C00F 00 ~.5000E 00 .0000F~99 +0000E~99
—.1CCOE 01 .1000t 01. .0000E-99 .1QOOF ul ,C000E-99
.1000E 01 -.25C0E Ul .S5000E 00 —.1000FE Ol +OO00E~99
.COU0E~-S9 .CC00E~-99 .5000E DO
«0000E-99 .LCCOE-99 «<0000F~-39
-.1COCE 01 .CCOOE-93 .5000E 0O
.CCOOE-99 .CCOUE-99 .5000F 00
.CCCCE-99 .CO00E~99 .0000E-99
-.1CCOE Ol .CCOOE-99 .S5000E 0O

-.1CCOE 0O}

«00C0E~-99
«G000E-99
+.1000E 01

-0000E-99
.C000E-99
.1CC0oE 01
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TABLE 5.3,2 (Continued)

PHASE 8 CCMPUTE SUBMATRICES OF SUBNETWORK MATRICES A AND B

SUBNETWORK 1

+COCCOE~99

«0C000E~-99

SUBNE THORK 2

LISTC
LISTL
LISTE

B21
«00000E-99

A21
+«1C000E 01

Al12
~+1COCOE 01

All
-+1CCCOE Q1

Bl1
~+100C0E 01

1
3
3

«00C00€E-99

-100C0E 01

LISTC 2 3
LISTL 1 2
LISTE 4 1 3
LISTY 1
A22
~.00C00E-99 —-.00000E-99
-.C0000E-99 -.00000E-99
822
-.CCCOOE-99
-.00000E-99
821
.CCCOOE-99  .CCCOOE-99  .10CO00E Ol
.C0000E-99  ,00000E-99  .10000E Ol
A21
.10000E 01  .COCGOE-99
.10000E 01 ~-.10000E 01
AL2
-.1C000E 01 ~-.10COOE 01
.COCCOE-99  .10COOE 01
812
«C0CCOE-99
-.1CCCOE 01
ALl
.CO000E-99  .COCOOE-99
.0CCO0E-99 ~.1C0CO0E 01
811
.COCOOE-99  .CCCOOE-99  .00000E-99
.10000E 01



TABLE 5,3.2 (Continued)

PHASE 9 COMPUTE COMPOSITE B MATRIX

SBNWNO 1 : o .
«C0C00E-99 LCOOOE-99 .COO0E-99 .0000E-99 .CO000E-99
«CCO0E-99 .CO00E~99 LCOOOE-99 .0000E-99 .0COO0E~99
.CCO0E~-99 .COOOE~99 .1CO0E OF .OO000E-99 -.1000E 01
+.CCO0E-99 .0000E-99 .1CCCE 01 .0000E-99 -.0000E~99
.0C00E~99 .COOOE-99 .1000E 0} .O0000E-99 -.0000E-99 "
.CCO0E-99 .0000E-99 .COO0E-99 .0000€-99 .COO0E-99

SBNWNO 2
.CCO0E-99 L1000E 01 -.1000E O1 .0000E-99 .0CO0E-99
.CCO0E~99 .CO00E-99 .0000£~-99 .O000E-99 .COO0E-99
.CCO0E-99 ,.0000E~-99 .1COOE 0l .O000O0E-99 —~.1000E Ol
.CCO0F~-99 .CO00E-99 .1000E 01 .O0OOO0E-99 -.0000E-Y9
.CCCO0E-99 '.0000E-99 - .1000E 01 .0000E-99 -.0000E-99
.CCO0E~-99 .CCOOE-99 .O0000E-99 .0000E-99 .0000E-99

- PHASE 11 COMPUTE CGMPOSITE A MATRIX

SBNWNO 1 _
.CCO0E-99 .CO00F-$9 .CCOOE-99 .0000F~99 .O00CO0E~99 O000E-99
<0C00E-99 .CCOQE-99 LCO00E-99 -.1000E 0! -.1CO0F 01 .OOOOE-99
«CCO00E~S$9 * .CCOOE~99 -.1CCOE Ol +OOQOOE~99 <1000E 01 .OO0O00E~-99
.CCO0FE~99 .100CE 01 .CCOOE-99 -.0000£-99 -.0000E-99 .0000€-99
.CCO0E~99 .1000F Ol -.1000€ 01 -.0000E-99 -.0000E-99  .0000€-99
.CCCOE-99 .CO00E-99 .COOOE-99 .0000E-99 .CO00E-99 L0000E-99

SBNWNC 2

~.1CCO0E 01 .00OQE-99 .CCOOE-99 .0O0O0Q0E-99 .0000E-99 -.1000& Ol
.CCO0E-99 .CCCO0E~99 .0COGE~99 -.1000E Ol ~.1000E 01l .OOOOE-99
.CCCOE~-99 .CCOOE-99 -.1COO0E 01 LOO0O0E-99 .1000€ 01 .O0000E=~99
.CCO0E~99 .1000E Ol .COOOE-99 -.0C00E-99 -.0000E~-99 .QO00E-99
.CCCOE-99 .1000E 01 -.1000E 01 -.0000€-99 ~.0000E~99 ,0000E-99
.1CCOE 01 .CCOQE-99 .CCOOE-99 .0000€-99 .0000E-99 .0000E-99
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TABLE 5.3.,2 (Continued)

N-PORT REPRESENTATICN

NUMBER COF PORTS 2
NUMBER OF NETWORK VCLTAGE DRIVERS 1
NUMBER OF NETWORK CURRENT DRIVERS 1
NUMBER, OF CAPACITCRS -3

INDUCTQRS 3

NUMBER OF

. COEFFICIENT-MATRICES OF ALGEBRAIC EGUATION

PORT DRIVER COEFFICIENT MATRIX

«4CCOE CO
-«2CCOE CO

-«2000E CO
«6C0CE CO

NETWORK VOLTAGE DRIVER COEFFICIENT MATRIX

-+4CCCE CO
«2CC0E CO

CAPACITCR

-.2CCOE CO
+6CCOE CO

STATE-VCLTAGE CCEFFICIENT MATRIX

«CCO0E~99
«CCCOE-99

«2000€ 00
.4CCOE 0O

NETWORK CURRENT DORIVER COEFFICIENT MATRIX

«6CCCE CO
.2CCOE CO

INDUCTOR STATE-CURRENT CCEFFICIENT MATRIX

-+2C00E CO
-+.4CCCE 00

COEFFICIENT

B MATRIX

«2CC0E €O
~.CCO0E~-G9
~.2C00E CO
-.2C00€ CO
~-.2C00E CO
-.CCO0E~-SS

A MATRIX

~+6C00E CO
«CCOOE-9S
-+.4CC0E CO
~-.4C00E CO
. ~+4CCOE 00
«1CO00E 01

-.200Ct 00
-+4000E 00

MATRICES C

-+6000E 00
-.0000E~-99
-.40CCE 0O
-.4000€ CO
~.4000€E 00
~«C000E-S9

«0000E-9S
.C000E-99
«C000E~-99
«1000E 01
«1000E Ol
.COCOE-99

F

.C000E~99
.C000E-99

THE STATFE

«2000E 00
«C000E~-99
.2000E 0O
.2C00E 00
.2000E 0O
.CCO0E-99

«4000E 0OQ
«0000E~99
«6000E 0O
«4CO0E 00
.6000E 00
.0000€-99

OIFFERENTIAL EQUATION

~-«2000E 00
+0000E-99
-+8000E 00
«2000E 0O
.2000E 00
- 0000E-99

«4000E
-.1000E
‘o‘OOOOE
-+4000E 00
-+.4000E 00

«0000E-99

00
01
00

«4000E
-+1000E
«6000E
~«4000E 0O
-+4000E 00
+CO00E-99

01
00

00 -.1000E 01

«C0000E-99
.0000&~99
«0000E~-99
«0000E-99
«0000E-99



CHAPTER VI

SUMMARY AND CONCLUSIONS

6,1 Summary, The motivation for this investigation has been the
extensibn of work alreédy accomplished in £he development of mecﬁanized
methods for determining the multiport models of systems in general
and electrical networks in particular, The investigation was based
upon the use of the linear graph theory approach to network anélysis
and upon the preceding work of Lucky (2)., Two main developments arose
from the investigation, and two digital computer programs were written
to illustrate the practical application for which the theory was
intended,

The first and main development is the dividing of the large
network into subnetworks and forming the required network model from
a composite of the subnetwork models, This technique péfmits the
modeling of a much larger network on a computer of a given size, Also,
as a result of this technique, multiport devices represented by
suitable terminal representations may be components of the network
for which the n-port model is sought. In order to completely mechanize
the procedure, three algorithms were developed. The first algorithm
and basic to the study is the procedure of dividing the network into
subnetworks, The other algorithms necessary are for forming the tree
and cotree for each subnetwork and for producing the coefficient

matrix of the fundamental cutset equations of each subnetwork. The
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computer program written to demonstrate these techniques will
accommodate a network with a maximum of 40 nodes , 20 Qolfage.drivers,
20 current drivers, 100 resistors, and any number of multiterminal
components, The latter components'must be represented by a five~ or
fewer-terminal tree~representation, |

The second development to come from this research is the mechanized
determination of an n-port state-space model of a netwprk containing
energy-storage elements, Again, large networks are considered
requiring the dividing of the network and forming the solution as
outlined above. The computer program written to demonstrate this
development will accommodate a network with a maximum éf 40 nodes, 20
capacitors, 20 inductors, ten voltage drivers, ten current drivers,
and 100 resistors,

A general restriction upon the networks to be considered is that
some tree of the network must contain all of the yoltage drivers and
capacitors, and the cotree must contain all of the current drivers
and indﬁctorsa In additiqn to this general restriction, sufficient
conditions are given in Chapter II guaranteeing that a given hetwork
may be divided into sufficiently small subnetworks,

The n-port models of a number of example networks have been
determined using the two computer programs., Two examples are included
in this thesis to show the input data format and to illustrate the
functioning of the programs by showing the printed computer output of

the intermediate steps of the modeling process,

6.2 Conclusions, This investigation has demonstrated that the

digital computer can be used to obtain the n-port model of large
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networks whose elements are

(a) resistors,

(b) voltage drivers,

(¢) current drivers, and

(d) passive; resistive multiport devices
by using a program which divides the network into parts to obtain the
model, This investigation also has demonstrated that an n-port state-
space model of a large network containing

(a) resistors,

(b) voltage drivers,

(¢) current drivers,

(d) capacitors, and

(e} inductors
can be obtained by similar procedures, Only simple input data, basic
to network analysis, is required; and the models are obtained without
requiring any manual analysis,

Because of the basic similarity--that of dividing the network into
subnetworks--between the method developed in this thesis and Kron's
method of tearing, the following is given to present the differences
between the two mefhodso The primary difference is in the forming of
the subnetwork models and the forming of the torn network solutions;
these are equivalent steps in the processes., The subnetwork models
ars multiport representations of the subnetworks; the torn network
solutions of Kron's method are inverses of certain principal minors
of the system matrix, Becauss some elements are removed from the
network and do not appear in any of the network parts, the torn network

solutions do not involve all of the network elements as do the
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subnetwork models of the method developed in this thesis., Because of
the form of the composite subport model, it is easy to obtain the
desired multiport model for a network in terms of mixed network driver
and port driver independent variables, Kron's method does not appear
to lend itself eaéily to networks with mixed drivers, Finally, Kron's
method id‘oes not provide for the inclusion of energy storage network
elements and the formulation of the state~variable differential
equations as developed in this work, Kron's method appears to be
limited to, or at leasf is most applicable to, its intended use~--

solving large systems of linear algebraic equations,

6,3 Recommendations for Fuprther Study, There are a number of

possible exténsions of this research and also one or two areas where
the teéhniques of previous work aﬁd the techniques of this work_ma&
be combined to provide a more inclusive capability of network analysis,
It would be .desirable to be able to include multiport components,

along with one-port resiéfors9 capacitors, inductors, and drivers in
the networks for which the state~space model is determined. Including
passive algebraic multiports does not appear difficult, However, an
important extension would be to be able to include active components
with energy storagé; that is, multiport components represented by
state-space models,

| In order to accommodatg ideal transformers as network components,
it might<be desirable to divide the network such that the transformers
are embedded in the subnetworks and provide the necessary program
derived from Lucky (2) to compute the subnetwork modeisu |

It would be very desirable to be able to obtain n-port models of
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networks which contain multiport components modeled by hybrid terminal
charactéristics éince many mechanical and eleotromechanicél components
are represented by hybrid models. Thus, if the same approéch were
takén of dividing the network and treating multiport components as
subnefﬁorks, a hybrid composite model would result. This approach may
bé feasible and definitely represents a challenge., If some apﬁroach
‘could be worked out, the resulting procedurs would be of great aid in
extending the procedures already available for the analysis of general
electromechanicai systems as well as other types of systems,

The procedures déyeloped in this thesis obtain the n-port model
similar to fhat of é Norton equivalent model; tHat is, the port
currents are given aﬁjthe dependent variables in terms of independent
voltage and current driver variables. It may be desirable to obtain
the dual of this model~~a model similar to the Thevenin equivalent
mode l--with the port voltages given as the dependent variables in
terms of independent current and voltage driver variables. The model
cbtained in this thesis was chosen since it is easy to form the
composite equations, Equations 2,2.5 and 5.1.5, by a simple algebraic
addition of conductance matrix elements which represent paralleled
subnetwork model elements, If the dual model is to be formulated,
elements of resistance matrices must be combined which represent
paraileled subnetwork model elements. This cembining will not be a
simple algebraic addition of elements, but the addition of certain
inverses of submatrices of the subnetwork models. It may be desirable
to investigate this problem and develop the procedures for formulating
the composite Theveninvmodel of a network from the Thevenin models

of its subnetworks,
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APPENDIX A
KRON'S METHOD OF TEARING

A technique for solving large systems of equations, known as the

method of tearing, has been presented by Gabriel Kron,!s2s3 The

technique generally speeds up the solution time or makes possible the
solution of systems toq large to solve by direct means, The inversion
of a system matrix can become a time consuming process even on very

fast computers if the matrix is very large. It is estimated that the
time required to invert an N x N matrix by the Gauss or Crout elimination
processes is proportional to the cube of N,H:S By applying the method
of tearing, a reduction in the solution time of fhe order of 2/n? may be

realized when the given system is divided or "torn" into n subsystems,

This reduction is brought about because n subsystem matrices of

1 Gabriel Kron, "A Set of Principles to Interconnect the Solutions
of Phy51cal Systems," Journal of Applied Physics, XXIV (1953), pp. 965-
980,

2 Gabriel Kron, "A Method of Solving Very Large Physical Systems
in Easy Stages," Institute of Radio Engineers Proceedings, XLII (1954),
pp. 680-686, ‘

3 Gabriel Kreon, "Inverting a 256 x 256 Matrix," Engineering, CLXXIX
(1955), pp. 309-312,

4 Alston S, Householder, Pr1nc1ples of Numberical Analysis (New
York, 1953), pp., 82-83,

5 vV, N, Feddeeva, Computational Methods of Llnear Algebra (New
York, 1959), p. 65,
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dimension N/n x N/n are inverted instead of the larger N x N given
system matrix, The basic technique of the method of tearing is outlined
in the following paragraph, Following this is a more detailed
mathematical treatment,

Given a mathematical system of linear equations (or a physical

system which is represented by)
I=YE (A1)

where I represents the vector of N unknown variables and E‘represents

the vector of N unknown variables, it is desired to determine the solution
E=21 (A.2)

where Z, the solution matrix, is the inverse of Y, the system matrix,
The method of tearing requires that a network or circuit model be
created or synthesized, if one does not already exist, which is
represented by the system equation, Equation A,l., This network model

is divided into several subnetworks by the removal of arbitrary branches
which are called tie branches, The subsystem equétions are then written
and solved, These solution equations are then used to establish a
system solution network connected together by the previously removed

tie branches, The solution equation of the given system is determined
by solving for or eliminating the constraints which appear where the

tie branches have been replaced in the solution network, The following
paragraphs give a general mathematica; treatment of the-steps outlined

above; refer to Chapter 11 of Braae,®°

6 R, Braae, Matrix Algebra for Electrical’ Englneers (Readlng,
Massachusetts, 1963); pp. 135-142,
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Assume that the system equation, Equation A,1, is given and that
an electriéal network has been created which is represented by this
equation, The vector I could represent the N currents of ideal
drivers connected between eaéh of thé N network nodes and the reference
node of the network, The vector E then would represent the N nodé—to-
reference unknown-voltage° |

The network is divided into subnetworks by removing the tie branches
which connect across avbitrary division lines which dividé the nestwork
into n subnetworks, Assume that p branches are removed. The torm
system matrix Y' is formed by deleting the removed tie branch admittance
values from the system matrix Y, This new matrix zj is composed of N
submatrices which are square and lie on the main diagonal and zero
submatrices elsewhere,

To compensate for the removal of the tie branches, additional
currents must be applied to the nodes from which the branches were
removed in order that the torn network still represent the original
system, For example, consider the g-th branch which is removed from
ifs place between node i and node j. A current, —Iij’ must.be "injected"
_ into node i and a current Iij "injected" into node j, where Iij =_Iq
is the current which, befére tearing, flowed in branch q from node i
to node j° This "injection"” of currénts to compensate for the removed

branches may be accomplished mathematically by defining the total

driver currents as
(A.3)

where I is the current defined in Equation A.1l, Etb ig the vector of

tie branch currents, and K is an incidence matrix which has the general
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form

-, LT
s o ¢ e e
¢ ¢« =1 o i-th row
K=l o v v (A1)
. u +1‘ o e j=th row
L . .
q=th
columm

where the q-th branch is removed from between node i and node j.
Note now that the current, which existed before tearing, from node

i to node j produced a voltage difference Ei -E: =2 1 The equation

i~ %a "q°

T

'}i E-z - (A.S)

Zep Loy
gives the relationship between the node voltages associated with the

tie branches and the tie branch currents where EF is the transpose of

X and Etb is the diagonal matrix whose elements are the impedance values
of the removed tie branches,

The torn system equation

I+KL, =Y E (8.6

KLy
is solved for E_

E=ZIL+K (8.7)

Lep]
where Z' = Z}'I, Z' is determined by forming the inverses of the

submatrices on the main diagonal of Y' (a process much easier than
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‘forming the inverse of the complet'e system matrix Y, The solution of E
in Equation A.7 is not explicit in terms of I alome, but, it also confains
-I-tb’ the unknown tie branch currents. These unknowns are eliminated as
follows, Equation A,6 is premultiplied by _lgT and the result equated to

Equation A.5, and an expression for -:E-tb is obtained:
+x gt Kz (8.8)

The solution equation, E given explicitly now in terms of I, is

= .Z_V.I. (A,9)

3]

where the solution matrix Z, the inverse of the system matrix Y is

=2 -2 KlZy + K 20 7 K 2 (8.10)

>In summary, Kron's method §f tearing may be outlined as follows:
(L representatidn of the physical system or mathematical system of
equations by an equivalent network, (2) removing r elements of the
network and forming the torn admittance matrix Y', (3) inverting Y' by
inverting its main diagonal suibmatrices (all other submatrices are
zero), (4) writing the incidence matrix X, which describes the original
connections of the removed tie branches, and the tie branch matrix
Zyps (5) inverting the r x r matrix [th - E_T Z' XJ, and (6) forming

the desired solution matrix Z given by Equation A,10.
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APPENDIX B
FORTRAN VARIABLE NAMES AND DEFINITIONS

The following is a partial list of FORTRAN names used in Programs I
and II and their definitions, Dimensioned variables-~program lists,

arrays, vectors, and matrices--are indicated by NAME(I) and NAME(I, J).

A(I, J) =~ The matrix é_defined by Equation 5.1,12,

B(I, J) -- The matrix B defined by Equatien 5.1,12,

BOTNOD -- The second node located to which a tree element is

»incident.

BRANCH ~~ The tree element of the cutset,

CONDUC(I) «= The list of the two-terminal network conductance
values,

CRDSET(I) ~~ The list of elements belonging to the subnetwork
cotree, |

CUTCRD -~ A cotree element belonging to the cutset.,

CUTSET(I) -~ The set of cotree elements of a cutset,

D(I, J) =~ Phaée 4, The matrix Dy, defined by Equation 3.4,13,

D(I, J) -- Phase 6, The matrix D defined by Equations 2,2.2 and

24245,
DIRECT(I, J) -- The array defined in Definition u4,3,2,
G(I, J) -- Phase 1, The matrix G defined by Equation 4,2.1.

G(I, J) -~ Phase 4, The matrix Syp defined by Equation 3.,4,12
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G(I, J) -- Phase 5, The matrix G defined by Equations 2,2.2 and
2:2454

G22INV(I, J) -~ A dimensioned area of memory of Phases 5 and 6 used
to tempbrarily store EVD and Dy matrices read in
from tape before moving thg elements to permanent
locations G and D, Also used in computation of
Gzz-l'

GCOTRE(I) =~ The list of conductances of the cotree conductance

| elements in the order in which the elements appear in

the cutset equations, |

GTRANS(I, J) == The matrix Syp defined by Equation 4,2,5,

GTREE(I) -- The list of conductances of the tree conductance elements
in the order in which the elements appear in the cufset
equations,

IELEM(I) =~ The list of elements added to the subnetwork connectioen
array since the last size determination was made,

INODE(I) -- A temporary list equivalent to the list NODE(I) of
Phase 1,

IROW(I) == The vector used to store the elements of a row of the

matrix S as they are computed in Phase 2.

ISUBPT(I) =-- A temporary list equivalént to the list SBNWPT(I).

KNODE(I) -~ A list with an entry for each node of-the network, A
number equal to the entry number iﬁdicates that node is
to be a part of the subnetwork being formed if the sub-
group of elements of IELEM list can be added to the

subnetwork,

KVERTX(I) == A temporary list equivalent to the list VERTEX(I),
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LIST(I) -~ A list with an entry for each node of the network., The
number in each entry indicates the position that the
SRBRLT listed elements appear in the composite subnetwork
model,

LISTC(I) ~- A list with an entry for each capacitor in the subnetwork,
The entry position corresponds to the element position
in the cutset equations. The number in the entry is the
position of the capacitor in the composite subnetwork
model,

LISTE(I) -- A list of subnetwork voltage driver elements defined
similarly to LISTC(I) above,

LISTJ(I) == A list of subnetwork current driver elements defined
similarly to LISTC(I) above,

LISTL(I) -~ A list of subnetwork inductor elements defined similarly
to LISTC(I) above,

LTCAPT -~ The element number of the capacitor with the largest

number,

LTCTSR -~ The element number of the current driver with the largest

number,

LTINDT -~ The element number of the inductor with the largest

number, |

MAXDEG -~ The maximum number of two-terminal elements incident to

any node of the network,

MAXSUB -~ The maximum number of two-terminal elements incident to

any node of the subnetwork,

MINBRS -- The minimum number of tree elements to be in a subnetwork,

MINCDS -~ The minimum number of cotree elements to be in a subnetwork.
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MNNWVS == Equal to NOVTSR + NOCTSR + NOPNDS -~ 1,

MONODE == The number of nodes minus one,

MRNODE(I) ~= A list with an entry for each node of the network.,
A number in an entry equal to the entry position
indicates the node is included in at least one sub-
network, that is, is an associated node,

MTCPLT(I) =- A list with an entry for each node of the network.,
A number in an entry equal to the entry position
indicates the node is a terminal of at least one
multiterminal component.,

MTCTPT(I) == A list of nodes which are multiterminal component
terminals,

NCPPIN «- Equal to NOCAPS + NOINDSc

NCPSP1 ==~ Egual to NOCAPS + 1o

NNVSP1 -- Equal to NOVTSR + 1,

NOCAPS - Number of capacitors of the network,

NOCDST‘== The nﬁmber of elements in the cotree,

NOCOND =« The number of qopductance eleﬁenté of the network,

»NOCTSR‘fe The numbef of current drivers of the network,

NODE(I) == Phése 1, A list with an entry for each node of the
network0 A number in each entry equal to the entry
position indicates the node is included in the subnetwork
but does not have all of its incident elements in the
subnetwork,

NODE(I) == Phase 3, A list of numbers of nodes which make up the
super-node of the cutset,

NOELEM == The number of network elements contained in the subnetwork,



NOGCOT
NOINDS
NOMTCT
NONODE
NONWEL
NONWVS

NOPNDS

NOPNP1

NORMNG

NOSBNW

NOSNCS

NOSNVS

NOTERM
NOTRST
NOVTSR
NOVTXS
NOXNDS
NPNPCP
NPNPPN
NPNPVS
NRELEM
NRCAPS

NRCTSR

o g

The number of conductances in the subnetwork tree,
Nurmber of inductors of the network,

The number of multiferminal components.,

The number of nodes of the network,

The number of two-~terminal elements of the network,
The number of network voltage drivers,

The number of ports, or port nodes, of the desired
network model.,

Equal to NOPNbS + 1,

The number of network voltage drivers not yet used in
defining x-nodes, |

The number of subnetworks,

The number of current drivers and inductors in a
subnetwork,

The number of voltage drivers, both network and subport
drivers and capacitors, in a subnetwork,

The number of terminals of a multiport component,

The number of elements in the tree,

The number of voltage drivers of the network,

The number of nodes of a subnetwork,

The number of x-nodes not yet embedded in a subnetwork,
Equal to NOPNDS + NOCAPS,

Equal to two times NOPNPN,

Equal to NOPNDS + NOVTSR,

The number of elements contained in the IELEM list,
Number of capacitors of a subnetwork,

Number of current drivers of a subnetwork,
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NRINDS ~= Number of inductors of a subnetwork,

NRVTSR -~ Number of voltage drivers of a subnetwork,

NRSBNW -~ Equal to NOSBNW + NOMTCT.
NSBPP1 ~= Equal to NOSBPT + 1,

NSBPT1 -~ Equal to NOSBPT + 1,

NSBPVS -~ Equal to NOSBPT + NOVTSR.
NSPVS1l ==~ Equal to NOSBPT + NOVTSR + 1,

NTOTDV -- Equal to NOVTSR + NOCTSR.
NTWKCN(I, J) == The network cqnnection array defined by Definition
44361,
ORIENT(I) =- The network element orientation list defined by
Definition 4,3.3,

PORT(I) ~- A list with an entry for each node of the network, A
number in an entry equal to the entry position indicates
the node is a subport of at least one subnetwork,

PORTND(I) -~ The list of nodes which are ports of the desired

representation,

S(I, J) -~ The cutset equation coefficient matrix S,

SBNWCN(I, J) -~ The subnetwork connection array, See definition

for NTWKCN,

SBNWNO =~ Subnetwork number,

SBNWPT(I) == A list with an entry for each node of the network,

A number equal to the entry number indicates that the
node is a subport of the subnetwork,

SNCSLT(I) -- A list with an entry for each current drivgr in the

subnetwork, The entry position corresponds to the

current driver position in the cutset equations. The



SNVSLT(I)

SRBRLT(I)

SUBNOD(I)

TOPNOD «w

TRESET(I)

VERTEX(I)

XNDLST(I)

number in the entry is the position of the current
driver in the composite subnetwork representation,
(Inductors are considered current drivers for this
iiste)

-= A list with an entry for each voltage driver in the

subnetwork, The entry position corresponds to the

87

voltage driver position in the cutset equations, The

number in the entry is the position of the voltage

driver in the composite subnetwork representation,

(Capacitors are considered voltage drivers for this
list,)

-~ A list with an entry for each possible subnetwork

voltage driver, both network and subport drivers, A

number in an entry equal to the entry position

indicates the voltage driver is a subnetwork voltage

driver,

A 1ist of node numbers whose position in the list
indicates the position of the nodes in the reduced
subnetwork connection array,

The first node located to which the tree element is

incident,

== The list of elements belonging to the subnetwork tree,

== A 1list with an entry for each node of the network,
A number equal to the entry inqicates that the node
is in the subnetworko

-= A 1ist with an entry for each node of the network,

A number in an entr& equal to the entry position
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indicates the node is an x-node.,
XNDREF(I) -- A list Qith an entry for each node of the network,
The number in an entry is the number of thé other
node to which the voltage drivef is.incident which
defines the x-node corresponding to the entry position,
XNDSRC(I) == A.list with an entry for each node of the network,
The number'in an entry is the number of the voltage
driver element which defines the x-node corresponding
to thé enfryn
XNODE(I) -= A list with an entry for each node of the network, A
number in an entry equal to the entry position indicates
the node is an x-node,
ZERORW == A row of the subnetwork connection array (before the
array is reduced) which contains no‘non-zero e;ementé.
This represents a network node not contained in the |

subnetwork,
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APPENDIX C
FLOW CHARTS FOR PROGRAM I

Flow charts for the six phases of Program I are contained in the
following Figures C-1 through C~6, In these charts the diamond-éhaped
symbol éignifies a decision step and 1s used for the logical if
statement. When thg if statement is true, the logic flow is out the
(right or left) side point of the diamond symbo;; if the statement is
false, the flow is out the lower point of the symbol. |

Table C-1 gives a listing of the tape réad/write statements
which are referenced in the flow charts by number. A number of
variables are written on tape as one FORTRAN name and later read from
the tape gnd placed in memory under a different FORTRAN name. This
is indicated by a variation in the list notation, for example,

Statement 12, Table C-1:
12 3,4 5 5 GTRANS /G — G22INV

indicates that the variables GTRANS, read onto tape 5 in phase 3, and
G, read onto tape 5 in phase 4, occupy the same relative position in

the two write statements and are read out in phase 5 into the FORTRAN

name G22INV, This is done to better utilize computer memory.
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4
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NTWKCN IJ entry
in NTWKCN row K
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two IJ entries
to the SBNWCH
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to IELEM list,
and to TRESET
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is a driver,
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KNODE and
[KVERTX lists,
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INODE and L/
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Figure 0-3 o

Flow Chart for Phase 3.
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TABLE C-1

READ/WRITE STATEMENT LISTING

d Tape
se Unit

5

n

FORTRAN Variables
MTCTNO, NOTERM, MTCTPT, DIRECT, G

SBNWNO, NOTRST, NOCDST, MAXSUB, SBNWCN,
TRESET, CRDSET :

NONODE, NOVTSR, NOCTSR, NOPNDS, NONWEL,
NOSBNW, MNNWVS, NOMTCT, LTCTSR, XNDLST,
XNDREF, XNDSRC, SRBRLT, PORTND, NOCOND

NONODE, NOVISR, NOCTSR, NONWEL, NOPNDS,
NOCOND, LTCTSR, NOSBNW, MNNWVS, NONWVS,
NOMTCT, ORIENT, LIST

MTCTNO, NOSNVS, SNVSLT, GTRANS - G
SBNWNO, NOVTXS, MAXSUB, SBNWCN, SUBNOD

SBNWNO, NOTRST, NOCDST, NOSNVS, NOSNCS,
TRESET, CRDSET

NONODE, NOVTSR, NOCTSR, NONWEL, NOPNDS,
NOCOND, LTCTSR, NOSBNW, MNNWVS, NONWVS

SBNWNO, NOTRST, NOCDST, NOGTRE, NOGCOT,
NOSNVS, NOSNCS, S, GTREE, GCOTRE,
SNVSLT, SNCSLT

NRSBNW — NOSBNW, NOVTSR, NOCTSR,
NONWVS, NOPNDS, NOSBPT, NSBPVS, NSBPTL,
NOSNPS

MTCTNO/SBNWNO-—SBNWNO, NOSNVS, NOGCOT
GTRANS/G—G22INV, SNVSLT

NOSBNW, NOVTSR, NOCTSR, NONWVS, NOPNDS,
NOSBPT, NSBPVS, NSBPT1, NOSNPS

SBNWNO, NOSNVS, NOSNCS
D—G221INV, SNVSLT, SNCSLT

-1
G12 Glz, G22 G22INV

Glf——GlQ

Glg——Gl2
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APPENDIX D
FLOW CHARTS FOR PROGRAM II

Fow charts for the thirteen phases of Program II are contained
in Figures D-1 through D-13. In these charts the diamond-shaped 2
symbol signifies a decision step and is used for the logical if
statement, When the if statement is true, the logic flow is out the
(right or left) side point of the diamond symbol; if the statement is
false, the flow is out the lower point of the symbol.

Table D-1 gives a listing of the tape read/write statements
which are referenced in the flow charts by number. A number of
variables are writtén on tape as one FORTRAN name and later read from
the tape and placed in memory under a different FORTRAN name, This
is indicated by a variationm in the list notation, for example,

Statement 16, Table D-1:

“"1 e —
16 5 7 7 G22 G21 GG21

indicates that the variable product GZZ“I*G , read onto tape 7 in

21
phase 5, is read out in phase 7 into the FORTRAN name GG2l. This is

done to better utilize computer memory,
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14, |
Locate second

WTWKCN IJ entry
in NTWKCN row K subnetwork
Read general Transfer the elements is
network two 1J entries zero, call
specifications lto the SBNWCN exit
larray., Add IJ
to IELEM list, lists to sub- —
and to TRESET network lists:
[Raad NTWKCN or CRDSET if IJ KVERTX to
is a driver, VERTEX, ISUBPT to SBNWPT list.
Add node K to to SBNWPT, Add SBHWPT listi
KNODE and KNODE to NODE to PORT list.
Print NTWKCHN KVERTX lists. and MRWODE, Move non-zero
i and INODE to 4§ |smMiCN entries
20 MRNODE. Remove to the left in
Determine INODE entries each row, Add
Determine XNODEs due to from NUDE and entries to
XNODEs due to node K if node KNODE lists,. SHRNWCN and to
given ports K is a subport Tnitialize TRESET to
temporary lists represent
—P— A subnetwork
7 port drivers.
Initialize Add node I to
subnetwork INODE and size is s
variables KVERTX lists larger than P Add TRESET
and remove minimu entries to
from KNODE list, SRBRLT list.
Select a node, | ¢ If node T is a
define as row port, place
I of NTWKCN, node I in
to enbed in the ISUBPT list. a new node to
subnetwork. embed from NODE

list; if none

P exists, select

\3 any node with
Do 20 KNODE list is /T non-zero en= Print SBNWCN,
J=1, an XNODE, use tries remaining TRESET, CRDSE

as new node to in NTWKCN and

embed; define go to 1. 1f

no elements

remain go
\\to hz A
1 Determine size

of subnetwork
S E1 FIE A l

Remove elements
listed in
TELEMT list
from SBNWCN and
return them to
NTWKCN; remove
them from
TRESET and
CRDSET if any
are drivers,

I = new node

Locate a non-
zero row I

NTWKCN entry;
define as IJ,

Initializa sub-

Figure D-1. Flow Chart for Phase 1.



Read

Number SRBRLT
entries form-
ing LIST:
number network
port drivers
first, subport
drivers second,
network voltage|
drivers third
and capacitors
last.

Print SRBRLT,
LIST.

Order TRESET &
CRDSET lists.

1
Eliminate zero
rows from
SBNWCN and fo
SUBNOD }ist. ﬂj

Remove CRDSET
entries from

101

. |SBNWCN.
KK = 0
/9
EF = KK+1;
J = TRESET(KK)

Locate the two
SBNWCN rows,
TOPNOD and
BOTNOD, which
contain IJ;
remove the IJ
entries; re-
move all en-
tries common to
the two rows
and place them
in CRDSET: move
non-zero en-
tries of TOPNOD
to the left and
add remaining
BOTNOD entries
to TOPNOD.
Eliminate
BOTNOD row by
moving lower
rows upo

If
NOVTXS = 1,
go to 37

V Set IJ =
SBNWCN(1,1);
add IJ to
TRESET list;
go to 21

37

Write

int TRESET,
RDSET.

37
Initialize
SBNWCN ,

Call
next phase

Figure D-2,

Flow Chart for Phase 2.
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If Continue
CUTSET
list contains a
TRESET element,

Do 27
=1,
NOSNVS

HRINDS=NRINDS+1
LISTL{NRINDS)
=11

TT=TRESET(1) 1 ]

-LTCTSR;

1
Read ORIENT, ; :
CONDUC., appear twice in 1 SNVSLT(I)= - J
the CUTSET list LIST(II). r__[:—
1 A NRCTSR=NRCTOR+]

Set orientation y
of.subport LISTJ(NRCTSR)
drivers equal 1f =1I-NGINDS
to NONODE R | II>NOCAPS '
i BRANCH=
Print ORIENT, TRESET element / '
CONDUC, - Continue
i NRCAPS=NRCAPS+1 -
Locate other LISTC{NRCAPS) :
) node( row) =I1 If
containing ] NOSNCS=

BRANCH; remove
BRANCH from

NOCDST

CUTSET list. l
| NRVTSR=NRVTSR+]1 Do 33 I<
LISTE(NRVTSR) NOSHCS=1

=LIST(I1)
14

NOCBST

33
JI=CRDSET(J)
NOGCOT=NOGCOT+1
GCOTRE(NOGCOT)

=CONDGC(JJ)

27,
{ Continue

I if
Do 25

NOSNVS=
BR=1 NOTRST
NOTRST |
; f | {Cetermine ‘
location of
’BRA1§0H= CUTSET(K) in
PRESET(BR) CRDSET; specify ] NOTRST
——— I - location as J. 8 ’ ’
ocate one node 2 ', LISTC
(row of SBNWCN) l i JI=TRESET( J) LISTE,’GTREE,’
to which BRANCH Determine if NOGTRE=NOGTRE+1 SNGSLT, LISTL,
is incident; CUTSET{K) is GTREE(NOGTRE) 1I5TJ, GCOTRE.|
determine oriented away CONDUC(JJ )
orientation of from any node
BRANCH with re- of NODE list;
spect to node: if it is N=2, Initialize S
NN=1 if toward, if not N=l.
MN=~1 if away,.
: I i\

4 1__ If N=NN, S(BR,J) Call
Place node into =1; if N # NN, next phase
HODE list; add S{BR,d)=-1
elements of row 2
{node)to CUTSET 24
list; remove Continue ]

Eg.‘%;\}(gg {rorz TI=CRDSKET(I)
SUTSET Llist. ~NOCOND
| . SHOLST(1)=I1

Figure D=3, Flow Chart for Phase 3.



Slze«}COTRE%GB

If

NOGCOT=0

G2 401 ISy
S11

G =

' 25
~G7#GCOTREXS] 5

If
NOSNCS=0

—
=

32

{ Continue :>

2 = T

5 Za&GCQTRE%Slz
G% =

] ) Call
S22WG%INVAG2 next phase

~512

[
Figure D-l.

Flow Chart for Phase l.
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If
NOCAPS=0

Glh -
G12 kG o%Go),

OSNPS=0

-l
Goo = Gog

Gqp = Gpp -
Gy p¥Goo¥*Gay

\
If
OVTSR=0

G‘13 = G13 -
Gy p*Gop*Go3

Q.

K =

/
L = snvstr(d) | Y A ,
6(K,L) = G(K,L) © Call
+ G22INV(I,d) next phase

——
<§ont1nue t:)

Figure D-5. Flow Chart for Phase 5,
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].
G12%Gop "#Dy
g If
NOINDS+NOCTSR
If
NOINDS=
Compute
Gop ™D |
22 "2l v
2
\ <§ontinue )
3, l
|
. Compu%e
G22- -7(-D22 V
1
Call

next phase

Figure D+6. Flow Chart for Phase 6,
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Call
next phase

Figure D-7. Flow Chart for Phase T.



Humber=l,
NOSBNA

Gl = GTHZE + 7
533410-01'“&‘-'5533

02 = Gl

"5 s i
- Sy TH0205)

Bt T n
#QTHEE" ns31

) s Byy eaby,
40TREE=S3p

>
e

. T
33=h1%511
nluccurnaasl3f

Mn =
ol f‘ﬂ:.".rjj #G2

RN

33= '-'\21 .321 -

FIFGCOT“:%a23

)

03%3)"82,"

A

4
NOGTRE
=0

G2=N1#593%
GCOTHE-GCOTRE

|

G3=A11=
313\5{?2#313

S—
-

(COTRESS) 5

A*Ai® '5+3T*

r

nj-Hn- =8q1q%
GCOTRE#S94

33‘312‘
51 3€"Gl‘.?53 2“‘51 2

eyttt

13=B

12312

Figure D-8.

Flow Chart for Phase 8,
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£
NOCAPS
=0

Call Subroutine
(NRINDS, NRVTSR,
LISTL, LISTE,
NOCAPS, 0)

Read 35

If
NOINDS

NRCAPS+NRINDS

Call Subroutine Y
(NRCAPS, NRCTSR, Y
LISTC, LISTJ,
0, NONWVS)
Read 38

Call
next phase

Subroutine
(11, J1, ILIST,
LIST, I2, J2

NOGCOT >
=0

Call Subroutine
(NRCAPS, NRVTSR,
LISTG, LISTE,

0, 0) Read 40
Gall Subroutins | ) r
(NRINDS, NRCTSR, i

LISTL, LISTJ, rint B’///’_J II=ILIST(I)+I2
NOCAPS, NONWVS)

Read Bﬂ ‘ - Do l‘ *
I 5 J=1,
(E?ntinue 4;) J2

4 1 J
lyg=gLIsT+s2 |

lbgLL,JJ;zX(I,Jﬂ

(oo

Figure D=9, Flow Chart for Phase 9,
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Compute ke
Bao#Gpp "#Gp),

B21=B21~ 5
BopitGpp “#Gp

s
Read
25 [ Compu te -1
#D2y]

Bo*C22
323-823“ -1
Compute ) B2a*%2 %oy
Byp#Gpp "#D2y
Call
ext phase

Pa et o
By o¥Gop #Dp9

Figure D-10., Flow Chart for Phase 10,




If
NRCAPS+NRINGS
=0

NRINDS+NOGCOT

If
NRCAPS
=0

Call Subroutine
(NRINDS, NRCAPS,
LISTL, LISTC,
NOCAPS, 0)

Read 36

Call Subroutine
(NRCAPS, NRINDS, V
LISTC, LISTL,
0, NOCAPS)
Read 37.

3 .
, <§Sntinue ~:>

Call Subrountine
(NRINDS, NRINDS,
LISTL, LISTC,
NOCAPS, NOCAPS)

Read 33r

NOGCOT
=0

Call Subroutine Y
(NRCAPS, NRCAPS,

[ Write
50

110

If
NOCAPS
=0

 Call
next phase

Subroutine
(11, J1, ILIST,
LIST, I2, J2)

/

[TI=ILIST(I)+I2 |

Do 1
Do, A
J2

go=grisTra2 | A

B(II,JJ)=X(I,J)

Figure D-1l. Flow Chart for Phase 11,
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If
NOCAPS

Aop=hsy~ Y
B223€G22 7‘G2h

A i
Read
W

Roo=hoo- N
- Bop¥Gpp "#Dao

Write
5L

Call
next phase

Figure D-12. Flow Chart for Phase 12,
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‘1iiiilr

15
Print NOPNDS,
NOVTSR, NOCTSR,
NOCAPS, NOINDS

Call exit

Figure D-13., Flow Chart of Phase 13.
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TABLE D-1

READ/WRITE STATEMENT LISTING

Read/Write Write Read Tape
Statement Phase Phase Unit FORTRAN Variables

1 1 2 4 ~SBNWNO, NOTRST, NOCDST, MAXSUB, SBNWCN
TRESET ,- CRDSET :

2 1l 2 6 NONODE, NOVTSR, NOCTSR, NOCAPS, NOINDS,
' NONWEL, NOPNDS, NOCOND, LTINDT, LTCTSR,
LTCAPT, NOSBNW, .MNNWVS, SRBRLT, PORTND

3 2 3 6 NONODE, NOVTSR, NOCTSR, NOCAPS, NOINDS,
NONWEL, NOPNDS, NOCOND, LTINDT, LTCTSR,
LTCAPT, NOSBNW, MNNWVS, NONWVS, LIST

4 2 3 5 SBNWNO, NOVTXS, MAXSUB, SBNWCN, SUBNOD

5 2 3 5 SBNWNO, NOTRST, NOCDST, NOSNVS, NOSNCS,
TRESET, CRDSET

3 3 4,8 4 NONODE, NOVTSR, NOCTSR, NOCAPS, NOINDS,
NONWEL, NOPNDS, NOCOND, LTINDT, LTCTSR,
LTCAPT, NOSBNW, MNNWVS, NONWVS

7 3 4,8 4 - SBNWNO, NOTRST, NOCDST, NOGTRE, NOGCOT,
NRCAPS, NRINDS, NOSNVS, NRVTSR, NOSNCS,
NRCTSR, S, GTREE, GCOTRE, LISTC, LISTL,
LISTE, LISTJ, SNVSLT, SNCSLT

8 4 5 5 . NOSBNW, NOVTSR, NOCTSR, NOCAPS, NOINDS,
NONWVS, NOPNDS, NOSBPT, NPNPVS, NPNPPN,
NSBPVS, NPNPCP, NSBPT1, NSPVS1, NOPNP1,

NOSNPS

9 L 6 6 Séme as Statement 8,

10 4 5 5 SBNWNO, NOSNVS, NOGCOT

11 4 6 6 SBNWNO, NOSNVS, NOSNCS

12 4 5 5 G—G22INV, SNVSLT

13 ) 6 6 D—G22INV, SNVSLT, SNCSLT

14 4 7 7 NOVTSR, NOCTSR, NOCAPS, NOINDS, NOPNDS,
NOSNPS

15 4 13 8 NOVTSR, NOCTSR, NOCAPS, NOINDS, NOPNDS
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TABLE D~1 (Continued)

Read/Write Write Read Tape

Statement Phase Phase Unit FORTRAN Variables
-1.1. .
16 5 7 7 Gy, %G, —GG21
17 5 7 7 ¢ ~lxg __qa23
) 22 23
1,
18 5 7 7 G,,” %G, — @62
19 . 5 6 5 G, —Gl2, G ~'—G22INV
12 22
20 5 13 8 G—A
21 6 13 8 D—A
"’1.1. e
22 6 7 7 6,,”'#p, —G6D21
23 - 6 7 7 G -xp —GD22
: 22 22
24 7 10 7 6G21—G
25 7 10 7 6G23—G
26 7 10 7 GD22—G
27 7 10 7 GG24—G
28 7 . 10 7  @GD21—G
29 8 9 6 NOCAPS, NCPSP1, NOINDS, NCPPIN, NOPNDS,

NONWVS, NOVTSR, NOCTSR, NTOTDV, NOSBNW,
NOSNPS, NOSBPT, NNVSPl, NSBPP1l

30 8 11 5 NOCAPS, NCPSP1, NOINDS, NCPPIN, NOSBNW,
= NOSNPS

31 8 11 5 SBNWNO, NOGTRE, NOGCOT, NRCAPS, NRINDS,
NRVTSR, NRCTSR, LISTC, LISTL

32 8 9 6 SBNWNO, NOGTRE, NOGCOT, NRCAPS, NRINDS,
NRVTSR, NRCTSR, LISTC, LISTL, LISTE,
LISTJ

33 8 11 5 G3=A, ,—X

3y 8 9 6 G3=B,,—X

35 8 9 6 63=B,;—X

36 8 11 5 G3=A, —X

21



Read/Write
Statement

37

38

39

40

43

42

L3

ny

45

46

47

48

L9

50

51

52

5y

Write
Phase Phase

8

10

10

10

10

10

10

11

11

11

12

12

Read

11
9
11
9

1o

10
10
13
12
12
13
12
12

12

12
12
13

13

TABLE D-1 {Continued)

Tape
Unit

5

6

FORTRAN Variables

G3=A,  —X

G3=B; ,—X
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NOCAPS, NCPSP1, NOINDS, NCPPIN, NOPNDS,
NONWVS, NOVTSR, NOCTSR, NTOTDV, NOSBNW,

NOSNPS, NOSBPT, NNVSP1l, NSBPPL

B,—B

B,—B

BipBig B4

Blz*Gzz-lkezu——G
12*G22-12D2f——G

Bt By By, A

B,, Gy, #G,,—GC

Bzz*Gzsz*D21__G

NOCAPS, NCPSP1, NOINDS, NCPPIN, NOSBNW,

NOSNPS

A —A

Az——A

Byp Ap—A

A, A, —A
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