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CHAPTER I
, CHAPIER L

s -
 INTRODUCTION-"

This menuel describes the necessary preliminary electric circuitiiodeling ™ -

and methods of computer analysis using _'lﬁine NASAP digital computer program to
aid in the design of control circuits used in aerospace systems. The scope of
design treated is limited to single-input single-output linear time invariant
control systems that can be described by rational transfer functions.

Two different approaches can be followed in the design of such linear
time invariant feedback control systems. In one case the designer seeks
compensators for a given plant to satisfy the over-all system requirements.
This approach generally involves cut and try and the well known conventional
design techniques such as the Bode and Nyquist plots and use of the root
locus. 1In the other case, the designer starts by obtaining the over-all trans-
fer function from the given plant and the specifications. He is then in a
position to determine the required compensators. The second of these two
approaches seems mt;re amenable to computer-aided design of control circuits
using the NASAP program.

NASAP is an acronym for Network Analysis for Systems Applications _Erogramf:’;
NASAP has been developed and is being ;rlaintained by the Automated Techniques
Branch, NASA Electronics Research Center, Cambridge, Massachusetts. The NASAP
“program is based on Mason's signal-flow graph [Ma-a] Aas‘ extended by Happ for
the closed signal-flow graph [HA 1]. The program is based upon symbol oriented
techniques which with proper tagging and loop evaluation permit both the trans-
fer fuﬁction and the sensitivity to be made available.

This chapter provides brief discussions on the basic options presently
available in the NASAP program and the basic procedures used in computer aided

design of control circuits.
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" I\TASAP J:S a linear electrical circuit analysis program vhich computes a .
specified transfer function in terms of the complex frequency variable, s.

The basic coding rules and description of the program are contéined in the book; l
let "Coding Instructions for NASAP 69/1" by Gaertner Research Incorporated [GA 1]

written under NASA contract NAS 12-663. A number of special options are;intro-.,

duced and described dater in this manual, The input for NASAPS by' punched card

and the oubput is: 'b;y' printer tabulation of data and printer graphlcs. It is

N \\

worth noting that the input format of NASAP is simple a.nd_ that use of this
program requires little knowledge of circuit theory or computer programming.

The present version of NASAP can handle linear cireuits which consist of
constant- value passive elements, and iridependent or dependent current and
voltage sources. The dependent sources must be linearly related to a voltage
or current in-another part of the circuit. Nonlinear functional relationships
(dependenc:.es) %nd time-varying parameters cannot be handled.

Embodied J:I; WASAP is the ability to give both a mathematical formulation

and a numerical tebulation of the output results with some printer graphics.

A brief summary of the options presently availsble in the program available on the

‘wN i¥6 at the Moore School, follows:

1. OUTPUT - The transfer function which is specified by the user is
printed out as |th§ ratio of tyzo polynomials in the complex fre-
quency variable, s. The poles and zeros of tl';e transfer func-
tion a.rev evaiua'bed.

2,' . FREQ ~ A-Bode plot of the transfer function is printed in
tebular and graphical form.

3. TIME ~ The ‘_'fl?ﬂp‘yise.;:response of the network is printed in tabular

and graphical form. To facilitate control circuit design we



have 'also made available the step and ramp responses.

4. SENSITIVITY - The sensitivity of the transfer function is com-
puted with respect to a{'cliejsignated element in the network. Fur-
thermore the program can print out in numerical form: the sezisi-
tivity of the real part of the transfer function, of the ima-
ginary part of the transfer function, of the magnitude of the
transfer function, and of the phase of the transfer function
to changes in specified circuit parameters.

' Details of these options are documented in Section ID.

N e T e e T [ S
" -, Pregédures Used ih Computer Aided Design

Thé major steps in compuber aided cir;:uit design are:
a, Choose the electrical circuit model for the control system.
b. Calculate element values from design equations.
c. Analyze circuit using computer.
d. Change element values if computer analysis results in
discrepancies between the electri‘céa.l cirecuit model response
and desired control eircuit responsen
Before a control system can be analyzed using NASAP and before the
necessary compensation can be determined, the plant's dynamic characteris-
ties must be first simulated by an electric network which has an equiva-
lent dynamic characteristic. The choice of ecircuit models is based on
the specified response for the control circuit. Details of circuit modeling
-are given in chapter ITI. Computer analysis is amply demonstrated in

chapter IV.



- IA - REVIEW OF CODING FROCEDURES FOR NASAP

i;l";redue’cion

NASAP is a compuber-aided electrical circuit analysis program which can
be used by engineers without knowledge of computer programming. Using
WASAP to analyze a circuit it is possible to calculate a transfe;: Ffunction,
the sensitivity of the transfer function, the frequency response, and the
impulse response. The main steps for preparing NASAP computer insitructions
are:

a) Obtain an electrical circuit model for the control circuit

) Preparation of the circuit diagram in a form from which all

the information required by the computer can be readily extracted.
¢) The preparation of the computer instructions themselves.

The first step will be discussed in chaptexjfij; The second step has been de'

cribed elsevwhere [GA 1] and will be illustrated by many examples throughout

this manual. The third step will be reviewed in this chapter for the conve-
nience of the reader. For additonal information, see [GA 17. The coding rule
will be presented by an example taken virtually unchanged from [MO 1].

Example REC Fllter

2
" We shall analyze 'bhe RLC filter shown in Fig. 1 1(a) to find its open

cn‘cu:.t transfer voltage function.

-

Num'berlng the I\Todes and Elements o .

The f:.rst step in preparing 'bhe cn-cu:x.t for NASAP analysis is to number
the circuit nodes and elements. The nodes must be numbered sequentially,
starting with 1, without skipping any numbers.

The second step is numbering all circuit elements (resistors, capacitors,
induetors, and current and voltage sources) consecutively within each categor:
i.e., R, R2, . . ., Il, 2, . . ., Cl, G2, etc. No two elements can have

the same number designation regardless of their component values. One

oy
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Fig. 1.1: RLC Filter Network and the Corresponding NASAP Input Instructions
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possible set of number assigmments for the RIC filter is shown in Fig. 1.1(b).

- Overall Appearance of Input Instructions

Figure 1.2 shows the general appearance of the input instructions. The
instructions fall into three different categories: a) Control Statements,
D) Network Element Table, and c) Output Specificatibns. Each type of instrue-

tions will be explained briefly below.

Control Statements

The first line of the set of instruction must start with the word: NASAP
which simply indicates the beginning of a circuit description. The letter N
must be in the first column of the card. The word NASAP may be followed by
any identifying information but only the first 50 columns of the card will
be printed by the computer.

The end of the network element table is designated by the -zcon‘plj%lmc?g'c?.)
with the word: OUTPUT-on it. Following the OUTPUT control card are/the oub-
put specifications. The final control card appearing after the output speci-
fications is the card with the word: EXE:CUT]:'ONl.

'.ﬁlis card signals the end of the description for the problem and starts
the computer on the task of analysis. If it is desired to analyze several
problems in one run, the EXECUTION card can be followed by another NASAP

card, ete.

Network Element Table

. General Format

The network elements and topology are described in a five column network
element table. (Note that the example in Fig, 1.2 has only four columns .
since no dependent generators are used.) A brief description of each

column follows:



Column 1: Identifies the element itself, i.e., Vi, R3, ete.
C(?J.umn 2 and 3: Define the nodes between which the element appears. The
‘ positive current direction is always from the first to the

second node. Thus, for passive elements the -first node is
assumed positive with respect to the second, and for active
elements the second node is assumed positive with respect to
the first.

Column 4: Contains the value of the circuit component.

Column 5: Used only for dependent sources and will be described in

detail later.

* Input Voi#féé; or Curvent

The first line after the NASAP control statement contains a ’desq;‘ip‘t.ion-
of the applied voltage or current. For example, the statement; L1 lAOA:.nl
Fig.{'g;;g.Z indicates ¥hat VL is a voltage of megnitude 1.0 applied between
nodes 1 and 2 with node 2 being positive. The fourth column contains the
value of the generated current or voltage and is usuelly set to 1.0. If

any other value is used, it will act as a constant mltiplier for the transfer

function under consideration.
Resistors, Capacitors and Inductors

Resistors, capacitors and inductors are identified in column 1 by the
letters R, C, and L, respectively. The letter is immediately followed by
2 one or two digit integer indicating the elemexit number. The fourth column
contains the component value. The value is a number followed by up to two
letters wh;i.ch denote a multiplying factor according to the convention given
in Table jil}l The network element table in Fig. Zs‘é follows directly from
the circuit diagram of Fig. ﬁ.:l (b).

LY



Table ‘1=‘i1. Units Following the Component Values
it

Letters Used Electrical Multiplying
in NASAP Units Factor
Mo letter Ohms

X Kilohms

M Megohms -

F Farads

ur Microfarads
PF Picofarads
H Henries

MH Millihenries
UH Microhenries

Qutpu’c Specifications

Once the electrical circuit model of ’i':he control system has been described,
we need to specify what we want calculated. This specification always starts

with a transfer function.

;Tﬁansfer Functlon

The transfer functions are always specified as a. ratlo nf the Volta.gek

across ox current through a circuit element a.'l: the network output over the
input yoltage or current. The input voltage or current are specified by the
letters VV1 or ITl respectively and either one must appear in the denomina-
tor oi‘ the transfer function specification. For exemple, VR3/VV1 used in -

: FJ:g. i’2 implies that we want to calculate the ratio of the voltage across
R3 to the input voltage V1, i.e., the open circuit transfer voltage function.
Since R3 was defined by the statement

R3 1 1 0.8333

node b is assumed to be positive with respect to node 1. If R3 has been
defined by

R3 1 & 0.8333

'

the sign of the transfer function would be negaf.ive.



When the program is executed using the circuit description shown in
Fig. 1.2 and the transfer function specification, the compuber generates the
output shown in Fig. 1.3. The first information printed under the heading
"NUMBER OF LOOPS PER ORDER" describes the complexity of the circuit ﬂowgraph by
:Lndlca.ting ‘the number of first order loops, “the number of second ord.er 1oops,
ete. Th1s 1nformat10n is 7only o:t‘ theoretlcal 1n’cerest and can usually be
ignored during design. However, since the program prints this data, it will

etvays be included for compléteness.

Dependent Current and Voltage Sources

NASAP permits use of any of the four possible types of dependent generators
(21so known as controlled sources):

a) voltage controlled voltage sources (VCVS)

b) current controlled current sources (ICIS)

¢) voltage controlled current sources (VCIS)

d) current controlled voltage sources (ICVS)
Each dependent generator involves two pairs of nodes and two elements: the
dependent generator itself and a passive element which defines the controlling
voltage or current. An example of each type of dependent source taken from
[M0 1] is showm in Fig.“ 1.k, The node numbers are chosen to indicate that
they are elements in a 1aréér circuit and the dependent source is indicated
by a diamond to distinguish it from an independent source which will bé
represented by a circle.

A description of the NASAP coding for dependent generators is in order.

The VCVS shown in Fig‘A 1.14-(8.) is specified in NASAP by the instructions
found immediately below the figure. The first instruction specifies a de-
pendent voltage source, V3, from node 8 to node 3 (node 3 positive). The

value of the source is 867.3 times the voltage across capacitor C2. The
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Figure ‘143, Transfer Function for RLC Filter
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second instruction specifies a caﬁé.éii:or from node 5.to_node.l. &f 2.0uf. Thug B

node 5 of the capacitor is assumed positive as noted in Sectioniz Netwg;rk Element
Teble, page l.lt. The polarity of the passive coAntrolling element will always be
shown on the circuit diagram to help insure that the nodes will be numbered in
the correct sequence since the passive element may appear far from the controlle
source in the network element table.

Similarly the ICTS shown in Fig. 1.4(b) is specified by the instructions
below it. That is, a current source, Tl, from node 6 to node 1 with a value of
50 times the current flowing through R2. R2 is defined so that node 3 is assume
positive and thus the current is assumed to flow from node 3 to node 1.

The corresponding NASAP iﬁstructions for the VCIS shown in Fig. 1.h(c)
and the ICVS shown in Fig. 1.4(d) are written to indicate that it does not
matter vwhether the dependent generator or the passive controlling element is

specified first in the network element table.
Sensitivity

The NASAP program is capable of determinirig the sensitivity of the transfex
function to changes in the value of any single element. The request for a sen-
sitivity analysis is optional and, if it is desired, is specified following the
transfer function specification. This has the typical form:

VR11/VV1/L3

This output specification requests the sensitivity of the transfer funetion
VR11/VV1 with respect to element I3.

The frequency range over which the sensitivity is analyzed is the same as
that for which the frequency response is caleulated so they are both defined
in the same output specification. For the RIC filter of Fig. 1.1, Moe [MO 1]

tabulates and displays the response for FREQ -1.2 1.0°0.05.

k-



Further Discussion of Dependent Sources

As stated in Gaertner's Coding manual, dependent sources can be related
only to the voltages or currents of passive elements of the flowgraph. How-
ever, the controlling current or voltage in the circuit mey be that of an
active element. Such a situation is illustrated in Fig. 1‘5 by the 7crircuit

realization for a normalized three-pole low-pass Chebyshev transfer function.

s - ixs
5 .
ce + c5
NG ,i R T 9
V2 c3 ¢
1 S v
- ch
7 Gk =k, =2
CEERA V3 =k, Vo

Desired Transfer Function: VC3/VVl

Fig. ]:.5
This eircuit is an application of a éeneral circuit introduced by Cooper
and ‘Har'tﬁauﬁz&: [co-1].” Note that Ehe Foh@iélli‘.ng voltage, "V, iqf the dependent
source V2, iéfiis}ne, 1ndepe§1dént voltage séﬁicg Vi However if the fq}ioﬁing
- card
v2 1 6 -2 vVl

where kl == 2

13



is included in the input list, the error message

INPUT CODING ERROR IN COLUMN 12
will result. The error is the second letter V since the program in only
searching for the lebter R, L, or C.

However, this difficulty is easily resolved by connecting a resistor R6
across the terminals of V1 (i.e., between_'nodes 2 and l) and by making the voltage
source- dependent on the current through I§6_ The current through R6 (IR6) equels
V1/R6.

Thus V1 = (R6)IR6. Since V2 = ¥ V1, then

V2 = l& . R6 . ]:R6
Thus the dependency value between V2 and TR6 is k <"R6. TNote that R6 can have
any nonzero numerical value. If, as is the case in this example, R6 is chosen
to have a value of 4 ohms, input list must include the following two cards;

R6 2 1 L

(see input list in Fig. 1.8)
v2 1 6 -8 IR6

The presence of this extra resistor heither increases the complexity of the
flowgraph by generating additional loop sets nor does it affect any'of the elec-~
trical properties of the original network.

This can be seen by comparison of Figd. .13:;6 : "éﬁdli;‘i‘; F1g16 s a partial

flowgraph for the original network in Fié'. .Aflr\.'SJ‘."’.

Rig. 1.7 ‘{s a pertial flow-

graph for the addition of R6 to the network

node of V1 to the voltage node o:f' V2.

The computer results for the circuit in Fig. 1. 5 are gn.ven 1n F:Lgure 1 8.

A similar procedure is followed when a dependent source is a funct:.on of the

current of a current source. In this case a resistor Ry is added in series with,



V nodes

T nodes

V nodes

I nodes

the current source.

S

iFig. 1.7

b

The dependent source is then made a function of the voltage
across this resistor--the dependency value being kl/Rs where k_L is the dependency
value between the dependent source and the current source. As in the previous
case addition of this resistor to the network under consideration, will in no

way affect the flow graph or the electrical properties of the original network,

15
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Here are provided a few comments on the meaning of selected error messages
available in NASAP.
In subroutine GETCON, there are two error messages.
The message
ALGORITHM FATLURE }‘?EV]I:W CIRCUIT CODING RULES
usually occurs when the NASAP program is unable to select a legitimate tree from
the available resistors or capacitors. This case exists when the candidate type
1 or 2 elements form an R or C loop or when all elements comnected to a node are

type 6 or 7 elements; i.e., these excluded elements from a:f?:tit'f-set. If, for-

IS S

example, the transfer function VRM/VVL is desired for the circuit in Fig. 1:9.

c2 c3
1L 1
LY 1
RL Cl
f
+ A
i), - R3 =0
R2 - i
1000 ¥,
V2 = 1000 VR,
Fig. 1.9

then the above error message will be printed out. This is necessitated by the loop
formed by the elements V2 and RY which must be in the tree. This difficulty can

easily be resolved by calling for the transfer function VV2/VV‘_L which is identical
to VRL/VVL.

The other error message is

FLOWGRAPH HAS TOO MANY CONNECTIONS EXECUTTON TERMINATED

A7



The connections of the primitive flowgraph are stored in the two dimensional con-

nection matrix LCONC. The size of this matrix is such that it is assumed that

no more than nine (edges) branches will emanate from a single flowgraph node. Thﬁs

if ten or more branches must emanate from a node, the sbove error message will be

printed and execution. stgpped~. This limitation is completely arbitrary and exists

to restrict the size of the matrix LCONC. If one wishes to increase the maximum

nurber of node connections, then the number 10 which appears; t@ice on lines 4010,

5460, and 6220 and which appears once on line 5110 should be changed to a suiteble

integer N which:is V&eiizi.néd as” the maximum number of node connections (M) plus one.

Also the numeral 9 on line 6250 should be chenged to the integer M. When these

changes are made, the above error message will result when the nuwber of node con-

nections exceeds M instead of when the number o%‘ connections exceeds nine.

In subroutine FSCRL, there is the error message
FLOWGRAPH FIRST ORDER LOOPS EXCEED 927.

This limitation on the actual loops of the flowgraph, the so-called first order

loops, is completely arbitrary. It is necessary to store the first order loops

since the higher order loops are determined from these first order loops. However,
-1—f thi:s error message is printed out, it usually means that the tree selected was.

a rather poor choice. A more complete explanation of tree selection to minimize the

number of loops of a flowgraph will be given later.

In subroutine BODE the error message is
FROGRAM RESTRICTS GRAFPH TO 250 STEPS.

The subscript for the evaluation of the transfer function at various frequencies

cannot exceed 250, Thus, if the information on the FREQ input card results in

more than 250 frequency evaluations, the NASAP program will not perform any of the

caleulations included in subroutine BODE including the sensitivity calculations

(if this l;as been called for). The program will jump to the time response calcula-

tion if this has been called for. Otherwise, execution will cease after the above,

error message. o
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In subroutine SENS there is the error message
SENSITIVITY PLOTS RES-TR:ﬁpr TO 120 POINTS.
If the input informa;tion on the FREQ card results in more than 120 frequency
points, the sensitivity results in tabular form will be printed out. However the
3~curve plot and the phase éensitiviﬁy plot will be deleted.
At present, extensive diagnostics and debugging capabilities are 1ackf'ing. Input
data can be written on a field-free format, and a circult tree selectioﬁ 'need not

be specified by the user since it is done 1ﬁtei‘ ;Lly,‘f by the program. As is some-
times the case, when a proper. tree cannot be found, a message is printed out indi-

iTcuit. 7]5;(55:]?@6? kii's&fs%:{c;ﬁ-gfi}'

>
cating the difficulty ‘and.
yho Vo

the tree selection algori by

is found in Chapter IT.
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| IC DOCUMENTATION OF NASAP 69/T VERSION USED AT THE UNIVERSITY OF PENNSYLVANIA
Summary

This section details the differences in input data and output results of the
University of Pennsylvania version as compared to the standard NASAP 69/T as des-

cribed in the Gaertner coding manual. [GA~1]

Input Cards

The NASAP version used at the Moore School of Electrical Engineering in the
University of Pennsylvania (hereafter called the MSE-NASAP version) requires the
user to supply two additional data cards immediately after the first data card
(the NASAP PROBLEM card). The first of these cards indicates the frequency units
to be used in the evaluation of the transfer function. There are four permissible

entries for this card (starting in column 1)

“BADIANS
HERT?
CYCLES PER SECOND

TONE

Only the first two letters (those underlined) must be correct since the NASAP
program checks only these letters. Any other information ean 'bg included onrlbhis card
since the program evaluates only the information contained in ¢élumns 1 and 2

The second card indicates the type of time Jz‘esponse~ desired by the user. There

are four choices (starting in column 1)

IMPULSE RESPONSE
STEP RESPONSE
RAMP RESPONSE

HONE

The programs again only evaluate the data in columns 1 and 2.

20



Table 1.2 shows the input Tisting necessary on the MSE-NASAP version to Find
the step response for the circuit of Fig..i;:l;of The response is the voltage .across
Cl and the excitation is a step voltage with a magnitude of 3 volts. The BODE

plots of the specified transfer function are not being requested.

1
3
. <
RL
-
Vi —~ O.5F
- ClL
o
1
Transfer Function: Vc]_/VVl
Fig. 1.10
Table 1.2 .

NASAP PROBLEM
NONE

STEP RESPONSE
V1123,

RL 231

Cl 3 1 0.5F
OUTFUT
veL1/yvl

TIME 2.0

EXECUTE
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Printed Output Results

The MSE-NASAP version prints out much data on the primitive flowgraph which
is used within the computér to determine the user-specified transfer funetion.
The additional output date is printed between the printed listing of the input
data cards and the NUMBER OF LOOPS PER ORDER table--both of which are printed by
the standard NASAP package.

As an example, Fig. l.ll‘ gives printed output of a legitimate input listing
for circuit 6 introduced in Hutton's report. [HU 1] Fig. 1.12 gives the 5 com-
puter sheets of additional data printed out by the M§E~NASAP version based on .

S O
the listing offFig. 1.11 X immediately

are printed two matrices. The first matrix is the compressed cut jset matrix.

This matrix has (b + 2) rows and (& + 2) columns where

b = number of branches in the tree =n - 1
n = number of nodes in circuit

% = mumber of links in the co-tree

It must be recalled that

b+2=2A

B

where )\ is the number of eleménts in the circuit (For the circuit described in
Fig. 1.11, ) = 30 and n = 15). This matrix is useful in that it shows which

circuit elements have been selected as tree branéi{es:by the NASAP tree-selection

algorithm.

As each circuit element is inputted, it is assigned en integer flag (be-~

“ginning with(\:ﬁni'by-)'«"-_‘ Thus for the circuit listing of Fig. 1.11.

N !
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MASAP PRCBLEM 4 FRIOAM HUTTTIN BREPNRT

NONE
NONE
viliz2l.
ROT._1 380

R4 5 6 LouK
— RE. B T80
RT 6 1 12K,
RB Q@ 1 100«
RG 9@ 7 100

RIL_10._9 100

RLLI 1¢ 12 &8.%K
R12 12 11 A %
R13 13 1 3.¢X

Rl&4_ 6 8 10T
Rl& & 11 19¢K
17 1 11¥
1
c2
c3
4
(4]
Co

— L7
11 ]

12 ¢ 100 I
12:11 8 100 1214
VZ 1 14 l.u ¥eT.
V3 3 L5 3.0 ¥Ri3
QuUTPUT .
VRIZ/YMT

EXECUTE

Fig. 1.11
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\

Element Integer Flag

Vi 1
R6 2
R15 3
V3 30

An element in the compresseu\mu'uc_getgmatrbc can ha.ve one of three values -1,
0, or +1. The top and bottom rows é;d‘/the left-most and right-most columns of
the compressedj‘éﬁé’g‘; mat’l::‘cg are used for identification purposes described in
the following /p;ragraphs.

The non-zero entries in the left-most column are the integer flags of those

circuit elements which have been selected as tree branches. The corresponding

entry in the right-most column gives the tree hierarchy value of the circpit

element (see description of tree-selection algorithm). Hence in Flg. 1.13- see;

that Vi(flag = 1) and ﬁ%L(Eﬂag = 9) are tree branches and both have a hi\m'?a;fchy
value of 2. o

Similarly the non-zero entries in the top row are the integer flags of the
circuit elemén’cs that are links of the co-tree. The bottom row gives the hierarchy
value of these elements. For instance, R1(flag = It) and R2(flag = 5) are links

of the co-tree and have hierarchy values of b,

The information contained in the compresse ;Icuts\et\matrix is used to develop the

BN

flowgraph comnection matrix which is a mathematical description of the primitive

i
flowgraph. This matrix consists of A (= number of elements) rows. The entries in =

the left-most column represent either the voltage node or the current node of
the circuit elements (depending upon whether the elements are branches or links

respectively) identified by the integer flags numbered consecutively from 1 to A.
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If the left-most entry of a particular row of :l?he flowgraph comnection matrix
represents a voltage node of an element, then each of the other entries of this row
indicates a connection from the voltage node of the left-most entry to the voltage
node of the corresponding entry. There is one exception—-:if one of these entries
refers to a voltage controlled cu;crent source, then there is a connection from the
voltage node of the .ieft:most entry to the current node of this paiticular entry.
Conversely, if the left-most entry of a particular row of the flowgraph conmection
matrix represents a current node of an element, then each of ‘the other entries of
this row indicates a connection from the current node of the left-most entry to
the current node of the corresponding entry. There is one exception--if one of

these entries refers to a current controlled voltage source, then there is a con-

nection from the current node of the 1eft-ﬁ19st entry to the voltage node of this

particular entry. A few examples from Figurfz/,’I.lé will ciar{ﬁﬁi@isgégs}?{i;tig -

2 -8 ~11 0

From the"tj*;u%set matrix it is seen that the element with integer fiag 2 (i.e. R6) is
a tree branch. Thus there are two comnections (with a value -1) from the voltage *
node of R6 - one to the voltage node of R5':(f,la.g = 8) and the other to the voltage
node of R9(flag = 11). The zero indicates the end of the row.

As a second example, the fifth row of this comnection matrix contains
5 9 -19 20 0

Since R2(flag = 5) is a link in the ‘co-tree, there is a connection with & value

of +1 from current node of R2 to the current node of R7(flag = 9). Also there is

a comnection (value = -1) to the current node of C1(flag = 19) and one (with
velue = -1) to the current node of C2(flag = 20). Use of Ohm's Iew yieids the

' passive element (R,L,C) joining the voltage and current nodes, since the voltage

across an element is related to the current flowing through the element by means


http:Figure1.12

of the element's impedance.
The next printed output consists of all the closed loops (first order loops)
containéd in the flowgraph determined by means of the flowgraph connection matrix.

The heading of this output block of data is

FIRST ORDER LOOPS BY CONSECUTIVE LOOPS
Fach loop is defined by the nodes contained in the loop. This output shows the
order in which the nodes have been found by NASAP for each loop. Each loop is
given an identification integer starting with unity. This identification integer
is shown in the left-most columns. The remaining integers in a given row refer
to the inbeger flags of_ the circuit elements.

In Flgure l I2 ,we see tha ’c.he flowgraph under d 3 u 7/

first order loops. Let us examine one of these loops more closely--say loop

81 defined by
-6 26 7 -6
The first and last integers are always identical since it is the starting point

of the loop. From the input listing we have

Element Integer Flag
R3 6
I1 26
Rl 7

Each loop is found by the path-finding procedure on the flowgraph connection
matrix (for details see the Potash-Mci;Igﬂfeé _User's Menual). From the cutset
matrix we note that RY is a tree branch while I1 and R3 are co-tree links.

To illustrate this we now show how th:.s loop 81 can be found from the flow-
graph connection matrix. Start at the current node of R3 (R3 is a link). There
is a connection from this node to the current node of the current source T1 (i.e.,

an integer 26 in row 6 of the comnection matrix). There is a connection from

the current node of IL to the current node of B4 (i.e., an integer 7 in the 26th



row of the comnection matrix). Since RM is a passive élc;,ment, there is a con-
nection (with a value = Ri) from the current node of RY to the voltage node of )
Rk (recall that Rit is a tree branch). From the Tth row of the comnection ma’cr:ix:,~
(integer flag of R4 = ) we observe that: 6 ‘is an en'bry. Thus there is a connec;
tion from the voltage node of R4t to the vol'bage node of R3 (with a valué of ~1).
Since R3 is a passive element that is a co-tree link, there is a comnection
(with value = l/R3) from the voltage node of R3 to the current node of R3 (the
starting point)--thus completing the loop.

The higher order loops, the sets of non-touching first order loops, are
easily found by assigning each first order loop an integer'valae based upon the
nodes contained in the loop (each node is identified by the circuit element
integer flag). This integer value is stored in the one-dimensional array LOOP

defined by

:1;1\
LOOP(J) = =
k=1

o M) 2

where J is the loop identification integer
Nk refers to the kth flowgraph node in the Jth loop

n = number of flowgraph nodes in the Jth loop

15, we have :

As an example, for the loop numbered 79 in Figl

ey e

6l 7l .
LOOR(79) = 2I +2 e 2 420 7
LOOR(79) = (%),

= (110000)2'

(No'be- see Potash-McNamee Manual for details of how higher-order loop are found
by use of the array LOOP).

Fmally the sheet with the heading

ORDER OF LOOP LOOP NUMBERS
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1s printed out to assisithe user in locating the peint of termination if the

number of flowgraph loops iisr so large that-the allowable computer time is used
up before completion of the analysis.

The information of this sheet is presented in this manner:

1. Every 50th second order loop is printed out with the identification
integers of the first order loop comprising the second order loop.

2. When the number of some jth order loop (j = 2,3,4,...) equals 500,
the number of all loops of all order at this point of the loop
enumeration procedure. (Note: see the Potash-McNamee Manuael for
details of the HIGORL subroutine which determines the higher order
loops from the first order loops).

Fron Figure 1.12 e see that ‘the ou‘bp’trz.trda:ba

2 18 88
is the fourth of +this type in the output data. Consequently the second order
loop consisting of loop 18 and loop 88 is the 200th second order loop found by
the NASAP subroutine called HIGORL. (Note: from the list of first order loops,
loop 88 consists of nodes 10 and 12 which do not appear as nodes in loop 18).
Immediately following this line of output, we observe that the number of 9th
order loops found by NASAP equals 500. When this occurred, NASAP haed found 209
2nd order loops, 987 3rd order loops, etc.

It should be noted that, if a flowgraph has less than 50 .second order loops

and the number of each of the nth (n = 3,4,5,...) order loops of this flow-

graph is less than 500, only the heading

ORDER OF LOOP LOOP NUMBERS
will be printed in the MSE-NASAP version.
In order to find all the higher order loops and at the same time to avoid

repeating any of these loops, the HIGORL subroutine selects each first order
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loop in order of its identification integer and determines all the higher order
loops formed by this selected first order loop and those loops having identification
integers greater than that of the selected loop (see Potash-McNamee manual for
details).

With this procedure in mind, we can use the higher-order loop data printed oub
by the MSE-NASAP version to determine approximately where-the HIGORL subroutine
was in the higher order loop finding process if execution is terminated before the
desired transfer function is obtained. This will emsble the user to determine
vhether the problem should be executed with a longer rumning time specified or
should be cancelled since the generated flowgraph ié too complicated (with
regard to running time) for the computer in use.

As an example, let us assume that the printed output of Figure.1.12 ended with
the line

2 68 88

There was no sheet with the heading

NUMBER OF LOOPS FER CRDER
and no sheet listing the specified transfer function. From the 1list of first
order loops, we see that this flowgraph contains 102 loops. From the above
output line, we see that the 1oop: wunder selection by HIGORL is the loop num-
bered 68. In other words, when fl;is line was printed loops 69 through 101
have not yet been selected as the starting loop in the higher order loop
finding process.

Since the number of higher order loops generated by the starting loop de-
creases as the identification integer of the starting loop increases, knowledge
that loop 68 (in a group of 102 loops) is the present starting loop Vefrira;bi;eig 1:,he
user to decide whether or not to.rerun the problem. It must be noted that the
last line printed does not mean that this was the last loop set found by the

HIGORL subroutine before termination. It is possible that as many as 49 more
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2nd order loops and meny more nth (n = 3,4,5...) order loops have been found
since the printing of the last output line and before the termination.
Following this output data, the output results of the MSE-NASAP version con-
form with the output data of NASAP 69/I. One remaining minor difference is the
order of the sensitivity output data.
The order for NASAP 69/I is:
Table of Sensitivities of ReH, VIJn‘lH, |Hl , Phase H as a function
of fregquency.

2. Table of the Léé%jiithm \of the above sensitivities as a function

LR,

of frequency.

3 Plot of 3 Sensitivity Expressions.

l, Plot of the Logarithm of the Sensitivity.

5. Table of the Sensitivity Function as a function of frequency.

6. Plot of the ILogarithm of the Absolute Value of the Sensitivity
function.

T Plot of the Phase of the Sensitivity Function.

8. Pole and Zero Sensitivities.

On the. other hand, the order of the MSE-~NASAP version is:

1. Table of Sensitivity Function as a function of frequency.

2, Plot of Logarithm of Absolute Value of Sensitivity Function.

3. Plot of FPhase of Sensitivity Function.

k. Table of Sensitivities of ReH, ImH, IHI, Phase H as a function
of freguency.

5. Table of Logarithms of the above sensitivities as a function
of frequency

6. Plot of 3 Sensitivity Expressions.

T. Plot of the Logarithm of the Sensitivity of the Phase H.

8. Pole and Zero Sensitivities.



CHAPTER II

NASAP TREE SELECTION, ALGORITHM~~USER OPTIONS

i ﬂ’éimg#i&ib‘;nﬂs:cﬂf;rfiél\r‘
Although the graph representation of an electric nétwork usually has a large
number of possible trees (i.e., a structure containing n-1 branches vhich inber-
connect the n nodes of the circuit without forming any closed paths), NASAP has
an algorithm that selects only a particular tree configuration. This tree is

the basis for subsequent circuit analysis.

Fach electrical circuit element is assigned a Type number as shown.

Independent voltage source 1

DeI;endent voltage sou:r:ce 2

‘Capacitor 3

Resistor by

- Inductor 5
" Dependent current source 6
Independent current source 7

Elements of type 1 and 2 are always included in the tree while type 6 and 7 ele-
ments are never included in branches of a tree. If there are not enough elements
of ﬁpe 1 and 2 to form a tree, a search is made of type 3 elements (i.e. capa-

citors) starting with the first capacitance listed in the input data and working

down the input 1ist. If a tree is .'":ii:_l. not found after searching through all the

type 3 elements, a similar search i; made of all type U4 elements (selecting
those type 4 eiements that do not form closed paths and neglecting those that
do). If a tree does not result, a search is made of type 5 elements. If a
tree is not found after this’ seérch, an error message will be printed.

The element type categor:ies 2 and 6 need a further explanation. The elemeiats

in category 2 include not only dependent voltage sources, but also those elements
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whose voltages control the voltage or cur;'ent of some dependent source or whose
voltage is the required output varisble o{ﬁinput variable. TFor example, the
foIlowing is a legal NASAP input record. X

I3 3 4 5.2 VB3
Since the voltage across resistor R3 controls the dependent current source I3,
resistor R3 will be assigned element type 2 not element type k. Also the fol-
lowing is a legal NASAP output record

VL5/VV1/R2

Since the voltage across inductor L5 is the desired output varigble, Element
type 2 not element type 5 will be assigned to inductor I5. Similarly since V1 is
‘the input, it will be assigned element type 2 not element ty'pé' 1.

Similarly the glements in category 6 include not only dependent current sources
but also those elements whosé currents control the voltage or, current of some de-
pepdent source or whose current is the required output variable or input variable.
In ’

13 3 4 5.2 m3
Resistor R3 is assigned element type 6 since j:he current through R3 controls the
dependent current source T3. In
IC5/112
'ca,pa:{:‘:lii:g}‘_ C5 is assigned element type 6 since the current through C5 is the re-
quired output current. Also, I2 will be a type (6 element (not type 7) since it
is the input variable.

Due to the search-technique that Feads down the- inpat 115t 1ookng For elements.

R S e R e R S

to be branches of a tree, the actual tree selected by NASAP can be varied simply
by rearranging the order in which the elements are placed in the input list (NOTE:
There is no restriction as to the order in which the elements are listed in
NASAP). However, not all of the possible ’tree configurations can be selected

by NASAP due to the requirement that all type 1 and 2 elements must be included in

‘the tree while all type 6 and 7 elements cannot be included in the tree.
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ITB ILLUSTRATIVE EXAMPLE

The complexity of the flowgraph is greatly dependent on the particular tree.
By complexity is meant the mumber of loop sets present in the flowgraph. The
values of these loop sets are used in NASAP to calculate the transfer function by
means of Mason's formula as extended by Happ for the closed signal-flow graph.
Since much time is consumed by the NASAP algorithms in finding the loop sets,
selection of the tree that minimizes the number of loop set can save computer
time as well as increase the accuracy of the coefficients of the polynomials in
the transfer function.

In Fig. 2.1 is shown a transistor with known h-parameters. The input resis-

tance of the circuit is to be ealculated.

+Vee
10k
(o
B
E
Ik

Fig. 2.1. A Common Emitter Transistor

The NASAP equivalent circuit model is given in Fig. 2.2.

@ B R2 ® ® ¢
=M IM 100 +
Vi I2 R3

y ! & 40k
I SR 2RI OF RS

Fig. 2.2. Equivalent Circuit for Transistor in Fig. 2.1.
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I1 is the independent current source. Rl and R6 are positive and negative re-
sistances of equal mmberical value. These resistances, when a;q.r-le;ér.;t’oﬁ the .
network, yield an element whose voltage equals the input voltage and at the same
time does not load the circuit (the parallel commection of a positive and nega-
tive resistance yields an infinite resistance). Thus the required transfer
function for the input impedance is

VR1/ITL
The network in Fig. 2.2 has five nodes; thus the tree for this ciz:éuit must have
four elements. The elements R, Vi, and R3 are type 2 elements'and must be in-
Si’y:ded in the tree while I1, I2, and R2 are type 6 elements and cammot be part
of the tree. Thus one more element must be selected to form the tree. The

partially completed tree structure is shown in Fig. 2.3.

@ 0, 0_ 06

Vi

RL
@ Fig. 2.3,
R6 cannot be used as a tree element since it forms e -closed path with R1 which is
an element in tree. However either R5 or Rl can be used to form a tree. Thus the
NASAP tree selection algorithm will pick that resistance which is listed first in

the input data. Thus if the input data is listed as follows,

w1l 2 1.
I2 5 & 100 IR2
vl & 3 0.0001 VR3
RL 2 1 1M

R2 2 3 1K

R3 5 Lk Lok

RB5 5 1 10k
Ry k1 1%

R6 2 1 -1M
OUTFUT

VRL/TIL



- - bl e el
INASAP 11T PRUBLEW wths L [V ALestTD
NONE
NBNE
1.2 1. )
12 5 4 100 1R2
Y1 .4 3 G.0003 VR3
R1 2 1 1M
RZ2 2 3 1k
R3 5 4 40K
R4 &4 1 1K
R6 2 1 ~1M
RS 5 1 10K
QUTPUT
VR1/I11
EXECUTE .
NUMBER 3¢ [ ASPS PER ARNER
1 9
2= 16
3= L
TRANSFER FURCTION  VRI/IIL
. .
{ 1.00E 00 )
H{S)= B,033F Od¥mm—mmm—mmo——mm— e
( - )
¢ 1.00F 00 )

ZERO OF TRAMSFER FUMCTION

NONE

POLE OF TRAWSFER FUNCTION

NONE




.

NASAP 11T PROBLEM WL EIM waietamns
NGNE -
NONE

11121,

12 5 4 100 IR2

V1l 4 3 0,000: VR2

R1 2 1 1M

RZ 2 3 1k

R3 5 & 40K

RS 5 1 10K

R4 4 1 1K

R6 2 1 -1A

OUTPUT

VRI/I11

EXECUTE

NUMBER OF LOJPS PER ORDER

1= L4
2= 29
3= 10

TRANSFER FUNCTIORN

YR1/II1

(
{ 1.0CE 00
H{S)= 8¢GB33E Qékmmmmommoommmmrcee
o
{ 1.00E 00
ZERD OF TRAMSFER FUNCTION
NONE
POLE OF TRANSFER FUNCTION
NONE
) Fig. 2.5
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R5 will be included in the tree elements. The chosen tree is shown in Fig. 2.4.

> ©® ® ©

R1

‘The output results are given i;i Ffé

However, if the input listing format is given as

11 1 2 1.

12 5 L 100 1R2

Vi 4 3 0.0001 VR3

RL 2 1 IM

R2 2 3 IK

R3 5 L4 hok

R L 1 1x (Note that R5 is now
R6 2 1 -IM ’ the last element des-—
R5 5 1 10K cribed)

OUTPUT

VR1/IT1

{tne’; tree selected by MASAP will now contain R4 as shown in Fig. 2.6,

@ O 0 6

RE

PR
Fig. 2;6/ k

The output results are showm in Fig. 2.7.

Wote that both coding formats yield the same transfer function, as expected.
However, the tree with R4 yields a flowgraph with 29 loop sets as compared with
53 loop sets in the flowgraph obtained from the tree with R5. Thus the number

7 I oo
of loop sets is almost ‘;hfalved}by the proper choice of a tree for this circuit

= 3 ‘
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configuration. This reduction of loop sebts is apparent in the execution time.
The tree with R5, NASAP required an execution time of 2.3 seconds on the RCA
Spectra 70/L6 vhile the execution time for the tree with RL was 22.6 seconds, a

saving of 1.7 seconds.

L3



IIC THE OPTIMUM TREE

There is a procedure to select the optimum tree (optimum in the sense that
such a tree will minimize the total number of loops in the primitive flowgraph)
that does not require a great deal of effort on the part of the NASAP user.

The details and proof of this procedure are given in reference [20-1]1. The pro-
cedure begins by pubbing all type 1 and 2 elements in the tree. Next all capa-
citors (type 3 elements) are included in the tree. If a capacitor forms a loop
with some type 1 or 2 elements, it is removed from the tree. If two capacitors
form a loop with some obher tree braiches, then the user arbitrarily picks one of
these capacitors to be a tree branch-—-reali'zing that the capacitor picked to be
the tree branch must precede the other capacitor in the input lists. All type

6 and 7 elements and any element that forms a loop with the chosen tree branches
are put in the co-tree. Note that if the sum of the type 1, 2, and 3 elements . -
equals the number of nodes minus one and if these elements do not form any loops,
then the NASAP tree selection algorithm will have picked a tree after a search
of all capacitors. The user thus will not be @ble to vary the tree.

If, on the other hand, the number of resistors in the circuit is greater than
the number of elements necessary to complete the tree, the NASAP user will have
some flexibility in the type of tree selected by NASAP by permittting the resistor
input cards.

Once the user has selected a tree, the optimum tree s.earch procedure goes
as follows:

Each 1ink forms a loop with some of the branches of the tree. For each link,
the nunber of tree branches in each loop is recorded as well as. "théspecific
branches that form the loop. The Branch Count is the sum of the number of tree
branches in each loop. The Circuit Count is the sum of the number of loops for
a specified tree branch. The Branch Count will always equal the Circuit Count.
However the tree that yields a smaller Branch Count will yield a flowgraph with

fewer loops.
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As an example let us reconsider the input impedance cireuit given above.

Recall that it was shown that V1, Rl, and R3 must be included in the tree while

I1, I2, R2 and R6 must be links in the co-tree. However either R4 or RS can be

in the tree depending on the order of the input cards. If R% is a branch of the

tree, then there are five links in the co-tree - 1, 12, R2, R6, and RS.

The 1link T1 forms a loop with branch Rl

The link I2 forms a loop with branch R3

The link R2 forms & loop with branches Ri, V1, R4

The link R6 forms a loop with branch Rl

Finally, the link R5 forms a loop with branches R3, Rb. Table 2.1.swmmarizes

this information. ("Branch" refers to a tree branch.)

Table 2.1
Links iul 2 R2 R6  R5 | -branch count
Branches/Loop 1’ 1. 3 L1 7‘/ 2 I8
E}‘@.nches Vi R1 R3 R4t | eireuit count
Loops/Branch 1 3 2 2 8

Note that the Branch Count equals the

However, if RS is made a tree branch,

R2, R6, Rh.
The link I1 forms
The 1link I2 forms
The link R2 forms
The link R6 forms
The link R4 forms

Table 2.2 summarizes this information.

a

a

a

a

a

k5

Circuit Count, as required.

then the co-tree links are I, I2,

loop with branch Rl
loop with branch R3
loop with branches Rl, V1, R3, and R5
loop with branch Rl

loop with branches R3 and R5



Teble 2.2

Links n I2 R2 R6 Bl | Branch count
Branches/Loop 1 i 1 b 2| 9

Branches Vi Rl R3 R5 Circuit count
Loops/Branch 1 3 3 a5 9

Both the Branch Count and Cireuit Count equal nine. Since the Branch Count

for the tree containing R4 is less than that for the tree with R5, then the number

of loops for the flowgraph formed from the tree with RY will be less than that
obtained from the tree with R5. As noted above, there are 29 loop sets including

9 first order loops in the flowgraph formed from the RUY tree as opposed to the 53 loop

sets including 14 first order loops in the flowgraph formed from the R5 tree.

Illustrative Example

The ecircuit shown in Fig. 2.8 from [M0-1] illustrates the case when different

trees yield the same branch count.

: Il=500 VRG
Desired transfer function VR8/VV1

Fig. 2.8. An EO0G Filter from [M0-1]
L6



It is apparent that V1, R6, and R8 (type 2 elements) and Cl must be branches
of the tree while Il, R5, and R7 must be links in the co-tree since they form loop
with the above mentioned tree branches. For the 's'lx node circuit in Fig. 2.8 a
tree has five branches. Since four of these branches have already been designated
the last branch can be chosen from resistor Rl, R2, R3 or R4. Thus four different
trees can be formed by the NASAP algorithm. The question remains which of these A
four trees will yield the fewest loops in the flowgraph. )

If R2 is selected as the fifth tree branch, then the links of the co-tree
are I1, R5, R7, Rl, R3, and R4. Table 2‘,3 gives the pertinent information on the
numbe;‘ of branches in'each loop formed by each link and the number of loops that
each branch is a part of.

Table 2,3: Tree With R2

Links Il R5 RT RL R3 Rl
Branches/Loop 1 3 1 3 b 5
Branches Vi R6 R8 c1 R2
“Loops /B;‘anc—ﬁ?.;f 2 It I 4 .3

The Branch Count for the R2 tree is 17.

“7~ gf-ihstead we let RL be a branch of the tree s then the links become Il,

R5, R7, Rl, R2, and R3. Table 2.4 gives the corresponding branch and loop in-

formation.
Teble 2.4: Tree with Rh
Links I1 RS R7 RL R2 R3
Branches/Loop 1 3 1 3 5 2
Branches Vi R6 R8 C1L Rl
Loops/Branch 2 2 L N 3

Here the Branch Count is 15, Since the branch count for the R4 tree is
smaller, then this tree is a better choice than the R2 tree in terms of fewer

loops for the flowgraph.



If we next let R3 be a tree branch, the co-tree links become 11, R5, R7,

Rl, R2, and Rk. Table 2.5 gives the branch and loop data for this case.

Table 2.5: Tree with R3

Link I R5 R7 Rl R2 RY
Branches/T.oop 1 3 1 i i 2
Branch Vi R6 R8 Cl  R3
Loop/Branch 2 2 4 b 3

Note that the branch count is 15, the same as that obtained for the Rl
tree.

Finally Table 2.6 gives the branch and loop data for the case when the tree

contains the element R1.

Table 2.6: Tree with Rl

Link 1 R5 R7 R2 R3 R
Branches/Tink 1 3 1 3 b 3
Branch Vi R6 R8 c1 Rl
Loops/Branch 2 2 i L 3

The Branch Count for the Rl tree is also 15.

Thus three of the four trees have the same low Branch count. Thus the
other critéris, the Branch product and the Loop Product, must be used to deter-
mine which qf these three trees will yield the flowgraph with the fewest loops.
The Loop ﬁoduet, defined as the product of the mmber of loops involving each
branch, is the same for the three trees; namely 192. However, the Branch Product,
defined as the product of the number of tree branches in each loop formed by each
co-tree link, is different in each case. The Branch Product is 1x3x1x3x5x2 = 90
for the Rk tree while the Branch Product for the R3 tree is 1x3xlxhxlx? = 96.
The Branch Product for the Rl tree is 1x3x1x3xlx3 = 108. Tt is found that the

tree having the smallest Branch Product (R4t) yields the flowsraph with the fewest

8



Note that the Branch Counts and Branch Products of both trees are equal. Since
the Loop Product of the C2-C5 tree is smaller, it would seem that this tree would
yield the flowgraph with the fewer loops.

However, the modified Branch count of the C3~C6 tree is smaller than that of
the C2-C5 tree. This crlterlon indicates that the C3- C6 tree gives the fewer flow-
graph loops. This, in fact, is the case as the computer results of Figs. 2.18,
2.19, 2.20, 2.21 show. The tree with C3 and C6 generates a flowgraph of 969
loops including 19 first order loops Vhile there are 1529 loopé;lncluding 25
first order loops in the ﬂowgraph formed fromthe C2-C5 tree.

’cree 1n~wh1ch

From Dunir *and. Chan, .[DU l] :.t has ‘been shown tha.t the star free- (i

all the brapches have a common node) yields the minimum number of flowgra.ph
loops. The more star-like the tree structure, the fewer the number of loops in
the corresponding flowgraph.

In the circuit of;,].éig. 2.17, all of the type 2 elements are connected together
at node 1. Thus 5 of the 9 branches are joined at a single node. )E;;é}minajbion of

this eircuit reveals that two other elements (R and R8) are also comnected to

node 1. If these resistors were branches of the tree, then 7 of the 9 tree
branches would be connected to a single node--a tree structure that is definitely
more star-like than the two trees described above. However, since R4 and R8

are resistors and type 4 elements, they are not considered for eligibility as
tree branches by the NASAP tree selection al‘g'orithm until all type 3 elements
(i.e. capacitors) are considered. As is shown above, the capacitors are so
connected in the circuit that they do form legitimate trees (in fact, 4 trees
depending upon the input listing).  Thus Rh and R8, as type 4 elements, can never

be tree branches.. We next 1nd1cate how to overcome this. problem

LI somehiod - the voltages across Rl and RS con’crolled some dependent sources,

Ea

they would become type 2 elements and would Gk therefore % be branches of the

L9



NASAP FRAM 1-STAGE E2G FILTER MOE

NONE
NANE

Vi
R4

1.0
1«

R2
R3

10K
1

R1
RS

10K
520K

R6
R7

M
500K

R8
C1

200
Q.0150fF

E e RO R T RIVE S SR RN

OO0 D= PO W

111
auTPUT

500 VRé

VR8/YV1
EXECUTE

NUMBER OF LOOPS PER

1=
2=

72
151

3=
4=

95

14

332

" TRANSFER FUNCTION

VR8/VV1

+1.00FE 00 S

H(S) =B, 3R2F=0)frr e e e

1.33€ 02

+1.00E Q0 5

ZERO (OF TRAMSEER

EUNCTION

ZERDO REAL PART

IMAG, PARY

1 ~-0.12388E 05

0.00000E 00

POLE [F TRANSFER

FUNCTION

PALE REAL_PART

IMAG. PART

1 -0.13346E 03

0.000C0E 00

Fio-. 2.9 and 2.10:

B4 in tree

—
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NASAP FROM 1-STAGE EOG FILTER MGE

NONE
NONE

vi
R3

R2

1.0
1K
10K
R1 10

[N WY NE SN
O W

R4 1K
—R5 5 1 500K

RGE 5 4 1M
R7 4 6 500K

R8 6 1 200
Cl 4 6 G, 01SUF

i1 1 6 500 vké

ouIRLT .
VRB/VV1 NUMBER OF LOCPS PER GRDER
EXECUTE
1= 74
2= 151
3= 93
4 = 16
334
" TRANSFER FUNCTION  WR8/vVL
( )
{ 1.2468 04 +1.00E 00 8§ )
H(S)E=5,3R2FE -0l fm o e e e
( )
( 1.33¢ 02 +1.00E 00 5 )

_ZERQ OF TRANSFER FUNCTION
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1 -0.12388E 05 ©.0000QE 00

POLE_OF TRANSFER FUNCTION
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1 ~3,13346E 03 0.0GOUOE 00 \

Figs. 2.11 and-2.12: R3 in trée
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NONE
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R1 3 4 10K
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R3 2 1 1K
R& 3 1 1K
RE 5 1 500K
R6 5 4 1M
R7 &4 6 500K
RE 6 1 200
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QUTBUT . N e e e
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EXECUTE
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4= 19
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TRANSFER FUNCTION  yR8/VVi
{ : )
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¢ 3
{ 1.33E 02 +l.00E 00 S )
ZERO GF TRANSFER FUNCTION
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Figs. 2.13 and 2.14: RL in tree
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Figs. 2.15 and'2,16: B2 in tree
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loops. Conversely, the tree having the largest Branch Product (RL) yields the
flowgraph with the greatest number of loops when compared with the flowgraphs
generated by the R4 and R3 trees. However s the flowgraph generated by the Rl
tree will give fewer loops than the flowgrapﬁ generated by the R2 tree since
the Rl tree yields a smaller branch count.

The circuit in Teble 2.1 was analyzed using the NASAP program for the four
possible trees available from the NASAP treg selection algorithm. The computer
results are given in Figs. 2.9-2.16. ;’Eig‘.;‘zlé'?,“rgives an input listing that
includes RUt in the tree . Note that this is I;)t the only listing order that
will cause Rl to be a branch of the tree--the only requirement on the input
listing is that the card describing R4 must precede those describing Rl, R2,
3:1_15. R3. Note that there are 332 flowgraph loops including 72 first order loops

2.12 shows an input listing that makes R3 a tree branch and show that

there are: 33% flowgraph loops including 7k first order loops. In AF‘:‘Lg“.“i’Q;l%k f

is a listing with Rl in the tree. The flowgraph loops generated by the Rl
tree total 366 including 80 first order 1oops'. Finallm’iEEg;fvz.l6 gives a
listing with R2 a tree branch. The flowgraph loops number 796 including 186
first order loops. Figs. 2.10, 2.11, 2.14, 2.15 give‘;,{.,'the transfer functions
obtained for the different trees..

Note that the Rk tree does indeed "yield the fewest flowgraph loops. How-
ever there is almost no difference between the ‘numbér of loops generated by the
R3 tree and the Rh tree. The Rl tree yields about 10% more loops than either
the Rt tree or the R3 tree. The R2 tree generates more than twice as many

loops as either of the other trees.

" A Needed Modification

It should be noted that the primitive flowgraph as developed by the NASAP
program does differ slightly from the actuel primitive flowgraph developed

from Kirchhoff's voltage and current laws and Ohm's Law. In the NASAP flow-

B


http:Fig_2.i4
http:2.9-2.16

graph there can be no comnections to the current node of an independent or depen-
dent voltage source as well as no connections to the voltage node of an independent
01; dependent current source. However such connections may exist in a true pri-
mitive flowgraph. If there are no connections emanating from these nodes, then
these nodes will not be a part of any loop and no information will be lost in
determining the transfer function. ~This is the reason why one is not able to call
for th;a current of a voltage source or the voltage of a current source as an
output variable in the NASAP program. Furthermore, this difference between .the
NASAP and true primitive flowgraph affects the procedure for determining the
optimum tree.

Since there can be no connection between the voltage and current nodes of
current and voltage sources (either dependent or independent), let us modify the
branch count by omitting the branch count of those loops which are formed from
independent and dependent current sources and by deleting from the branch count
of each remaining loop those branches representing independent or dependent vol-
tage sources. Similarly the Loop Count will be modified by omitting the loop
count of those tree branches which represent independent or dependent voltage
sources and by deleting those loops, which are formed by independent and depen-
dent current sources from the loop count of the remaining tree branches. In
other words, the modified branch count is the sum of the passive element tree
branches that are part of those loops formed from the passive element links
while the modified loop count is the sum of the loops, formed from passive ele-
ment links, that pass through passive element tree branches. Note that the
modified loop count will always equal the modified branch count.

The need for the modified Branch Count, Branch Product, and Loop Product

is demonstrated from the analysis of the Bubtterworth filter circuit in Fig.

2.17. [8a-1] <
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Desired Transfer Function: VV3/vvl

R3 R7
AAAY AN\,

s I I 3

RI Cl RS ca
2 3 6"’4 6 T I‘_Ta 10
+ + e + &
Vi
) Rz Y.V2 2Rra Re VY3 Sre
o o
V2=-2600 vg, V3:-2600 Vg

Fig. 2.17: Equivalent Circuit of
a Butterworth Filter

The type 2 elements, V1-R2-V2-R6-V3 will be tree branches as will C1 and
Ch due to the topology of the network. Either C2 or C3 but not both can be
branches and the same situation holds for C5 and C6. There are four trees to
choose from, namely
1. with C2 and C5
2. with C3 and C6
3. with C2 and C6
L, with C3 and C5
We will concern ourselves only with the first two choices. Table e
gives branch-loop data for the C3-C6 tree while the same data for the C2-C5 tree

is shown in Table 2.8.
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Table 2.7:
Link Rl R3
3 2

Branch Vi Vve V3 C(Cl1 Re
1 L 3 1 3
Branch Count = 20

Branch Product = 1296
Loop Product = 432

Passive Link Rl R3 R4
2 1 1

Passive Branch Cil R2 (3
1 3 2

Modified Branch Count = 12

Modified Branch Product = 16
Modified Loop Product = 36

Table 2.8:
Link Rl R3
3 2

Branch vi ve2 V3 (1L Re
13 2 1 b
Branch Count = 20
Branch Product = 1296
Loop Product = 384
Passive Link Rl R3 Rk
2 1 2
Passive Branch L R2 ¢2
1k 2
Modified Branch Count = 1l

Modified Branch Product = 64
Modified Loop Product = 6k

Tree with C3 and C6
R+ €2 R5 R7 BR8

2 3 3 2 2
c3 ¢ RE6E C6

2 1 3 2

c2 R5 RY B8 5
2 2 1 1 2
ck R6 6

1 3 2

Tree with C2 and C5

R+ €3 R5 R7 RS
2 3 3 2 2

c2 o+ R6 C5

2 1 4 2

€3 R5 R7T B8 ¢6
2 2 1 2 2
ch R6 €5

1 b 2
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tree. The problem remains of selecting these dependent sources such that they
do not affect the circuit being analyzed. This is easily accomplished by making
these sources dependent voltage sources with one node of 1-;he source connected to
any node of the original circuit and with the qther node left unconnected. FEach
unconnected node is actually an additional node in the modified circuit. Since
a tree is an interconnection of all nodeé and since the only connect:ion to these
hanging nodes is the source itself, then each of these sources must be a tree
branch and thus a voltage source. However since one node of these voltage source
is left floating, these "sources will in no way affect the original circuit be-
cause no current can flow through these sources. The zero-load feature of +this
type of "dummy" source is also quite apparent in the flowgraph. There is a con-
nection to the voltage node of the voltage source from the voltage node of the
controlling element. However no connection emanates from the voltage node of
the voltage source since this "dummy" voltage source is not involved in any of
the network loops formed by the links of the co-tree. A node can be part of a
flowgraph loop only if there is a comnection leading to and away from the node.
Sinc‘e these "dummy" voltage sources are not part of any flowgraph loop, then
they cammot affect the determination of the transfer function.
Thus the addition of the follov‘zing two cards

vh 1 11 1.0 VRU

V5 1 12 1.0 VRS
to the input lists of either Fig. 2.18 or Fig. 2.20 will make RY and R8 tree
branches without affecting the electrical properties of the original circuit.
Nodes 11 and 12 are the floating nodes. Note that the dependency value (r.0 \
in this case) is completely arbitrary and can have any value exce:p’c 0.0. In
essence, the above "trick" simply is an artificial means to tell the NASAP
program vwhat elements we wish to have in the tree. It does have the drawback

in that elements are needlessly wasted but this only becomes a factor when the
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number of elements in the circuit is near the limit set by the length of the com-
puter word. Note a.lsb that if an element which one desires to put into the tree
by the above "trick" is also declared a type 6 element somewhere else in the in-
put list (i.e., its current controls some source or is the desired output veri-
able), then an error message will result.

Fig. 2.22 gives the necessary branch data for the RY-R8 tree. Take note that
the branch count, branch product, and loop product were determined without regard

to the "dummy" sources V4 and V5.

Fig. 2.22: Tree with R4 and R8

Branch count = 18 Modified Branch count. — = e
Branch product = 576 Modified Branch product = 16
Toop product = 216 Modified Loop product = 36

Note that the modified data is identicé.l to that obtained for the C3-C6 tree.
However the unmodified branch count is two less than that of either the C2-C5
tree or the C3-C6 tree. TFigs. 2.2k and 2.25 give the computer results. The Rll--ri
R8 tree generates a flowgraph of 737 loops (including 17 first order loops).

This is less than one-half the loops generated by the €2-C5 tree and more than
200 loops less than the number of loops derived from the (3-C6 tree--a substantial

reduction.
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CHAPTER III

MODELING A CONTROL SYSTEM FOR NASAP

ITTA GENERAL DISCUSSION OF CONTROL SYSTEMS

The preliminary discussion of feedback control systems is kept dbrief on the

assumption that the reader already is generally acquainted with feedback control

theory.

Familiarity with introductory textbooks such as Dorf's Modern Control

Systems CDO,-l] and Perkins and Cruz Engineering of Dynamic Systems {PE-1] would

be particularly helpful in that they use aerospace feedback control system pro-

blems as illustrative examples.

The major subdivisions of feedback control systems usually are:

1.

A plant, process or controlled system vherein the position or state
is being regulated or monitored.

The controller consisting of a sensor and control elements.

A comparator or error-sensing 'd:ewiieé‘_ to'detect the: difference “bétween

the i»'flput reference and the output signal.

Next we itemize the major steps involved in the design of a feedback control

system.

a.

These steps are:

Establish performance specifications for the system

(e.g. type of control, tolerance on accuracy, speed of response,
overshoot, etec.)

Interpret the specification data in terms of design parameters ami
components of the control system. (give due consideration to reliabilit
space, cost, ete.)

Formulation of the transfer functions of the components and analysis
of the preliminary design.

Improve the performance of the preliminar& design by suitable com~

pensation to meet the specifications.

The scope of computer-aided design in this manual only covers aspects of steps c

and d.
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Control system design can be carried out either in the frequency or in the
time domain. This is important in considering the possible role of NASAP in
such applications. Control engineers have found it convenient, in the analysis
of linear feedback control systems, to use the transfer function concept and the
block diagram representation of the system. The transfer function concept is
basic in the application of the frequency response method of analysis. In this
approach the steady state response of the system to a sinusoidal Enpt}? is used.
The output/input signal relationship for each component of a controi system is
described by a transfer function. The operations of these components are repre-
sented by noninteracting blocks which are interconnected to form the block dia-
gram or the corresponding signal flow graph of the overall system. Thus ;>ne
obtains a functional representation of the feedback control system equivalent
to the set of simultaneous differential equations that relate the variables of
the physical system.

The basic procedures usually followed to analyze and design a feedback control
system by the frequency response method are:

i) Determine transfer functions for each of the components used in

the system (from the differential equations via transforms or from
physical measurements).

ii) Formulate the signal flow graph from the system block diagram.

iii) Reduce the complicated blocii diagram of the system to a simple single
loop configuration having a transfer function for the forward and the
feedback branch if the open loop transfer function and output trans-
form of the control system are to be used.

iv) Determine the system characteristics using the Bode plot or Nyquist
diagram (an alternative graphical method uses the Wichols chart).

V) To have the system meet the prescribed performance specifications,
design the necessary compensators that W]:.il reshape the plots ob-

tained in step iv. This mey involve cut and try.



In addition to the above, the designer often has to investigate sensitivity of
parameters to variation of individual elements. The final step may include
analog simulation or physical model tests.

As an alternative to the i‘rquency response approach, the analysis and syn-
thesis of feedback control systems determination of the system stability and the
evaluation of the output of the system in response to impulse, step or ramp
input functions. Here again there is often the need for compensation of the
) system so that it will meet specs. ‘

In the remaining chapters of this manual we shall indicate how NASAP can
assist the design engineer to accomplish some of this work. It should be noted that
some of these proc;edures are best carried out with a hybrid computer. Dr. C. H.
Beck [BE-1] has developed a hyﬁrid NASAP module for such applications as part of

this cooperative development of the NASAP program.

. Cer. Teo + P C
II1BL Equ:.valent Electrlcal Networks for Tra.nsfer Funct:.ons ,._.»

Before a control system can be analyzed using NASAP and before any necessary
compensation cen be determined, the dynamic characteristics of the plant must
first be simulated by an electric network which has an equivalent dynamic charac-
teristic. The transfer function of a lumped linear plant cen be expressed as a
ratio of two polynomials. The problem of modeling the plant transfer function
can be simplified if the polynomials are put in factored form. The individual
factors or group of factors can be modeled by using simple RIC circuits. Then
for a complicated transfer function these circuits are connected in cascade with =
suitable isolation between each circuit to prevent loading that would result in
a change in the modeled transfer function. This necessary isolation is obtained
by using ideal dependent voltage or current sources (vhich are available in
NASAP). Table 3.1 gives a list of some elementary circuits with isolation and

their corresponding transfer functions.
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IIIB2 Cascade Interconnection of Transfer Function Models

As indicated earlier the simple transfer function models can be cascaded.

Consider a plant transfer function given as:

E,(s) 2 10(2s + 1) (3.1)
El(s) s(3s + 1)(l+52 + 0.1s + 1)

This can be rewritten as:
E,(s) 1 2
=il R s_+l) ; (L) (3.2)
El(s) = .+ ﬁaa +0.1s + 1

Thus a .¢escede interconnection of three circuits from Table 3.1 can be used to

model the above transfer function.

& ! 4H
+1=6 L+ +Co AF |
> o E
KF -;:Rz 23, - <>_e,-10 2 |3

Note that R2 is & negative resistance and that the gain factor (for this example,
10) is included in the dependency ralation for the third dependent voltage source
(e3]. The gain factor could just as easily be included in the dependency relations
of e, ore, .

Many of the subsequent examples used to illustrate various aspects of computer-
aided control system design will incorporate techniquesfor modeling the pertinent

transfer funetion.



ITIC ADDITIONAL EQUIVALENT NETWORK MODELS

IIIC1 Use of Negative R, L or C

Since negative element values of R, L, and C are permitted in the NASAP
input coding, rational transfer functions of control systems can be modeled
simply by application of the continued fraction expansion procedure. Accordingly
the rational function will be represented in general by the input admittance or
impedance of a ladder structure consistings of positive or negative R, L, and C
elements. It is emphasized that this approach works because physical realizabi-
lity as a passive network is not a consideration. Only the equivalent dynamic
characteristic matters.

As an example, let us consider the biquadratic all-pass funection

2
Fla)  mj| Do SRt (3.3)

8 +ag+b

Performing the continued fraction expansion of F(s) yields

1

32+ns+b ae-aa-l-‘b

52+B.s+b-—}is
-2a8 )32+as+b (3.4)

82 -2

as + b [-aas
a
8

-2as -2b E

Zb )as+h

as 2
b )éb

If F(s) is assumed to be an admittance Y. , then the resulting ladder network

is shown in Fig. 3.1.
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Fig. 3.1

In other words, the input admittance ‘Il of the eircuit of Fig. 3.1 is a repre-
sentation of the specified rational function F(=).

To utilize this input admittance model with the NASAP program, two additional
elements, & voltage source and a resistance of very small value, must be in-

cluded in the circuit of Fig. 3.1 (see Fig. 3.2).

T
2a 2b

Y, =IRI/VVI Fig. 3.2

The voltage source V1 represents the excitation for the input admittance

b G L, The response is the current Il . However the current flowing through
a voltage source cannot be specified with the NASAP program. Since no element
of the circuit of Fig. 3.1 is in series with the source V1, it is necessary to
include the small resistor Rl. Thus the input admittance of this circuit can
be specified as

Y, = IRl/wW1 (3.5)

The eircuit of Fig. 3.2 can be easily cascaded with other isolated circuits
to model more complex rational functions. As an example, the transfer voltage

ratio of the cirecuit of Fig. 3.3 models the function,

T0



2
5 8 -s+4 (3.6)
(s + s + b)(2s + 1)

RIz0.001 —1I/2 2 2

¥ VZAY  —cili . VAT

Sk 1 1

> 2 2 - — -

O
v2=1IRI v3=VCl
2
w3/w1 = ——==8 ol
(s“" +s5+ 4)(25s + 1)
Fig. 3.3

Alternatively the function F(s) given above can be assumed to be an input

impedance Z From the continued fraction expansion, we cbtain the NASAP

1
applicable circuit of Fig. 3.L.

VRI/III:=Z,

Fig. 3.b

The current source Il represents the excitation necessary for the input im-

pedance., The response is the voltage across the very large resistance Rl which

must be added to the circuit since no single element obtained from the continued

fraction expansion is connected across the ideal current source terminals.
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However it is possible to avoid the use of the small series resistor of

Fig. 3.2 and the large shunt resistor of Fig. 3.l by taking the reciprocal of
(i.e. inverting) the rational function that is to be modelled by NASAP before
performing the continued fraction expansion.

As an example, let us desire to model the biquadratic all-pass function given
above by the input impedance of some ladder circuit. Thus we desire a circult whose
input impedance is defined by

2‘-al.s+1'.1

Z,(8) = = (3.7)
85 +as +b
Inverting this expression we obtain
o
Y, (s) = Bt as + b (3.8)

85 -as +b

Performing the continued fraction expansion this time yields the NASAP eircuit
is shown in Fig. 3.5.

S%-gs+b
S2+as+b

Z,=VRI/ITI=

Fig. 3.5

Note that now there is no need to include a large shunt resistor across the Tl

current source terminals (as in Fig. 3.4) since the resistor Rl already shunts
these terminals.

Similarly, we can model the biquadratic all-pass function by the input
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admittance of a ladder network defined by

2
Y, = 3= 88 &b (3.9)

52+8.5+'b

Inverting this expression and then performing the continued fraction expansion

(given above), we obtain the ladder circuit of Fig. 3.6.

=

-
2a

S%-gs+b
S%+as+b

Y,= IRI/VVI =

Fig. 3.6

Note that addition of a small series resistor (as in Fig. 3.2) is not needed since
the current flowing in the resistor Rl is from the voltage source V1.

In summary, by use of the continued fraction expansion procedure, we have
obtained four NASAP-codable circuits to model the specified all-pass function
F(s). The circuits of Figs. 3.5 and 3.6 are more desirsble as models than those
of Figs. 3.2 and 3.l since they require one less element. It should be further
noted that each of these four eircuits has another desirable feature. The NASAP
tree-selection algorithm will automatically select the shunt elements of each
circuit as tree branches. This will lead to a star tree which generates the flow-
graph with the fewest loops.

This will always occur if the polynomials of the specified rationsl function
are arranged in descending powers of s. The resulting continued fraction expansion
will either make the series elements inductors or the shunt elements capacitors.
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ITIC2 Illustrative Examples

Sometimes it 1s necessary to arrange the polynomials in ascending powers to
attain a ladder network with both positive and negative elements. For example,

let us assume we wish to model the function

(3.10)

F,(s) =
. S +2° 4841

as the input impedance of a ladder network. We cannot perform a continued frac-
tion expansion on Fl_l(s) =8+ 2%+ 841, Consequently we will need a large
shunt resistor in the NASAP model. Furthermore we must rearrange the denominator

of F]_(S) in ascending powers of s before performing the continued fraction expansion.
The resulting NASAP model with shunting resistor Rl is shown in Fig. 3.7. Note

that, since the shunt elements are

o
S =/5

Z,* VRI/II|=

S3+25%5+|
Fig. 3.7

inductors, the NASAP tree-selection algorithm will pick a linear tree consisting
of resistor Rl and three of the other four resistances (the particular R's deperiding
upon their location in the input 1ist). This type of tree yields the largest
number of loops in the corresponding primitive flowgraph.

Sometimes in the continued fraction expansion procedure more than one term is
eliminated by subtraction. This may necessitate a rearranging of the remaining

polynomials to achieve a NASAP model. Such a case exists for the function

Th




Fs) = 4 —— (3.11)

+8 +8+1

The first three steps of the continued fraction expansion process is based on as-

cending order of the denominator. Then three terms become zero. This necessitates
3 3

reversing the polynomial -5-32—5 to -8 -sa-s.

In Fig. 3.8 is given a NASAP-codsble ladder network whose input impedance

equals the desired function FE( s).

I RI+® z— 2 T Pt
I
Z=VRI/II| =z ——
S34+5%5+|
Fig. 3.8

Another example is the biquadratic function

2
F3(5) g E. +as +b (3'12)
8 + a8 + ¢

Let us model this function as an input impedance. Inverting F3( s) and then per-

forming the continued fraction expansion yields

1
- l2
8 +as +b 8 +as + ¢
o b
8 +as +b c=-b
2
(e - b) )h+as+s = (3.13)
b as

55+52)c-b 2
-a
ec-=-b

) 2
-] as + s

c-b-ps_.g.ls

c~-b
a

()



ol as
(3.13)
2 c-b
8 7 S e cont.
e -h o
The resulting network is shown in Fig. 3.9.
b -a?
c-b c-b |

o
]
o

Fig. 3.9

2= VRI/IT|= Srostb

Stastc

Note the large shunt resistor is again avoided by use of the initial inversion. lote
also that in the underlined section of the continued fraction process it was necessary
to reverse the polynomical 52 +as + b since two terms were eliminated in the preceding

subtraction.

IIIC3 Equivalent Networks for Suming Element

Since most control systems require some sort of feedback loop, &n electrical net-
work equivalent to the summing (or subtracting) element that is compatible with NASAP

must be used. Such networks are shown in Figs. 3.10a and 3.10b.

R
AN
—I——.
+
Qv
- S
Ve

a
V= R (v, =v;)
Fig. 3.10a
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Vs® %(v,wzl

Fig. 3.10b
In Fig. 3.10a if ¢ =R = 1, the output voltage is equal to the difference of
the two input voltage. Similarly if ¢ =R =1 in Fig. 3.10b, the output voltage is

equal to the sum of the two input voltages.

(i



IIID MODELS OF FEEDBACK CONTROL SYSTEMS

IIID1 Examples of System Models

Thus we now have all the elements necessary to model a feedback control system

with an electric network that is compatable with NASAP.

feedback control system shown in Fig. 3.11.

As an example, the unity

rit) e(t) c(t)
R(s) 4 Els) K Cls)
£ s(ts+1)
Fig. 3.11
has the following equivalent electric network
R
AA'A'S
R,
——
| +
\/ A V.
L, 3 _9: s
0
Fig. 3.12

where v, is equivalent to r(t)
V, is equivalent to e(t)

V), is equivalent to e(t)



A second example shows & NASAP model for a non-unity feedback system (Fig. 3.13).

() e(t) K c(t)
> G As? 4+Bs+|
b(t) Tys+|
TzS"'l
Fig. 3.13

Fig. 3.14 is the equivalent electric network.
Rq

V=

R2
‘V""
+ - o + * .
V. S
i \VAs = e

Fig. 3.1k
where vy is equivalent to r(t)

V, is equivalent to e(t)

Vs is equivalent to c(t)

V), is equivalent to b(t)

IIID2 Control System Model and Its Step Response

Using a control system design problem adapted from D'Azzo and Houpis, pp. 408-
411 [DA-1] we illustrate modeling of the system and use of NASAP to tebulate and plot

the step response.
Consider the unity feedback control system with cascade lead compensation shown

in Fig. 3.15. To determine the step response when K = 10 we first obtain the NASAP




2.086 Cls)

) Els) +1
sa it :HO L s(.25+1)(s+1)

Fig. 3.15

circuit model showm in Fig. 3.16. In this model
V5 represents the input R(s)
vVl represents the output C(s)
V6 represents 2.06 times the error signal; 2.06 E(s)
Note that the system gain, K = 10, is included in the dependency relation of V1.
Also in Fig. 3.16 we have NASAP output, namely the transfer function zeros and
poles based on a simple flowgraph having only right first order loops. The de-
sired step response is given in Fig. 3.17. Figure 3.17a is the response func-
tion and 3.17b gives 51 discrete time values from zero to six seconds in equal in-
crements. Finally in Fig. 3.18 we have the plot of this time response.

These NASAP outputs can be used to determine the key step response charac-
teristics. Note in particular that the steady state value is unity since
Fig. 3.17a we see that the residue of the pole at the origin is unity. Further-
more in Fig. 3.17b the peak overshoot occurs at t = 1.4l seconds and is 9.15%.

This response settles (for 2% tolerance) in 2.04 seconds.




NASAP MODEL FOR CONTROL SYSTEM

R3s|

—_—
C3sIF
| i | RI=| R270.2
Rés|

¥ ¥ + +

0.l 2RS H lLI
S VE+2.06Iny | VIS0V,
l»canpzusnr:c.-.- PLANT

Fig. 3.16
Resistance Values in Ohms
V5 represents the input R(s)
V4 represents the output C(s)

V6 represents 2.06 times the error signal; 2.06 E(s)
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CHAPTER IV

CONTROL SYSTEM ANALYSTS IN THE FREQUENCY DOMAIN

IVA ANATYSIS OBJECTIVES

As mentioned in Chapter ITI control system design is usually aimed at a set
of specifications. Therefore we start with a summary of typical performance spe-
cifications as general background» For convenience we édapt the tabulations
given by Grabbe, Ra?p, and\yoodruff JGA 2] and list some of them for transient
response in Table hﬁi; and f;; fT;quency response in Table 4.1b. These are suf-
ficient to indicatetfhe sort of gpecifications that can be expected for the class
of linear time-invariant single input single output control systems being con-
sidered in this manual.

There are several ;pp?oximations or rules of thumb which were developed by
control engineers for ﬁEé?%Eén time or facilibies are not available for a more
exact analysis of this class of systems. They are also useful as rough checks on
the results of a computer analysis. The more common of these rules of thumb are

&presented, virtually unchanged from [GA 2] in Table k.2. ‘They must, however,
be used with cautlon since being approximations, they do not apply with equal val:
dity to all control systems. Note that the approximations for transient response
are applicable only for step inputs.

Following Table h.Z“ﬁf have Fig. Y.l which shows typical step and frequency

response curves Lo help piﬁ down the definition of some of the terms used in

these tables.
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Table k.la

- T TTev T T o
Transient response

CoMMON PERFORMANCE SPECIFICATIONS

) “Type
1. Transient overshoot

2, Settling time

3. Steady-state error

4, Rise (;ime

- **5. Dead time

6, Absolute damping,
decrement factor

7. Damping ratio

H

v

Definition
Usually taken as rafio of
peak of transient to final
value for a step-input, .

Defined as time to reach
and remain within a spec-
ified percentage of final
value (often as 5% or
2%) after a step infuf,

Final error existing between
desited and actual out-
put.

Defined as (@) time to  the
final value, or (b) slope at
% the final value, or (¢)
time between 109, and
90% of final value after a
step Fnput,

+ Defined as (@) time for out-

put action to be initiated,
or (b) for oulput to reach
a given level (10% or
50%), or (¢)-time to the
intefsection of tl’it;' slape

of the transient at 1 the
final value and the initial
value after a step input.

Defined as the real pait of
the roots of a quadratic
system and as such deter-
mines the rate of decay of
transient.

Damping ratio is defined as
¢ in the quadratic s 4-
2wofs -+ wy? and indicates
the deeay per cycle of the
natural fiequency.

- 86

General Remarks .
Convenient when transient solution is avail-

able. Can be estimated fiom 100t locus or
frequency response. Useful for nonlinear

‘ystems _ System must be j “excrfed by
_step inputs and Be inderdamped -~ -~ -

o

See 1 ahove  Used for systems which 1equire
rapid synchronization, e g., fiie contiol sys-
tem.

See 1 above. Kasily caleulated from static
characteristics or final value theorem. Use-
ful when input is simple aperiodic function.
Can melude frequeney components which
arise in nonlinear systems.

Easily estimated fiom frequency response or
oot locus and is indicative of band pass of
system. Used for overdamped systems. Has
found application in process controls where
characteristics (1) or (2) may not be easily
recogmzed.

See 1 above. Easily estimated from fiequency
response and is indicative of phase shift near
gain crossover in systems. Useful when de-
lay times exist in system. Used for over-
damped systems. Both rise and delay time
derive from filter theory. .

Convenient method of interpreting more com-
plex systems in terms of quadratic systems.
Valuable in combination with relative damp-
ing in work with root locus analysis. Has
had extensive use in systems demanding pre-
seribed transient peiformance, paiticularly
when the time decay is important, e.g., in
autopilots.

Useful because it is a parameter in nondimen-
sional plot of quadratic response. Used in
combination with 6 above in root locus anal-
ysis. Used when number and size of gver-
shoot are important  In combination with 6
above defines decay of oscillatory eomponent;
of transient.



i

8. Phase margin
9.. Gain margin
{0, M,, peak

11. Band width

12 Static error coefficient

13. Dynamic error coeffi-
cients (or steady-state
erior coefficients)

Table k4.1b

CoMMON PERFORMANCE SPECIFICATIONS !

Definedas 180°+ phaseshilt

at unity gamn of the open
losp frequency response.

Gain marginis ratio of max-
imum stable gain to ac-
tual gam, ie., gam at
phase crossover.

Ratio of maximum of closed
loop frequency response
to a low fiequency value.

Defined varously (@) usu-
ally as frequency where
closed loop response falls
tov/Zor3dbof itslow fre-
quency value, or () some-
times as the frequency at
the significant peak My,
or (c) the crossover of the
open loop response.

Defined as the final er1or re-
sulting from a continu-
ous input of position, or
velocity, or acceleration,
ete. The magnitude of
the input and the maxi-
mum tolerable error must
be specified.

Defined as the steady-state
erior resulting fiom the
derivatives of the input
function. The time func-
tion and/or its deriva-
tives must be specified as
well as the maaimum tol-
erable error.

87

Trequency response:

r - Y — - R

Used as a rule of thumb 1n frequency response
analysis to indicate stability and perform-
ance. Tasy to use and to obtain directly from
frequency 1esponse diagiam.

Same as 8. Indicates relative sensitivity of
system to gain vaiiations. Can be calcu-
lated by Routh’s criterion. Not as good a
criterion for performance as &. Little used.

Used with Nyquist and frequency response
analysis. Rules of thumb relate’M,, and
transient overshoot. Iasy to calculate from
frequency 1esponse diagram.

Used with f1equency 1esponse analysis and is
related to speed of response of system. Used
also when definite frequency bandpass is
needed for fidelity. M., bandpass, and the
phase shift at these valves give a good indi-
cation of the closed loop respouse and are
often used when a number of closed loops are

operated 1n tandem as system.

Used to set low-fiequency gain of open loopk
frequency 1esponse. Useful where steady in-
puts are encountered.

Relates system gain and time constants to er-
rors mising from higher derivatives of input.
Used to estimate error 1esulting from varying
input to given system and conversely to de-
termine closed loops pole-zero location to give
desired error. Accwate wheie mput varies
atslow rate compared to bandpass. Becomes
pooter as mput vaiies more 1apidly because_



Parameter

Time to
peak

Peak over-
shoot

" Damping
ratio

Settling
time

Table 4.2

Rure-or-Trums ApproxnvaTions

Approximation
b = T/w,
where t, = time from step in-
put to peak value
of response tran-
sient, seconds
w. = open loop crossover
frequency, 1adians/
second

C/R|y = 0.85M,,

whete C/R}, = peak value of
transient re-
sponse to a
step input

M, = maximum val-

ue of closed
loop frequency
response

$=1/(211,)
where ¢ = damping ratio
B, = value of closed loop
frequency response
at the corner fre-
-quency

bw% ~ 3V1 = ¥/fwy
beaa) = 5V'L — /¢y
Loy = 3T

Remarks

InédSes-with o dominant complex
pair of elosed loop poles, the
open loop crossover fi equency,

' e, times the time to peak, ¢,
isabout 3 orw. In other woids,
the time to peak is about half
the period corresponding to the
open loop crossover frequency.

The peak value of the transient
response, C/R|,, to a unit step
input is genezally less than the
maximum steady-state value,
M, of the closed loop fre-
quency response The mavi-
mum value of C/R|, generally
approaches 2 0 while the maxi-
mum value of M, approach-
es infinity. For many applica~
tions “good” servos are those
with the values of Af, be-
tween 1.8 and 1.5.

The damping ratio may be ap-
proximated {rom the value of
the closed loop frequency 1e-
sponse of the system at the
corner frequency, w, (the fie-
quency ab which the lines
asymptotic to the log magni-
tude curve intersect). This is
exact for asecond order system.

The settling time, t,, is generally
defined as the time for the sys-

tem fo settle to within 5 or

where {, = time for response to

step mput to seitle
to within some per
cent of final value,
seconds

Teq = time for response to
reach 63% of final
value

wg = damped natural
frequency, radians/
second

¢ = damping ratio

88"

sometimes 25 of the final val-
ue. In either case 1t is quite
difficult to prediet # for an
underdamped system because
_it is subject to fluctuations of
about one-half the period of
oscillation for only small
changes in system parameters.



Time response

Parameter

Table 4.2

RuLe-or-THCMB APPROXIMATIONS (Continued)

Approximation Remarks
Rise time tsy = Lwm = 1.3 The system’s rise time, I, which
where £, = rise time (10 to is here comsidered to be the
~ 90%) time for the response to a step
w, = (defined above) input to go from 10 to 909, of
w,, = (defined above) its final value may be approxi-
mated as indicated for systems
with a M, value of about
13 to 1.5.
Phase mar- ve = 40° A phase margin of 40° at the
gin at where~y, = open loop phase unity gain (erossover) frequency
crossover margin at the generally corresponds to a
frequency crossover ire- M., ratio of approximately
) quency 1.5. Since this value of M
is the maximum ordinarily con-
sidered feasible, the phase mar-
gin should be 40° or greater.
Oscillation @ 75 @ 2 0.750, The frequency of oscillation of the
frequency ~ Wwherew; = oscillation fre- transient response, o, is gener-
quency of tiansient ally about equsl to” the fre-
response, radians/ quency, @, at which the fre-
second quency response peak, Mn,
@ = frequency af which oceurs. Both w, and o, are,
M,, occurs, radi- usually less than w, the open
ans/second loop crossover frequency. For
w. = open loop gain the “good” servos with Mn
crossover fre- = 1.3 to 1.5 an approximate
quency, radians/ relationship is as indicated. In
second . this approximation e is used to
mean essentially the same thing
as wg, the damped natural fre-
quency, previously defined for
& system with a dominant coms
plex pair of poles. i
|
1D N
1.00-—
0% _} g 1000 —34:/
S b
050 E caly § 007 -—4
! z C/Rlm
; H i
= - d H .
el i;:)_)i Time —> 0
T 1 Wm Wy
{Rse lh;ne) i _ - R (-) B
(Teme to peak)
ts

Figure 4.1.

{Settling time)

(a)

@ 77‘”1':0/ servo system response to unit step input.”
(b) Typrical system frequency response (closed Joop).
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'IVB BODE AND ROOT LOCUS PTOTS

Bode showed that the phase angle of a (minimum phase) transfer function G
could be related to the rate at which the magnitude of G decreases with in{
creasing frequency. This is the basis for the "frequency response”; method of
analysis. In this method, the magnitude of G in decibels and the pha.se angle,
are plotted on semilog paper as functions of the frequency w (plotted on the log
scale) with jo substituted for s in G. The value of |G| in decibeis (dB) can be

found from the value of |G| by the following equation.
[algy = 20 log |6 (1)

For preliminary estimation of compensating networks to insure stability or im-
prove performance;, it is often possible to omit the phase angle plot and to
make use of an approximate attenuation plot (or plot of |G|). Exact plots

are needed for a final check after selection of the proposed stabilizing transfer
functions, however. The method of drawing approximate attenuation plots is des-
eribed in most t,ext'i)ooks on control theory. Before we discuss and illustrate
how NASAP obtains exact plots of the ‘m;jg‘ﬁitude and phase of G, we provide a col-
lection of typical transfer functions with their corresponding Bode plots in
Table 4.3. These plots indicate the gain and phase margins.

Another important tool for analysis and synthesis of linear control systems,
usually attributed to Evans, is known as the "Root Locus” method. As with the
frequency response methods, its importance derives from the fact that it helps
provide insight into the significant aspects of any particular system. It is
not restricted to direct feedback systems nor to systems with open loop poles
and zeros in the left half plane.

It is recalled that for any closed-loop system with "degenerative feedback"

see Fig. %.2, the closed-loop transfer function is



Fig. 4.2: Block diagram of a basic
feedback control system.

The closed-loop response is determined by the roots of the denominator, i.e.,
the characteric equation. The roots must all be in the left half plane in order
that the system be stable. Furthermore the time-domain design parameters, such
as peak time maximum overshoot, damping factor, and settling time, are initi-
mately related to the s-plane location of the roots of the characteristic
equation of the control system, which are the poles of the closed-loop system
function. Accordingly, a knowledge of how the roots of 1 + GH vary when the
gain constant of GH varies should be of considerable assistance in understanding
the system. A plot of the locus of the characteristic roots of the control sys-
tem with the system loop gain as a parameter is commonly known as the root locus.
The design of feedback control systems by use of the root-locus method
involves the reshaping of the root-locus plots by shifting or introducing open-
loops poles and zeros. As & preliminary to the discusssion of the design
aspects, the effects of shifting open-loop poles and zeros are first indicated
with the aid of examples in Table 4.3.
Gain Adjustment. When the preliminary analysis of a control system indicates
that the system is unstable or that the over-all performance is inadequate,
steps must be taken to improve the system performance. The most direct and

simplest way of changing the performance is by the adjustment of the system gain.
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Table 4.3

,PLOTS TFor Tyrican Transrer Tyxcriong
G “ Bode diagram Root locus Comments
i l -
\ &
! |
. o ar| Toansect Phase margin | 1
C db n
1 ?ﬁ—; g 1 s Root locus 73 > | Stable, gan marg = o
I
LR g
1
1
|
i o H @
| .
| -
P M n Phase margin
I . R i s Sfab!cl‘.gql‘vi e
CEERCENY eI 1 Tog et I 1.z e o= o
7 T2 T 7
=12 db/oct
et | .
i -
. )’ M
T
g /n{,
b M
Vo - .
o Shown:, unstable, but e be made
S 13 , wnstable, o nude
BTG + 6n 1D || ~1 stable by reducing gam
! -0°
oy
|
w
A
‘ ~90°
M
! 3 # Phase margin
X e - Weal i 3 stable
! B LTS Tog @ v .
" =6 db/oct 'y
T *
(Continued)




- Table 4.3 (con't.)

Bode dingram L Root locus Comments
‘t w
‘ —6 digfoct o
g 7
@ M=y T !
Phase margin
S ~180° . s in margh
s(sty-+ 1) 0 db _1__1_. log w _% Stable, gain margin = o«
boON2 dbject :
T2

|
i

{ K
ST Dorz + 1)

-50°

~180° «

—270°

M

Phase margin
Gain margin

e e ae . -
‘Sysfehr 7s; stable as shown, but wi )
become unstable with increased gain -

-90° ]|

Phase

& M margin .
(576 + 1) 1 “Aboven. conlrod-spstemwih phase-
S(sTEDG D fead (deriyative) compensifor; stable
~12 db/oct
s . w
Gain marginsg
Phase margin=
¢ M ~12 dli/uy ‘Double 1
ole .
X . P~ Inherently unstable; must bo
3 - 180 ) Tog w—> - ra compensated
! .
.- T2

(Continued)



Table 4.3 (con't.)

Gls) Bode diagrmm Root locus Comynen
. Y
.~ A A}
~ ©
& M =12 db/oct ) : 1
Phase margin . Dou[ble
- ole
. ~ta0° : —d VP Inherently unstable must bt
Vemt ) 0 db_‘l_ log w A o compensated
270° K K )
# 18 db/bct 8 5
- & M
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7 ~180 : Stable for al
$3sry 1) 0 db 1o T able for 2Ml gains
d = Ed%cl log w
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<o B
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M
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. becomes unstable as gain is raised, again
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i (5}' i i creased, and becomes unstable for very
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I s
) -270°

{
i

5
i
Kista £ 1)
RTERES)

'

w
Ty Double
pole
Ty 3
Ry 3 2
Pt E O G 1 a
2 7 i
2

Conditionally stable; bccomcs unstable
at high gam

Adaptad

+ fiom George J. Thalex and Robert G. Brown, Analysis.

f)mgn of I'ecdbtzck C’onlrol Systems, 2nd Bd., McGraw-Hill, New York, 1960.




However, for most control systems the design specifications canno>t be r{xet by
gain adjustment alon:e. The usual alternative is the introduction of compen-
sating devices into the control system.

The adequate gain setting for a control system can be determined from the

gain-phase plot of the system or from the Bode diégram of the 'sjste‘m:

« change in system gain Vusually affects practically all of the system de-

sign parameters. i?‘or insf:ance, an increase iﬁ system gain may cause a reduction
of the system error, may increase the speed of response of the control systen,
and mey make the system more oscillatory. The effects of gain variations upon.
the behavior of a control system are conveniently é;béerved on -the root locus

plot of the control system -also.

NASAP Output

For a given transfer function G with all the coefficients known, the fre-
quency response is calculated by setting s = jw and simplifying the expression

to a linear conmbination of real and imaginary terms::

¢ = Alw) + 3B(w) . X &.3)

o
)

The magnitude of G and the angle ¢{w) are computed acco:di!ng to the eguations,

leGo)| =  4%) + 3P (1)
and
6(w) = tan™t %&’} . _ (+.5)

Now if o is made to vary, then for each value of o the |G{jw)| and 6(w) can be

obtained ;&}er the frequency range of interest and thus can be made‘.g/vaila.ble for *

plotting. With the complex arithmetic capability of FORTRAN IV, these compubations
are easily done in NASAP., The Bode plot consists of the [G(ja))| in decibel units

and: §(w) in degrees versus the logloa), taken over the frequency range specified
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by the user.

To obtain a root locus plot for a control system, Fig. 4.2, it is required
to find the values of s for which GH = -1 (or 1 + GH = 0). TFor this it is ne-
cessary that the angle of the complex mumber, GH, be 180 degrees and the magnitude
of GH be unity. Thus, the complex number, s, must be selected so that the angle
of the complex number, GH, is 180 degrees. When such a complex number for s is
determined, a value of gain K can then be found which will make the magnitude of
GH unity, althouéh this value of K might not-necessarily-be "tﬁe isame. as the value
specified in the transfer function. However, after a locus of values of s for
which GH = 180 degrees has been found, somewhere along this locus one can find
a number that yields IGHI = 1 for the specified value of K. NASAP f\u‘nishesn"!;he
necessary data in tabulated Fform to obtain the locus of points for which GH f=’h180
degrees., To obtain the root locus plot directly by the computer requires an extra
program that will not be described here. Such programs are availsble in the lit-
erature as illustrated by Program DIIRTL by Vernon [Appendix T in VE 17 and
another by Krall and Fornaro [see KR 1 or KR2].

An alternative approach is to use the root sensitivity data available from
NASAP to approximate the root locus plot. Such sensitivity data for an aerospace
control problem is given in Chapter VI.

As an illustration of the open loop Bode plot output of NASAP we use & con-
trol system plant whose transfer function has a seventh degree polynomial denomina-
tor. The NASAP print out is shown in Fig. 4.3. This Eisenberg control problem

[ET 1] is discussed further in Chapters V and VII.
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IVC USE OF COMPENSATION

When the desired behavior of a control system cannot be cbtained by the
gain adjustment alone, compensation techniques must be used. Compensation
means to improve the system performance by reshaping the open-lcop transfer
function characteristic of i:he system. The compensation of a control system
can often be accompiished either by an element in series with other components

as shown in Fig. 4.la or by an element in parallel with_one or more éﬁmrpoﬁents'r

o i Controlied C(s)
networks systern

G.(s) 6,6

R{(s) +~ Els) !¢

Fig. I i3 Cascade compensation

to form a subsidiary loop, as shown in Fig. L.ib. The former arrangement is
referred to as cascade or series compensation and the latter is called feed-

back or minor-loop compensation. A compensator or compensating device can

' C(s)

A

Compensating
networks

H.s)

Fig. 4 méed}')aék coﬁjeﬁsation
i

stabilize a system which is unstable for all values of gain; it cen improve
both the transient and the steady-state performance of a system; and it can
reduce the system error. Compensators are classified according to their
operating characteristics into phase-lead (differentiating) type, phase-lag
(integrating) type, and lag-lead (integro-differentiating) type. An example
of the latter was given at the end of Chapter 3. The phase-lead type of com~
pensator is generally used to modify the high-frequency portion of the open~

loop transfer function plot and to improve the transient behavior of the system,
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whereas the phase-lag type of compensator is often used to alter the low-fre-
quency portion of the open-loop plot and to improve the steady-state performance
of the system. The lag-lead compensation gives results intermediate between
these two extremes. By proper adjustment of time constants, considerable
flexibility of control system characteristics may be obtained.

Th cholce of a method of compensation generally depends upon the specific

system involved, the available components, cost considerations and the designers's

experience and judgment.,

The most commoﬁly used. configuration for compensation is shown in Fig. h.i‘fzai\-_— _

The procedure to compute Gc(s) is to first compute the open loop transfer func-
tion and then compute Gc(s). There are two disadvaentages in using this confi-
guration. First if the overall open loop transfer function Gf(s) is not pro-
perly chosen, the compensator computer in this manner may not be realizable as

a RC network. Second, it generally requires pole-zero concellation. In sys-

tem theory terminology, it means that some poles of the overall system are un-
controllable and./or uncbservable. This poses a design problem in that these

poles are dictated by the given plant Gl(s) and camnot be controlled by the

designer.

The feedback compensation ‘;;shown in Fig, Wb, f5 sometimes superior to__ -
N

cascade compensation in that variation of the parameters of the system compo-
nents bridged by the feedback elements of ’che_ minor loop have less effect upon
system performance if the minor-loop gain is made sufficiently la.rge' and if the

parameters of the feedback compensator do not vary. Although the

freedom in choosing Gl(s) and Hc(s) is greatly increased, the difficulties en-
e

countered in Fig. 4.Ma may still occur. Therefore the series and shunt com-

pensation are not always applicable in practice.
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Consider the configuration of compensators introduced by Chen [CH 1].
w (s)
se s . s . . 1
'}‘h::sr:.s shown in Fig. 4.5, where k is a constant gain, Cl(s) = m and,

Fig. Ui.5 Chen's Control System Configuration

N, (s)

Cz(s) = —%(—7 are proper rational functions with the dgree of polynomials
D2 s

Dl(s)’ D2(s) and N2(s) equal to n-1 and that of Nl(s) = n-2. This control

system configuration has the overall transfer function

}&G(s)
G’f(s) =i F Cl(s‘) + kCa(S) G{s)

(+.6)
KD, D .
1 Dy ¥, D, D + K, § D

D D. N

If the denominators of Cl(s) and Cz(s) are chosen to be the same, that is
Dl(s) = De(s), then the last equation reduces to

S P S— h.7)

iy DDl + NlD + kl\TgN ‘
It can be shown that by using this system configuration the compensators can
be always chosen to be realizable by RC networks and the cancelled poles can
also be controlled by the designer {see CH 1]. It is worth noting that the
complexity of compensators in the system of Fig. 4.5 is comparable to that

required for the compensator of the corresponding control system based on the

configuration af Fig. h.ba.
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Examples

An example of cascade compensation was included at the end of Chapter IIT
(refer to F:.gs?,\.l:é and 3.17). Here we provide the Bode plots in Figs. 4.6 and
L.7 for the uncompensated as well as the compensated case respectively 6 Faci-
litate comparisons.

Next we illustrate basic feedback compensation with the aid of two exam-

ples having the configuration shown in Fig. 4.8. The feedback function I-Ic is

used to modify the characteristics of the plant G, while the cascade function Gc

7_‘13v1‘ovided to aid in adjusting the performance of the major loop. Often the

cascade compensation Gc is a simple gain factor used to adjust the degree of

stability of the system. The burden of modifying the transfer function G is

placed on the feedback compensation Hc' In addition, the feedback function is

usually provided with an adjustable gain factor to permit setting the degree of
stability of the minor loop.

Fig. 4.8 General arrangement for feedback compensation.

The procedure for adjusting the feedback compensation can be based on the

magnitude asymptotes of the minor loop. In the frequency ranges where the open-~

minor-loop frequency-response magnitude IG(jw) Hc(jcu)} is very large, the closed-
minor-loop response |c(jw)/w(jw)| behaves like the reciprocal of ‘the feedback

compensation. When the open-minor-loop response magnitude is very smell, the

closed-minor-loop response behaves like the plant.

The feedback compensation is. used primarily to improve the dynamic behavior
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of the plant in the mid-frequency range without altering the high gain of the
plant at low frequencies. A high-frequency boundary will always exist since
in any practical case the magnitude of G(jw) Hc(jw) will become less than
unity as frequency increase.

The procedure for adjusting the feedback function HC and the cascade gain
factor [Gc(s) = Kc] can thus be roughed out by means of asymptotic plots of the
pertinent responses and then carried out in detail by means of the gain-phase
or Bode plots. The asymptotic plots enable one to examine the form of the
closed-minor-loop response as the feedback compensation is adjusted. 4
'\_w ) Since there are usually several parameters to adjust in the feedback

compensation procedure, the process of design is one of trial and error.
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This example, showm in Fig, 4.9 along with its NASAP circuit model, is
'bakén from Newton Gould and Kaiser [WE I pp. 326-333]. One finds that the
magnitude 'pi.dt of the closed-loop transfer function shows no sign of resonance
effects so that a reamsonsble closed-loop performance may be expectéd. The

corresponding phase curve is given in Fig. 4.10.
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Fig. 4.10 Closed-minor-loop phase-angle response.

Using the 45° phase-margin criterion to adjust the cascade compensation,
‘the magnitude crossover frequency of the major loop is found to be
W, = 7.7 red sec® ’ (4.8)
and the corresponding gain factor of the cascade compensation is
K =38 (4.9)
If this control system exhibits undesirable performance because of the lag-com-
pensation effect in the open—majbr-loop response at low frequencies, some

113



improvement cen be expected by decreasing the feedback compensation time constant
Tc and by some increase in the minor-loop gain factor Kc' The degree of improve-
ment achievable must be ascertained by further NASAP rums. Further discussion

.of this example isv found in Chepter V including step response and error Tresponse

for the control system with its gain X = 38.

11k



NASAR piopmis-

MNEWToN - govLD - KAISER

ouTrpull  RESPoy/SE

RADIANS PrsReTEEe
e

ve 1 13 1,
R4-132_7 1

ve 1 12 38 IR4

RE—J2-11-]

Vi 1. IRS
R1 o3

Sy

cl

V2

1f
LURYZE)

R2
.2

0.l

1E

1. vez
1H

O D

v3
11

vé

R3.

1. IL1

c3

ALB.

1F

e VE3

P DAL D T O tn b
30 D

4 1F

V6. 1.0—30=1C

3 R4

i

e

38

S(3s+.Is+1}

10s 2

2s+1

c5 10 1 1F

Vel mdey— LG5

5

QUTPUT

ANAANALE.

FREQ =1.0 2.0 0.05

TIME—2+0-

EXECUTE

2 R

2 RI

U ovalr vale vils
Y / ‘cfl-

3 4 R2 5

6 7/ R3 g 9 10
3+ val+ v5l+ vel+ |
A FIAVA °3T A C4T ) o5

TRANSFER FUNCTION VV4/vve

+ V2A+ + V.
] cz'l‘-
T

NUMBER OF LOCPS PER ORDER

1
28

( 6.33E 02

+1.28E 03 S

2
+2,07E 02 §

3
+1.38E 01 S

4 )
+1.00E 00 § }

3=

2ERO—OE _TRANSEER-EUNCTION

P0LE-QE-TRANSEER_EUNCTLON.

ZERD REAL—RART IMAG—PART

POLE REALD

RI.

1MAG, PART

1 =0.50000E 00 0.00000E 00

~0453860E
=0, 2BBIOE

00
01

0.00000E 00
0.12157E 02

~0,2881CE
=0, 75322

e

0l
%)

~0.12157E 02
0.00000E..00

>9Ff &




- LDG(FREQ)

“ﬁ =0,9499997E

=0y 89999976~ 001258926 E—00—=0+4649901E-02— 013

00

FREQ

0.1122019E 00 ~0.4613454E

20.%LOG(ABS(H)}
.2-1.5.)-

02

PHI(H)
0.1317182€ 03
23],

ABS {H) LOG(ABS{H})

0,4934825E-02 +~0,2306727€ 01
5957286=02 — =0.,2224951E 0]

2 - B0 029999934 E=-0) 200243 26 21 EnO 20 0721226 TE 0L

0.,.L0001ZLE_ Q) 0474131076 =04-

i ~0+8499998E 00 0,1412538E 00  -0,42827)9E 02 Q¢1346163E 03 0,7221695€~02 « =0,2141360E 01
! 57 SO HEO0. o 5848648 On Dbl 26436 02 D.1385759E 03 0. B7834691E~02 =0,20863228 01
[N ~0.7499399E 00 0.1774280E 00 ~0¢3940480E 02 0.1361707E 03 0.1070923€~01 ~0.1970241E 0)
[ G4 6 00— 5.,1995263E 08 0276 7050E—02 0..1363828E. 0753282010 =0, BR354 560
| —0.6500000E 00 0.2238721E 00  -0.3593353E 02 041362026E 03 0.1597067€~01 ~0.1796677E 01
[ — 0000GEE—00- 0O~ 2511886500 0 3420155602 01356290603 0.,1949489E=01 20037100 78E~0 1~
~0, 5500001: 00 0.2818382E 00  ~0,3248387E 02 0.1346695E 03 0.2375774E-01 ~0,1624194E 01
50060 LE-DO 53162277 20708546E-02 0.1333401E 03 0, 28087696E=0] =0, L5394 6850
-~ -0.4500002E 00 0.3548133E 00  ~0.2912479E 02 0.1316652E 03 0.3497519E-01  ~0.1456240€ 01
- 5400 2600 0298 L0TO0E~0 0 « 2749858602 0129677 LE03 G, 46217642Em01 =0y 4374929501
-0.3500003E 00 0.4466833E 00  ~0.2591649E 02 0,1274155E O 0.5060278E-01 -0, 12958256 01
(30000 03E--00. 0.501.1868E-00 0, 2438327802 0.1249259E na Q.6032125E=01 —0, 12181648 0.
R ~0.2500004E 00 0.5623409E 00 -0 2290211E 02 0.1222572E 03 0.7159674E~0L  ~0.1145106E 01
ol £ 00 52095625 00 ALLTALTE- D2 041189465826 03 0, 8438689801 =0, 10737248 O
-~ ~0.1500005E 00 0.7079450E 00 -O.ZOLOOZOE 0z 0.1165779E 03 0.9885269E~01  -0.1005011E 01
{ 01 0005 C5E—00 047943273600, et BLIT63Er02 e 00 L 2652L .J,J,b_LuJ.E_ao_ 0,9388824F-.00-
x5, ~0.5000055E<01 0.8912498E 00 -0,1750362E 02 0,1107315E 03 0,1332917¢ ~0.8751966E 00
S £ 5960464Ea06 09999986600, 0.1627541E-02 0.107.6284E_03. 6..1528427E. nn =0.8137707E..00
o 0.49996864E~01 0.1122015€ 01 «0,1508801E 02 0.1049658E 03 0.1760352€ 00 ~0+7544003E 00
0,9903884E-0] 0l 2588226 0] 0013903746086 02 Nal021836E 03 0.2009673F 0N =0.H9¢8T46E 0O
-~ 0, 14999908 00 0.1412535€ 01  ~0.12819%1E 02 0.9939413E 02 0.2285621E 00 ~0.6409953E 00
) 041999992600 015848906 G.) 0.0 1173143802 0.2668375E.02. 0..259061 2600 =0, 5BEE564E. 00
0.2495965E 00 0.,1778273E 01 _~0.1066996E 02 0.9401411E 02 0.2927532E 00  -0.5334982E 00
2599886500 0..1995256E0) 0.0632131E..01 091473756 02 0.3299083E 00 . =0,4816065E.00
0.34999885 00 0.2238715E 01 B616458E 01 0.8874956€ 02 0.2708318E 00  ~0.,4308229E 00
4 1 - B12E 00
0,4499583E 00  0,2818372E 01  ~0.6646667E 01 0.8345980E 02 0.4652288E 00  -0.3323334E 00
L 0.4559985E-00--  0.31622676-01  =0.5690676E-01  0,BONSIISE 02. 0.,5193572E 00 =0.2845338E 00
0.5499986E 00 0D.35481226 OV ~0.475243%E 01 0.7818417€ 02 0.,5785994E 00  -0.23706220% 00
C.-5995088E.00 0.3961061E 01 0.,3829819E.01  0.75491178. 02 0,.6634414E 00 =0.1914909E_00.
- 0.6499981E 00 0.4466816E 01  -0.,2918818E 01 0.7277647E 02 0,7145935E 00  -0.1459409€ 00
5998483 00 0. E0L1R52E Q) 02012080801 0.7004272E 02 0.79321788_00___ =0.1006075E_ 00
: 0.749%985€ 00 0.5623393E 01 ~0.1097363E 01 0.6728380E 02 0.8813163E 00  -0,5486818E-01
e 0,7990986! Q9554E O -0.18 2 6446570F 07 =0,7692881E=02.
§ 0.,8499679€ 00 0.7079423E 01 0.6508540E 00 0.6148209€ 02 0.1102917€ 01 044254270E-01
,83995981.6.00 0., 79432478 01 0..1964544E.01 0.5805446F_02 0,1253804E 01 0.58229716=01
. . 0.9499982E 00 0.8912474E 01 0.3245031E 01 045350861E 02 0.1452953E 01 0+1622516E 00
1 : 0.,9909085€ (0 0.99999465E 03 0.6707366E 0} 0.,4633690F 02 0,17193668 Q) 0,2353683F 00
. 0.1049997E 01 ' 0.1122012¢ 07 0.6098736E 0L 0.3395134E 02 0.2018073E 01 0.3049368E 00
e 0,1 08999RE. 0 0. 1258918 BB2ALZLE.LO] 0.1588383E_02 0.2119368E 01 0.3262062F 00
* 0.1149998E 01 0.1412330E 02 0.5379307E 01 0067641 L4E~0L 0.1857656€ Ol 0.2689654E 00
0.1129998E 01 0. L5B4BBAE 02 0.3663709E.01 =0, 7256633E_01 0..1524704E 01 0.1831855E 00
0,12649%97E 01 0.1778268E 02 0.2276337E 01  -0.8603992E 01 0.1299622E 0l 0.1138169E 00
- 012908878 01 £-.-1995250E 02 013 89E 0] =0.7533766F O} 0,1170106E 01 0. b822643E-0
B 0.1349998E 01 0.2239708E 02 0.8104062E 00 -0.5898328E 01} 0.1097793E 01 0.,4052031£-01
— 01399998601 0.25]1 18736 02 04825823600 =0.4389949E_01 0..1052132E_01 0..24)2912E=0
0.1449997E 01 0.2818362E 02 0,2894126E 00 ' ~0.3187364E Q1 0,1033881F Ol 041447063E-01
0ol 500097E 01 03162257602 0.4.1749209E.00 _ =0.2285169E_0) 0.1020349E_01 0.8748546E=02_
0.1549997€ 01 0.35451128 02 0,1065980E 00 ~041627623E 01 0.1012348E 0} 0.5329899F-02
355553 3610 3981049602 Db 5REL0LEmD] 011553136 01 0., LO0ZEE4E Q) 0.3248384E=02
0.1649997€ 01 0.4466803E 02 0.4031325E-01  -0.8180165E 00 0.1004652E 01 0.20156628~02
1 016999875 01 05011838602 C.2406322E=01  ~0.5795]33 2BIBE.0) ___0.1248184E=02_
' 0.1749997€ 0L 0.56233768 02 0.)85L7T0E-01  ~0.4100884E 00 0.1001788E 01 0.7758853E-03
e 3 17989576 01— 06309535602 0,2678025E=02 002900447500 0,10011156. .01 0.4825012E=03.
1 0.1849997E 01 0.7079402E 02 0.6044853E-02  ~0,2022789E 00 0.1000696E 01 0,3022428F~03
! 18990078 0,7943224F 02 0 ATI64ETE=02 0. 1452416E 00 020004358 01 0.,188R8225€-03
§ Q. 1949997E 01 0. 8912‘!"‘7E 02 0.2368760E-02 ~041027696E 00 0.1000273€ 0L 0.1184380E-03
L
h
t


http:265-1_1_7.30
http:E0000-0.l4
http:0.0----4-3.98
http:1134i.7i
http:9?c5"i*.0i

LOG-FREQG— 20,2006 (AR5 L)
-9,30E pl -B.30E 01 -7.30F 01 -6.30E 01 -5,30E 01 =-4,30E 01 -3.30E 01 -2.30E ol -1.30E 01 -3,00€ 00 7.00E 0O
i 1

NOOE—00

10 v rer ey T v
. . . . . ¥ 1 . . . . .
Al
. . . . . ¥ . . . . .
Ik
~7.5000E-01 ..-............x...-..--q......--..........-......I-..*...-...-....-..1....-.-.-.-........-....-.....
1
. . . . . I, LA . . . -
1 &
. . . . . 1 1 . . . .
5 E~04 - - e T - 1 * -
. . . . . 1 . ¥ . . . .
1 &
' . . . . I . L B . v
ke . I o
-2.5000E-01 --ol-o--;--l--rﬂo.ui-.cl-oa-p.-z-.ll--o.--ll|-|l|-l--|-|-.-l semtasasssreavRRenat
L
. . . . . 1 . . ¥ . . .
1 @
. . . . . 1 . . " . . .
5 605 E~07- 2 1 i
' . . . . . 1 . . * . . f
L . o
. . . . . 1 . . * . .
1
2.5000E-01 -..-..-....-...-...-...-.-.....-..-...-...--..-:..E--.--..--.
Z . . . . . 1 . P . .
I e
. . . . . I . . . L .
% O000E-DL I &
. . . . . 1 . . . L) .
.1 "
. . . . . 1 . 0 ' * .
1 &
7.50008~01 -.--...-.-.-.......-...-..-....-..-....-...-..--..l....-..-...-....-..---.--...-.-.-..--...-*-.-.....
1 .
. . . . ' 1 . . . . ¥ .
1 L}
' . . " . 1 . . . . L
1.0000E 00 1 %
. . . ' . 1 . . ' . *,
1 '}
. . . . . I . . . . x .
I &
1.2500E 00 .-.-.-.-.---..--..u..--..--......--..-...-o..n-..l-...-..--..a...-o-.-u..-.---.-.-...---.u.n*...-.
I .
. . ' . . I . . + . .
1 2
- . 0 . . . I . . . . ® .
15000500 ; . o I &
. . . . ' 1 . . . . # f
1 @
. . ' . . 1 ' . , . ® .
I 'S
1.7500E 00 .-.-...-..-....-...-..-.......-.......-...-.......l-...-...-..--...-..--..--...-.-.-.--....'.*--...--
L s
. . . . . 1 . e f . W .
I &
. . . . . 1 . . ' . ¥ .
A AAnAE An 1 &




o

1.
HE
.

-2,00E 02 ~1,60E 02 -1.20E 02 -B8.00E 01 -4,00E 01 0,00E 00 4.00E 01 8,00F Ol 1.20E 02 1.60E 02 2.00E 02

T TV VT Ly TITVYTT Y L) ¥ L ¥ T LAl T
. . . . . 1 . . . ® . .
1 X
. . . . . 1 . . R . .
1
~7,5000E~01 e vevesesransesnsrselenaiuirenossnorrrcarrraisariresietiiiasieiriranies
1 M
. . P . . I . . .k . .
- 1
. . . . . 1 . . . % . .
5 0000E—01 1 «
. . . . ' I . f . % . .
1 "
. . . . . 1 . . . . .
. L
~2.5000€~01 S T P IR R R R RN
I
. . . . . 1 . . *, . .
.
. . . . . 1 . . * . .
5605807 e T v 1 2 ey v
. . . . . 1 . . ® o, . .
I L]
. . 1 . . * . . .
1 . 1
g 2.5000E-01 cerreaeendl
. . I . o % . . .
. I
. . 1 . o . . .
‘I E 3 T v --' v 2 v Y
. . - . . 1 . * . . .
v 1 5
. . . . . 1. . * . . c e
1 M
7.5000E-01 LT R T R L R L R L R R R L AL R LR AR
1
. ' . . . 1 . * . . . .
:
. . . . . 1 . ox . . . .
1--0000E—00- T %
. . . . . 1 ® . . . .
I
. . . . . . L . . . . .
1
1,2500E 00 Helaveseiees
.
. . . . . #1 . . . . .
I ———
. . . . . *1 . . . . .
56865606 L) Ld v T T v TY Ty ry vy L A 1 Ty vy A vy
. . . . . * . . . . .
M
®
1,7500E 00 S O I TS E LT T R R T T T P S O T ST R TR T T
®
. . . . . ® , . . ' . .
2. 0000600 %




The configuration of the second multiloop example is also similar to that
shown in Fig., 4.8. In this case however the (}c block is simply a direct con-
nection as shown in Fig. 4.11. Figures 4.1la through 4.11f incilude the NASAP

printout of the Bode plots and the step response.
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CHAPTER, V

CONTROL SYSTEMS ANALYSIS IN THE TIME DOMAIN

VA INPUT SIGNALS FOR TIME RESPO}\ISE"V"‘

The jmpulse function is the basic tool for analysis and synthesis of linear
systems. However specifically for the study of linear control systems the
unit step function response is the most widely used with the unit mpﬁlse and
the wnit ramp functions also commonly used as test inputs.

We' note in passing that these three functions are relatéd to each other by
one or more integrations or differentiations. For example the unit ramp as a
function of time is the integral of the unit step function. On the other hand
the unit impulse may be regarded as the derivative of the unit step function
(this concept is adequate for the purposes of this manual even though 'bh‘is
derivative does not exist in the sense of 'f;'ar-]:éulus).

One of the first steps in adapting NASAP to control system design was to

" investigate the feasibility of incorporating additional input functions. This

is discussed next.
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VB “ADDITIONAT, INPUTS FOR GONTROL APPLICATTONS.

Althougﬁ the NASAP 69/1 package provides the time response of the out-
put only for an impulse excitation, the time response subroutine INV of
NASAP can easily be extended to the other basic input signals often used
in control theory. The necessary additions to NASAP incorporate the
step and ramp excitations are given in Appendix A.

The algorithm used by NASAP to determine the residues of the poles of
the transfer function assumes that the poles are simple. This poses no
problem since the root-finding subroutine of NASAP will not £ind double or
higher roots but will locate a number of simple roots im:the neighborhood
of the actual higher order root location. Thus for an actual double root on
the negative o-axis, say at

1,2 = -a,
the root finding algorithm of NASAP will indicate complex root pair at
sl,2 =a+ jb

where the imaginary parts of s are extremely small in comparison to the

1,2
real part. Thus while the analytic time response for a system with higher
order poles will not be correct, strictly speaking, the table and plot of

discrete time values will be sufficiently accurate for practical purposes.

Given a rational transfer function

(5.1

and the Laplace transform of the excitation R(s); the Laplace transform of

the output can be expressed .
I
C(s) = H(S)R(sg’ﬁ

Then, by finding the residues of the poleé of H(s)R(s), the time response
of the output c(t) is readily obt;ined.

If the excitation is an impulse function, R(s) = 1, then the Laplace
transférm of the output C(s) is numerically equal to the transfer function
H(s). This is method used by NASAP to find the impulse response. Once the
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transfer function and its poles have been determined, all that is necessary
to find the cofresponding time response of the output is to calculate the
residues of the poles of the transfer function.
However, if the excitation is a unit step, R(s) = -i'* , then the poles
of the Laplace transform of the output are the poles of transfer function
H(s) in addition to a pole at the origin. If H(s) has no higher order poles
and no pole at the origin, then the analytic expression and the tabular
values of the output will be correct. Note that the residue of the pole
at the origin is the steady-state value of the output., If H(s) has higher
order poles but mo pole at the origin, then even though the analytic expressic
for the output as determined by NASAP will be somewhat in error, the tabular
values will be correct. If H(s) does have a pole at the origin, then the
results obtained from NASAP for a step response will be in error and will -

probably cause premature termination of the execution due to division by zero.

This can be seen as follows:

Given i) = K(s+al) (s+a2) (sj:am) 5.3)
s(s+'bl) (s+b2) e (s+bn)
Then K(s+a,)(s+a,)... (sta )
c(s) =L 12 “‘ (5.4)
s s(s+b1) (s+b2) ven (s+bn) *
when R(s) = i .
s
The residue at the pole at s = bl can be found by
Res(s - bl) = (s + bl) c(s)
s=b
1
K(a.-b.)(a,~b,)...(a_~b.)
_1 171%™ m 1 (5.5)

—bl ~bl(b2—bl) (bn_b]_)
Since the algorithm used in NASAP cannot indicate double poles, it assures
two distinct poles at the origin. When the algorithm proceeds to determine

the residue of one of these poles at the origin, the presence of the other

pole at the origin causes the denominator of (3) to go to zero and thus the
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residue approaches infinity. This situation can be avoided by the addition

of some elements to the original circuit to put a zero at the origin and there-
by determining the ramp response of this new network. In Fig. 5.1 is given a
two port network N with a source V (either an independent current or voltage
source) and an element x whose voltage is the required output quantity. The
transfer function of this network has a pole at the origin and it is required
to find the response -of the voltage acrioss the element x to a ‘unit s-l;ép

exeitation.

v :

H(S) = VX(S) :1——HE
v(s) ' l?Q.(s'/

Fig. 5.1

Now consider the modification of the network in Fig. 5.1 shown in Fig. 5.2,

Fig. 5.2

where VA is a dependent voltage source whose voltage equals that across the

element x and C N is a one farad capacitor. Now

IA(S) sCAVA(s) sVA(s)

V(=) T TV(sy T V(s) -
But VA(S) = Vx(s)
so that IA(S) st(s) sP(s) P(s)

TE T V@ T wmE T ae) -0
Thus the pole at the origin is effectively eliminated. The response of
ia(t) to a ramp input is equivalent to the response of v, (t) to a step input.
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A similar method can be used if the output quantity is a current through
an element x. In this case VA is a dependent voltage source whose voltage
equals the current through the element x.

If the excitation is a ramp, r(t) = t, then R(s) = 1—2‘ . Thus the
poles of the Laplace transform of the output are the polZs of H(s) in addition
to the double i)ole at the origin. As noted earlier the algorithms of
NASAP can only approximate double poles. To illustrate this assume that the

double pole at the origin is approximated by a complex pole pair located

on the j axis a distancel oifrom the origin. Thus

R(s) = (5.8)

1
(stj 0) (s-j @)
partial fraction expansion yields

R(s) = 21— [~—1— -t J . (5.9)

2jal s=jo st o

Taking the inverse Laplace transform yields

r(t) L (ej et 3 ety = loz sin ot

1
|-
[0}
tn
Q
(a3
+
(=
|-
1
a1
Q
(a3

(5.10)

However if ot is .y»small, sin ot can be approximated by ot. This

i(t)e t ift at << 1 or t<<la .

Thus the smaller! . is, the larger the range of time values for which the
approximation closely resembles a ramp input.

Note that the coefficients of the expomential terms in (5.10) are
conjugate imaginary. However, in general, these coefficients will be com-—
plex conjugate. The significance of this is now demonstrated. Let us
t

assume that the coefficient of ed T is A—j]é while that of e"n X s At+iB.

Thus we have
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(a-38)ed OF & (aagmyed ¥F o p(ed O 7T Oy _yp(ed At T 0Ty
= 2A cos oit + 2B siw ot (5.11)
Now let
2A =M sin 8 (5.12)
2B = M cos § (5.13)

Substituting (5.12) and (5.13) into (5.11) and then simplifying yields

(A-iBYed O F 4 (ariByed OF = Moin (ot +0) (5.14)
where
M= 24 % 82 (5.15)
and
0= tan_l % (5.16)

Now if A << B, then (5.15) and (5.16) can be approximated by

M 2B (5.17)
o~ % (5.18)
Since 6 and. o are both small, there is a range of values of t where
the approximation
sin( @t +0) 20 at + 6
is valid. Thus
(a-38)ed “F + (atiB)ed ®F m 2@ Bt + 22 (5.19)

for A << B which represents a ramp with slope 2 aB plus a step function
of magnitude 2A.

If the constant A is zero, then the above equations approximates only
a ramp of slope 2 aB. This agrees with equation (5.10). On the other

hand, if A >> B, then (5.15) and (5.16) can be approximated by

M

R
N

A

e

ISE
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Since! at is quite small for

. . s
Thus sin( at+ ¢) gs:m!((xt-lj—z-) cos at.
a wide range of time values, then
ecos ot %

This results in
(5.20)

(A-jB)e
which represents a step function of magnitude 2A
In Fig. 5.3 is the

. .
Fot 4 (argmye T 02 0a

where A >> B
A simple example will illustrate these points.
block diagram of a plant whose transfer function is known. It is required

to determine the output c(t) for a ramp input of unit slope

2
R(s)— - - c(s)
(s+1)s+2)
Fig. 5.3
- ¥5.21)

Thus
C(s) = 5 .
5" (stl) (s+2)

By partial fraction expansion and the inverse Laplace transform, one can

obtain the exact solution
t - §-+ 2e7F - %-e-Zt (5.22)

c(t) = 5

In Fig. 5.4 is the equivalent circuit model for the plant given in Fig.

5.3 for computer analysis with NASAP.
® Rzl ® (@ R2:05 (5) ®
+ va2 AF + v3 A
Tei=F Y/ T-ce=IF /¢
& - O

Fig. 5.4: Circuit Model for Fig. 5.3
V1 = input r(%) V2 = VC1 V3= VC2-= output c(t)
Desired Transfer Furction VV3/VVL.
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Since the ramp response is desired, the NASAP program will evaluate the

residues of the poles of the function

Res(s =

Res(s =

Res(s =

Res(s =

The

2
¢(s) = R 3a) (G (572)

1]
Al
I
o
4
+
i

. _ J e
J G’) = o{(l+ja5z2+jw; ~

- 3 = j o~
do) a(l+je) (Brie) =

-3
T o

Bl

(5.23)

computer results for the transient analysis of the cirecuit in Fig.

ﬁ.h are given in Fig. 5.5. Note that for ¢ = 0.00L, the coefficient A and B

are -0.75 and 500 respectively. Indeed B > > A and thus by use of (5.18) we

obtain

vhich agrees with the -exact results obtained from (5.22).

e(t) = t-1.5 for large %

NASAP RAMP RESPONSE

NONE

RAMP RESPONSE

vi
R1

1
1

! 1
! V2

1F
1 VC1

R2
c2

0.5
LF

A B W IND
O DI W P

v3
ouTPUT

1 vez

i VV3/VVl

<5

. TIME 1
’ EXECUTE
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Although a few examples of NASAP printout of step response appeared earlier
in this jériﬁal we include a specific example here. 'This step response is for
‘the Eise:n“b'erg control problem shown previously in Fig. 4.3, The NASAP printout
is shown in Fig. 5.6. We shall refer to this problem again in Chapter VII.

We are not including any examples of impulse response since all the pre-

vious references to NASAP only show such printouts.
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We continue with the Newbon Gould and Kaiser prt;'blem, see Fig. 4.9, to
illustrate error responses. In Fig. 5.8 gives the step error. TFigure 5.9 gives
the step response. The latter is included here to emphasize that only ‘:ei single
NASAP compute:z; card need be changed to get the alternative response output.
Finally in Fig. 5.10 we show the rampfeir;cir Tresponse for this same c.ontrol

system.
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(VD.: FIGURES OF MFRIT BASED ON FRROR SIGNAT

The conventional criteria on this basis are the transient performance and the
steady state performance. These were briefly summwarized in Chapter IV.

The overall response of a control system is determined by the poles and zeros
of its transfer function Gf(s) = Nf(s) / Dy (8); it is not possible to tell it
from the degree of Df(s) and the difference of the degrees of D f(s) and Nf(s)
alone. However it is found that for the same ﬁNf an optimal system with a
smaller &D " is betber than such a system with a larger & f; where we have let
8( ) denote the degree of the polynomials. Similarly for the same & £s 20 Op-
timal system with a smaller (& e - f) is better than such a system with a
larger (ﬁDf ~ &N f). Therefore, given a plant, for which we can choose the degree
of 6D n and &N, s it is desirable to choose a smaller & - and a smaller ({SDf - GNf).
Now the smallést possible (8D e - f) is. governed by the given plant.

It can be shown [CH 1] that the absolute minimum of GDf is & - &N; where
D and N refer to the uncompensated system. To achieve this minimum, éNf is
required to be zero. In general éNf > &N, unless some pole-zero cancellations
are employed in the design.

The transient performance of,a system may be specified by percentage overshoot,
rise time and settling time. These specifications are dictated by the poles
and zeros of the transfer function. Since we do not have control over the
zeros of 4, js;y's‘\:em_, usually we just try to put the poles of the over-all system
in some desired location. For a second order transfer function with a constant
nunberator, the desired pole locations can be readily determined from the trans-
ient specifications. TFor high order transfer functions, the concept of dominant
poles: can often be used. Then a pair of complex conjugate poles is located as in
the second order transfer function and the rest of the poles are located in the
far left half plane with real parts at least ‘ten times as large as the real
parts of the conjugate poles. In choosing these poles, the steady state per-

formance should be kept in mind.
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The steady-state performance of a control system Gf(s) depends . only on the

coefficients of ‘Gf(s) . Let

2 n-1

'bo + bls + b2s 4 oees + bn_ls

2 n-l n 7
a.o+a.ls+a.2s +...+an_ls + 8

Gf(s) =

If the steady-state error due to a step input and-a ramp input are required to

be smaller than k a/b » then we need, respectively,

b -a b, - a
|—°—ao—°[ < k/100; and 8, = b, |-L—=
[+]

< Xk/100.

Hence the steady-state performance of a system can be rather easily controlled.
When using these criteria it is necessary to check the response of the chosen
overall transfer function with an analog or a d;tgi'bal computer to be sure that
it is satisfactory before continuing the design. 4
In addition to the conventional criteria just discussed, we shall mention
a few other criteria based on the error signal that serve to meke the control
system "op’i'./imwn" in some sense.
(1) ITAE criterion (Integral of time-multiplied absolute-value of error):
This criterion was first introduced by Graham and Lathrop [GA 17. For
a given plant, the problem is to design an ovefzuli -system which mini-
mizes o

r tlr(t) - c(t)]at
o]

where r is the reference or desired signal and ¢ is the output of the
over-all system. It is clear that |r(t) - e(t)| is the error between
the desired signal and the actual output. The multiplication of t on
Jx(t) - c(t)[ provides an increasingly heavy penalty for a sustained
error. Using step functions as reference inputs, Graham and Lathrop
obtained, by analog computer simulation a set of optimal transfer

functions [GA 1].
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To choose an optimal transfer function Gf(s) for a given plant
G(s) note that if all the forward paths from r to ¢ pass through the
plant, then the zeros of the plant (the roots of N(s)) will be indepen-
dent of how iﬁhe compensators are introduced. Consequently if the
numerator of Gp(s) does not contain all the zeros of G(s), the missing
zero must be cancelled by a pole. The ?‘.ﬂﬁl—lﬁig.% of this criterion is v'. .
that it is very selective; however it cannot beﬁstudied analytically.
This criterion is not widely used, because a complete list of optimal

transfer functions is not availsble.

(ii) Quadratic criterion: The optimal system is the one which minimizes

[0 + o) - co0? 1
o e

where u is the iriput to the plant. In this criterion, if u2 is not
~inc1uded, the optimal transfer function will always be unity and the
required compensators may not be physically realizable; furthermore
the magnitude of u may be large and the system will be saturated.

The optimal transfer function for a given plant and a given reference
input r can be obtained by applying Chang's root-square-locus method
fcH 1] as well as by using the dynamical equation deseription [see

AT 1]

The design by using the quadratic criterion can be solved ri-
gorously. However there are thrzee arguments against using this
criterion. TFirst, it is not very selective [GR 1]. Second, the
criterion is chosen mainly for m&@@fﬂiﬁfﬁ]} SgPXEBi?E&%_ rather than
practical reasons. Finally and most seriously, the resulting optimal
trensfer funetion may not be realizable in practice. If all the
zeros of the transfer function of the plant G(s) = 1];]7(3 have negative

real parts and if the reference input is a step function, the optimal
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(did)

kN

De

case, it is easily realized. However for plants with nonminimum-

transfer function is of the form (: and &.(s) = 8. In this
phase transfer function, the design by using quadratic criterion
might have difficulty. Another difficulty in using this criterion
occurs when the reference input is a ramp.
ISE criterion (the integral of the error squared): Here one seeks
to minimize

& 2

[ ®e) as.

[
To obtain any of these criteria from NASAP use of an external integration
subroutine is required. To illustrate this we follow Beck [BE 17 and
use the integral of the squared error as the performance index although
other eriteria can be applied with equal ease since an analytical so-
lution is not required. The formation of the chosen performance index

is indicated in Fig. 5.7 taken from [BE 1] where it is shown that the

- . -
Input
()
1 ?
£ |
Actual
Circult A
or Circuit
Function Model

Model

Desired Output
! s el}  Response

. or
Actual Output

1
Jetth at

To A/D Converter &
Digital Computer -

Fig. 5.7: Index of performance formation

ISE is generated in the analog computer and returned to the digital
computer through the analog to digital converters. In the hybrid
computer application an optimization algorithm operates upon this

output.
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CHAPTER VI
SENSITIVITY ANALYSIS
VIA TINTRODUCTION 'TO SENSITIVITY
) The i\IASAP sensitivity results, given in tabular and graphical form,
‘can be used to predict the percent change, absolute change, and modified
value of the transfer fuﬂction to changes in a particular network parameter.
By definition the sensitivity of some real function' o (in NASAP, ReH, ﬁml/f

IH] and ¢) to a change in a real parameter x (in NASAP, resistance, capaci-

tance, inductance and dependency value) is defined as

" dca
S A x &o _ o _ dlng 6.1)
x o dx dx dlnx :
x

By rearranging (6.1), the differential da can be related to the differential

dx,

[+3

dao= an % (6.2)

For an incremental change, Ax, in the parameter x the incremental change,

Ao, in o can be approximated from (6.2)

~ ‘¢ Ax
Ade o «a = . (6.33)
X ®

If the change in x is expressed as some percentage of x, then (6.3a) can
be expressed as N

S ¢ Px
Ao Az o < '—:!_00 (6.3b)

where Px is the percent change in the parameter x. The percent change in' ¢«

is éasily found by dividing both sides of (6.3h) by o, thus

™
Pu%gx Px : (6.4)
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where P. is the percent change in the function «. The modified value of

« ¢, alled «', can be expressed as

o' A ot e (6.5)
g ° Ax
o'~ all + - (6.6a)
X X
or o
v Px
[ Ma(l +Sx —100> (6.6b)

Naturally the smaller Ax or Px, the more accurate-Ad.,' o', anleo;';(;
will be. The accuracy will also be enhanced if o is roughly a linear -

function of x over the range of x under investigation.

If indeed ar+ds a linear function of x of the form

o= Kx, 6.7)

then fzrom (6.1) it is seen that
S =1 (6.8)
p:

Furthermore from (6.1) if « is independent of x, then

Sero (6.9)

X

or the function o is insensitive to changes in x.
Similarly the root sensitivity printed out by NASAP can be used to
predict the new pole and zero locations for a small change in some network

parameter. The root sensitivity is defined as



¥ x& (6.10)

where p is a zero or pole of the given transfer function. The differential

dp can be expressed in terms of the root sensitivity as

=2 & _ 9
dp = 6E - o] dlnx (6.11)

e

Note that dp will be complex since O‘;;P is also a complex number while

dx . .
X—X is a real quantity.

]

The incremental change in p, Ap, fof, an incremental change in x is

derived from (6.11) |

(14

oD Az (6.12)

AP X =X

If Ax is expressed as some percentage of x then (6.12) becomes

) Px
Ap o U£ 100 (6.13)

where Ej};) is the percent change in x.
VIB .bﬁéIVKTiQN OF SENSITIVITY FORMULAS

Although th;a f;)rmulas usen;1 in NASAP to calculate 1;he transfer function
sensitivity were derived from a tagging technique on the loops of the flow-

graph (see fiie 11y, these sensitivity formulas can be obtained by using

simple calculus. Suppose the transfer function is given

N(s)

B =565

(6.14)

where N(s) and D(s) are polynomials in s.
Since H(s) is the transfer function of a linear circuit it can be ex-—

pressed as a bilinear function of any element in the circuit. That is, both
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N(s) and D(s) can be expressed as the sum of two polynomials in s where

one polynomial does and the other does not contain the specified element.

Thus

N(s) _ A(s) + x B(s)
Dl(s) T ¢(s) + x D(s)

H(s) =

where x is the specified element in the circuit and A,B,C, and D are

polynomials in s.

(6.15)

The sensitivity of the transfer function H(s) to some parameter x

is defined as

(6.16)

Thus to find the sensitivity of H(s) to changes in x in (6.15), one

obtains
g’ H(s) S N(s) 5‘ Dl(s)
b4 = X - X
but
S‘ N(s)
_x 4 N(s)
x N(s) dx
R S
T A+Bx dx (AtBx)
_ _Bx
A+Bx
Similarly

S Dl(s) E

; x = Tz T

Substituting (6.18) and (6.19) ihto (6.17) yields

S Hs) Bx > D;{

< T AtBx  CiDx

(6.17)

(6.18)

(6.19)

(6.20)



This expression remains unchanged if 1 is added and subtracted from

the righthand side. Then we can write

H(s)
S __Bx _ AtBx  Dx CHbx
p:4 A+Bx  A+Bx  CHDx G+Dx
= A ¢
At+Bx C+Dx
. A, S (6.21)
N(s) Dl(s) T

This equation can also be derived from the tagging technique on the loops
of the flowgraph and is the one used in subroutine SENSS of NASAP to deter-

mine the transfer function sensitivity.

IN SENS-

VIC ‘DISCUSSION OF SENSITIVITY FOR)

In subroutine SENS of the NASAP program are calculated the sensitivity

expressions S ReH, TmH, |#]  ana S ¢
. S S )

where H(jw) = ReH(jw)+jIm H(jw)

and H(jw) IH(jw)lejq) .

faw

Again the tagging techniques of [M.’A) 1] are used to determine the sensitivity
expressions. The basis for the tagging procedure is that the transfer
function H(s) can be written as in (6.15) where x is the sensitivity para-—
meter.. Since the polynomials A, B, C, and D are, in general, complex guanti-

ties for s = jw, (6.15) can be rewritten as

(Re A+ XxXReB) +j (Im A+ x Im B)
(Re C+ xReD)+3j (ImC+ x Im D)

H(jw) = (6.22)

where A(jw) = ReA(jw) + j Im A (juw) etc.

After some mathematical manipulation, the right side of (6.22) can be

separated into its real and imagPaliry pa;:ts_;.,} Thus,.
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. 19T

.M (ReA ReC + ImA ImC) + x(ReB ReG i ReA ReD + ImB ImC + ImA ImD) + x>(ReB ReD + ImB TmdD) »..
ReH (juk e 5 > 5 3 (6723)
]:(Rec) + (ImC) J+ 2%(ReC ReD + ImC ImD) + x ]:(ReD) + (ImD)Z]

and .

" 2
Tw (jw) = _I _ (ImA ReC — ReA ImC) + x(ImA ReD - ReA ImD + ImB ReC — ReB’. ImC) + x” (ImB ReD nd ReB ImD) (6.24)

J:(ReC)Z + (Imc)ﬂ+ 2x(ReC ReD + TmC TmD) + le:(ReD)z + (mn)zj

Thus by usel of (6.17) one obtains

ReH 3 N 5 D
SX X X
X 4, _xd
TN, dx NR D dx b
R
or
SREH=_§_ &Ly -y &
N_D dx "R R dx (6.25)
X R
A
whéra = (ReB ReC + ReA ReD + ImB ImC + ImA ImD) + 2x(ReB ReD + ImB ImD) (6.26)
dp 2 2
and == 2(ReC ReD + ImC ImD) + 2x |(ReD)” + (ImD) (6.27)

and NR and D are defined in (6.23),

By a similar use of (6.17) one arrives at the expression



x NID \ax I dx

" Tmil i .
S - X D( I _x dD) (6.28)

)

where = - (ImA ReD — ReA ImD + ImB ReC — ReB ImC) + 2x(ImB ReD ~ ReB ImD) (6.2¢

and %g is given,(6.27)ﬂand NI and D are defined in (6.24).
Equations (6.25) and (6.28) are used in subroutine SENS to evaluate the
sensitivities of the real part and imaginary part of the transfer function to
changes in the parameter x.

The sensitivities :st! and 5;? are evaluated in terms of the sensiti-
x x

vities found in (6.25) and (6.28). By definition

|| = »\/(Reﬂ)2 + (Tm)? (6.30)

Differentiating this with respect to the sensitivity parameter x yields

ReH —dgiH + ImH *—dg‘f
d =
Bl = (6.3D)

N ®emy? + (Tmm)?

By definition

|
S, - & @32
X

Substituting (6.30) and (6.31) into (6.32) results in

H xReH —— + xImH —— |
= ya
S = : (6.33)
x [m]?

Recalling that

fsreH A _x  dReH

. %ol dx (6.34)

and

SImHA x_ dIng
b4 FpH dx °

(6.35)

one can simplify (6.33) to
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S[H|_ (ReH)? SieH + (Imi)? Si‘"H

= ] (6.36)

The sensitivity of the phase of the transfer function to changes in x,

S¢ » is also easily obtained. By definition
%
ImH
= 6.
tan ¢ = Rell (6.37)

By implicit differentiation of (6.37) with respect to x, one obtains

2 g Ren S puy GRER
sec ¢ i X 3 (6.38)
(ReH)
Since
J
Ax &
SX 2= (6.39)

one obtains by substituting (6.38) into (6.39)

¢ c052

_ dTmH _
Sx ¢ (ReH)

N
- dRel.
5 (xReH o~ Fwil ax ) (6.40)

i

&
[ZRY

By use of the definitions in (6.34) and (6.35) and the relation

ReH = ]H[ cos &, ’ (6.41)

the expression in (6.‘40) can be simplified to

Si S ( ReH ImH)(SimH - SieH (6.42)

¢lu|?

Equations (6.36) and (6.42) are used in subroutine SENS to determine

S]HI 2nd S¢ s respectively.
X 3%
This is possible since the quantities ¢, ]Hl » ReH, and ImH have been

previously calculated and stored during generation of the Bode tables and
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http:dReH.(6.40

ReH InH
plots while Sx andSX have been determined earlier in subroutine

SENS.
VID DISCUSSION OF REVISED SENSITIVITY SUB_BD_UTD]E

7 In Appendix B is a revised version of subroutine SENSS which does the
calculations of SENS and SENSS in a more efficient manner. This version of
SENSS requires only 3/4 of the core storage required by the present SENS and
SENSS and it utilizes a simpler algorithm that greatly reduces the number
of mathematical operations required. This saves execution time and should
increase the accuracy of the sensitivity calculations.

The version of SENSS given in Appendix B uses the same tagging procedure

that is used in the present SENSS and calculates SXH(J(”) with the use of
equation (6.25) as does the present SENSS. However, the outputs of the

H ¢ Rel ImH
present SENS, that is Sx ’Sx ’Sx , and Sx are related to the
H{jw) .
x
expressions now used in the present SENS and described in equations (6.23)

real and imaginary parts ofS Thus the rather complication sensitivity

through (6.42) are completely avoided.

H(jw)
Since, in general, the sensitivity expression S is a complex
x
quantity, it can be written as
SH(Jw) - reQ Hw) jmS H(3w) (6.43)
X X b4
But 0
B(jw) = [EGw| & (6.44)

where ¢ is the phase of the transfer function H(jw).
Thus ofie Has i
H(w) ES

S =5
i

4] e
S S (6.45)
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Let us examine the rightmost term of (6.45) more closely. By definition
S ¢ x4 3 (6.46)
x

By use of the differentiation chain rule, the derivative expression in
(6.46) can be simplified to
4 e:'(l> = jeJd) % . (6:47)

dx

Substituting (6.46) and (6.47) into (6.45) yields

- HGw)_ o |E] 4 ooy O
= ix == . (6.48)
Sx SX dx

Using the definition given in (6.39) this equation can be rewritten as

X X

SH(jw) . SIHI . 3'4’5; . (6.49)

If the sensitivity parameter is a real quantity, then the expressions

&(IHI and S¢,)will also be real. Thus if (6.49) is compared with (6.43)
x
and the real and imaginary parts equated (under the assumptiom that x is real)

then one obtains

g Il - regEG (6.50)
x x
and o H(ju)
q)Sx = ImSX (6.51a)
or
S: = %i‘ Imgi(jw) (6.51b)

where x is a real variable.
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ReH -
The sensitivity of the real part of H(Jn) to changes in x, S can

also be obtained in terms of the real and imaginary parts of SH(JM)

By definition [
ReB(jw) = |B(jw)|cos ¢7 . (6.52)

Thus

ReH [H|cos [
gt g
!S/|H| ’S c';os ¢
x T x (6.53)

But

S e i L
X cos¢d. dx ©

(6.54)

-x tan ¢ -g%

Equation (6.54) can be rewritten as

" cos ¢ 8
SXCOS = - tan ¢ S’x (6.55)

by use of the definition in (6.39). Thus equation (6.53) becomes,after

the substitution of (6.55),,

ReH ¢ |H ¢
5 © o= le | - tan ¢ Sx . (6.56)

X
However, after (6.50), (6.51a) and (6.37) are substituted into (6.56),

the expression becomes

ReH H(jw) Tmil H(jw) y
SX = ReSX - Rem Imo (6.57)

HK‘Sl—‘ﬂ\lli'ar expression can be derived for the sensitivity of the imaginary
ImH
part of H(jw) with respect to changes in x, Sx . By definition

InH(jw) = |E(jw)|sin ¢ (6.58)
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Thus

5 Tmfl IS j#|sin ¢

X X

|a] sin¢ . (6.59)
S LS

By a similar mathematical technique, it can be shown that

sin ¢ ]

S -2t _ g (6.60)

X tan ¢ X

Substituting this expression into (6.59) gives

ImH H ¢
g™ sl

x X tan ¢ x

(6.61)

which can be further simplified by the substitution of (6.50), (6.51la) and

(6.37)

-

H(jw) .
ReS I 'R Inm S H(jw) (6.62)

Equations (6.50), (6.51b), (6.57) and (6.62) are used in the version of
SENSS given in Appendix B. This is possible since the real quantities ¢,
ReH, and ImH have been calculated earlier in subroutine BODE while the complex
quantity 'Z(JM) is calculated in the Appendix B version of SENSS.

Note thgt (6.57) involves only 3 arithmetic operations while (6.25)
involves 8 arithmetic operations plus the mumerous operations involved in
equations (6.23) and (6.26). The same comparison can be made between (6-62)
and (6.28). With regard' tcxs , (6.50) involves no arithmgtic operations
while (6.36) uses 8 operations. Similarly in determining JSX? equation
(6.51b) requires one arithmetic operation while (6.42) involves 6 operatioms.
Since the sensitivity calculations must be redone for each frequency value,
the number of arithmetic operations is quite substantially reduced with the
version of SENSS given in Appendix B.
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VIE ROOT SENSTTIVITY

ihe sensitivites of the poles and zeros of the transfer function
to changes in some specified network parameter -are also determined by NASAP
by use of the tagging technique and the formulas given in [KU1, PAL] which
will be summarized here.

Suppose we have a polync;mial in the complex frequency variable s,

P(s), which can also be expressed as

N
P(s) = w(s) +xB(s) = X a
k=0

s (6.63)

1

[}
where the degree of P(s) s N and P(s) has only positive powers of s and

x is the sensitivity parameter. TFurthermore the roots of the above polynomial

are known, i.e., N values of s are known such that
P(ri) =0 i=1,2,""*N (6.64)

where r, is the ith root of P(s).

- e ri
If the order of the root r; is m, then the root sensitivity, S, » as

defined by ar

ft o4 x —* (6.65)
x = dx

can be expressed in terms of the given poiynomials- aé§9 and B(s)

’ -

dn]—l
-7 (x8(s)) l
r as™ - . -
s i = — i=1,2,"*" N (6.66)«
X dm
“— (a(s) + x8(s))
ds S =T
1
If r; is a simple root of P(s), then
. - xB(x;)
St T (6.67)

%(cx (s) + x8(s))
s

i



As was shown above, the transfer function H(s) can be written as

_ _N(s) _ A(s) + xB(s)
B =5 () = ol v ms) -

(6.68)

where x is the sensitivity parameter.

1E 'Zi is a simple zero of H(s), then the zero sensitivity with respect

to x can be expressed as

z, XB(Z,) -xB(2.)
Sy l = d—*l——— = 7 L i=1,2,++* M (6.69)
L e als) + xB(s)) e N(s) .

s = Z. : s = Z,
i i
where M is the number of distinct zeros and A(s), B(s), and N(s) are
defined in (6.23).
Similarly, if P; is a simple pole of H(s),: then the pole semsitivity with
respect to x can be written as
P, xD(p,) -xD(p,)

o tao_—E - i i=1,2,+++, N (6.70)

R COR IO I Lo
=Py §8=Py

where N is the number of distinct poles of H(s) and C(s), D(s), and Dl(s) are
defined in (6.68).

Since the polynomials A(s), xB(s), C(s), and xD(s) have been determined
by the tagging process during the evaluation of the loops in subroutines
FLGRPH and HIGORL, the sensitivities of the poles and zeros are easily obtained
by differentiating the denominator and numberator polynomials respectively
and by evaluating the resultant polynomial and the appropriate tagged polynomial
at the given pole or zero. These calculations are performed in subroutine

ROOTSS.
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VIF  EXAMPLES

In the foregoing sections of this chapter we have indicated many possi-
bilities for sensitivity analysis with the aid of NASAP. We shall illustrate
a few of these as follows:

1. Taking adventage of the background developed in Chapters IV and V
on the unity feedback control system with lead cascade compensation see Fig.
6.1a (also ‘ﬁigs.é.l6 and 4.7) we obtain the sensitivity SXH of the transfer func-
tion Wh/Wé'wiéh respect to resistor Rl. This is a judicious choice of circuit

element since one of the time constants of the control system plant is
T = (®1) (c1n)

Hence if Cl is constant in value the sensitivity determined for Rl is the same
as that for the time constant Ty The NASAP printout for this example is shown
in Fig. 6.1. The corresponding zero and pole sensitivities are given in Fig.
6.2.

2. The second example Fig. 6.2 follows up with the uncompensated unity feed-
back control system for which we obtain the ramp response in Fig. 6.3 and the sen-
sitivity function SKH. Thus we seek the sensitivity of the transfezj function
VVlL/VVB with respect to system gain X, in this case K = 0.83. The NASAP printout
is shown in Fig. 6.4 with the corresponding zero and pole sensitivities given in
Fig. 6.5.

3. The third example furnishes sensitivity data, specifically & H for the
multiloop feedback compensated control system with K = 38. Since the pegtinent
NASAP model and transfer function print out were given in Fig. 5, they are not
repeated here. The corresponding gain sensitivity print outs are given in Fig.

6.6 and the zero-pole sensitivity in Fig. 6.7.
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4. For the final example we use one of the control subsystem of the
Ranger épace vehicle taken from Dorf [DOl, Problem 4.57. The mission in 1965
was to scan the lunar surface with TV and other sé‘hs’ors. The requirement on
the altitude con{:rol subsystem was to stabilize and control the Ranger space-~
craft from second stage separation to lunar impact. Briefly a high gain an-
tenna furnished input signals to the earth horizon sensor which in turn fed the
gyro loop. The latter consisted of the spacecraft, as the plant, with the
altitude gyro in cascade as shown in Fig. 6.8z along with its NASAP model. To
give some feel for the cut and try process in determining the gyro loop gain
K that will keep the step response overshoot under the required 5%, we show
for three values of gain the print outs of Sg, zero~pole sensitivities Sgi
and the corresponding step response. For convenience in examining the pfint

outs we tabulate the pertinent figure numbers.

Ps
K reZEZﬁse Sg SHl
6 ; 6.8" Fig. 6.9 6.10

20 6.11 Fig. 6.12 6.13

75 6.14 Fig. 6.15 6.16
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CHAPTER VII

SPECTAL CONTROL SYSTEM EXAMPLES

In the previous chapters of this menual we have used a variety of control
circuit problems to illustrate various facets of computer aided design with
NASAP. The examples were basic to control theory with explicit or impliecit
connection to aerospace applications. In this final chapter we have selected
a few control system examples that emphasize the capabilities and also the
limitations of the present version of NASAP as modified at the Moore School.
From these examples it will be apparent that, in general, NASAP can be an
effective aid to the control system engi\neer dealing with moderately complex

linear control systems,
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VIIA EXAMPLE INVOLVING TIME DOMAIN APPROXIMATTON

Approximation of system response is a long standing problem related to
control system analysis and synthesis. It is often necessary to approximate
a system before suitable compensation can be applied. Eisenberg [ET 1] has
described a technique for approximately identifying high order system responses
based on x,c(eriié.'in characteristic responses to a unit step input. Meny feedback
systems exhi';i'b time domain response to a unit step input that includes an
overshoot followed by variations which subsequently settle to a steady state
value. The approximate system response is generated by a closed loop trans-
fer function whose open loop transfer function contains a‘t?ransport lag and
a first order lag. This technique only requires knowledge of the first peak
overshoot, the time to peak and the settling time of the unknown systeﬁl
response.

We represent the unknown response by that of a unity-feedback control
system with G(s) representing the plant. The general form of G(s) is assumed

to be
K e-sTd

G(s) = p——; (7.1)
T8 +

This particular approximation is quite convenient and yields the system transfer

funetion
(s) _Iip_ e-sTd
C G{s T
=(s) = = (7.2)
R L + G(s) X
sedapem

To facilitate further consideration of this expression, we normelize it with

respect to Td' Defining

§ =Ty =0T, + JOT, = 5+ j&
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we can write

%(§)=:_Le___ (7.3)
s+ B+ e
where
KT T
d d
=25 B=-7,a-Kp

The problem of system approximation is now reduced to that of determining
the parameters ¢ and B such that the denominator of (7.3) has a pair of clearly
dominant complex conjugate roots which will exhibit a second-order response.

In particular it is desired that the responses shown in Fig. 7.1 be similar,

for the set of conditions

e
n

M, T, =N, 7 T =T, 7

oh s T =T (7.4)

sh ss s

vhere the values of Mh’ Tph’ and Tsh are measured fmnrthe unknown system step

response.

One way of accomplishing the selection of ¢ and B is to use the generalized

curves found. in [EI 1]. An alternative is to find a suiteble electric circuit

model for G(s) in (7.1) and then use NASAP. The new feature here is the ex-
sTd

ponential, e . We can obtain a rational function representation for this

exponential by a Pad€ approximation. Specifically we use the biquadratic

sz-as+b

s2 +as +b
In Chapter I‘IiI, we showed how to dbtain a ladder network for this with
negative as well as positive elements. The input impég\iance of the network is
the desired circuit model.
To- illustrate this approximation technique we again consider the seventh

order system with an open loop transfer function
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Ton Tsn §
fo—Tp —=i
l(o) Closed -Loop Response of an

Unknown System

!
; |
I

—_ =

|

TS

T e

{b} Second-Order System Response
Deloyed in Time

Fig. 7.1 System Approximation by Time Domain Res‘p?mse
(subscripts "h" and "s" refer to higher order
and second order: system respectively)

1
ole) = (6s + 1)(2s + 1)3(s + 1)3

(7.5)

The step response for this in a unity feedback system was given in Chapter V

as the "Eisenberg" problem. Consideration of the actusl closed-loop. unit

step response of this system, the lower response curve shown in Fig. 7.2 from

. . 2
[EI 1], yields the three daba point M, = 31.7%, Tph = 20s, and Ty = 55.45%,
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APPR&MATE RESPONSE : *% M- ERROR = 1 15 %

12} . T, ERROR:105 %
~ Ts ERROR =15 %

ACTUAL RESPONSE

QUTPUT C{1) ==
~
T

c 57 10 20 30 40 50 &0 70 80 90 100+
oo

TIME sec. —» .

Fig. 7.2 Comparison of System Time Responses.

To obtain the approximate. system paramebers we must fall back on the ﬁaivﬁféirn

g

:ii'ela't'iqnsp‘ips: for a second-order system

()

u, = \Wi- 7 (7.6)
T = ———— (7.7)
22
o,1-17
T o= (for a 2% deviation of the response (7.8)

N
S8 to envelope from the steady-state value)
s

The determination of ¥ and @, and uitimately location of the dominant
roots involves use of (7.4). Since M, 'E'Ms, where M, is a measured quantity,
we have the numerical value MS “Hence the value of 2~¢én either be computed

from (7.6) as

.ol



z = i (7.9)
V (lnM)2 +"ﬁ\2

or it can be obtained from a universal curve of M versus &. Next to determine

w,. Note from Fig. 7.1 a and b and (7.4t) that

T =Tgp - Tph =Tg - Tps (7.10)

Substituting the required values and solving for , gives

L -
oy = — (7.11)
T =
W N
Since z is ‘kmovn w, can be expressed in terms of measured quantities as
4? 2 2
o = NER)” + x 4 1 (7.12)

n [IoM] ~

TR

Next we find Td. as a function of the measured parameters. From Fig. 7.la and b

Ty =T = T (7.13)

where Tph is a measured quantity and Tps can be cbtained from (7.7). Substi-

tuting (7.7) into (7.13) gives

b o - |iM|T
T, = ‘@'KLEJETE (7.14)

so that the values of ¢, @, and Td are completely specified from the key
characteristics of the unknown system response. Thus the values of the

approximate system parameters are found to be ) =5.7s, T = 89.7s, and
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Kp = 13.%. These give an approximate open-loop transfer function of

-5, 78
de
o(s) = FaherT T (7.15)

The closed~-loop response corresponding to this G(s) obtained in the re-
ference is shown in the upper response curve in Fig. 7.2. The percentage
differences between the indicated characteristics of the two responses are
also shown. It should be pointed out that altough the responses match quite
closely with respect to M, TP’ and TS the steady-state levels will not match.
This mismatch is unimportant because the steady-state levels can always be
matched exactly by dimply adding gain outside the feedback loop. Also the
gain of the unknown system response is easily computed from the measursble
steady-~state level, (css('b)) , via the relationship

e (t)
K = % (7.16)
The NASAP print out and step response for (7.15) is shown in Figs. 7.3 and
7.k

It should be noted for aerospace control applications a distinet advantage
of the technique is that it is not necessary to giaen' any feedback loops to
effect the approximation. Thus, the system response can be approximated
without interrupting normal operation. This is in contrast to some methods
of system approximation, this technique is not hampered by the rare cases
vhere the open-loop response is oscillatory. There are other methods avail-
able for system gﬁfroximation that can be used on a closed-loop basis bub
these methods usually require that the system gain be increased until eritical
cyeling is attained (oscillations). For many practical applications, how-

ever, it is not advisable to bring a control system to the verge of instability.
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VIIB EXAMPLE OF A CONTROL SYSTEM WITH ‘TRANSPORT IAG

‘of the concepts introduced in the previous example, we con-

As an g\f&eﬁ’s:i
sider a given cgntrol system that has .a plant with transport lag along with
three simple lags shown in Fig. 7.5. Lupfer and Oglesby [LU 1] discussed such
a problem wherein the object was to find a proportional-integral controller.
They treated this problem with the aid of an analog computer. An alternative

solution was presented by Eisenberg [EI 27 using the parameter plane approach

‘to develop a graphical technique.

R(S) Ke(1+738) K e*T cfs) |
+ TzS | (TS +)(T5+)( T35+ '

i P
! Vo
f

Fig. 7.5 Control system with transport lag
Reactor process from [LU 1]

To use NASAP we must obtain a circuit model for the control‘ system with trans-
port lag. From the previous approximation problem we know how to handle e_STD

by using a Padé approximation thet yields a rational function;Ié’ééi;fz'efﬁfﬁjr"é‘r‘wiﬁ@éf;
network. For the controller of this system we require a different type of

model. We can write

K (T s + 1)—~_ .
et T T A
Tk e ) iy

Now we use the model showm in Fig. 7.6 where V7 and I2 are dependent on the error
signal and Il is dependent on the current through I1l. The first three elements

1 s
model the Ts term while the fourth element accounts for the unity term. The

rest of the model poses no new problems.
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¥ig. 7.6 Controller Circuit Model

To be specific then we are given the transfer function of the plant

-sT
e
a(s) = (Ts + D) (T,s + D(Tys + 1) (7.18)
Where Kl = 1.0
Tl = 13.1 min
T2 = 11.1 min
T3 = 0.5 min
T = 9.5 nin

To obtain the unit step response we must determine the controller gain Ko and
the reset time Tr' From [LU 1] we have the experimental results obtained with
an apnalog computer. This is shown in Fig. 7.7 where the key response charac-
teristics are labeled and the controller parameters used by Iupfer and Oglesby
are indicated.
Followine Eisenberg [ET 2] we cen restate the design problem as:
6hréoseﬁ vaives of cog’ci‘oiler éain~ cgnsta.nt KG and reset

time Tr t0 yield an output time domain response with
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I,TP =45 MIN—»] TIME (HOURS)—~
0

5 A 5 2 25
T T T T T

w 5P

g

o

= .

3]

5

g T

3 My=27 % \ .

S U .

g. ..

Vosk T= 140 MIN

Fig. 7.7 Reactor process; response to unib
step input, Xg = 1.0 and T = 20.8 min.
the characteéristics of Fig. 7.7. Specifically, it is desired
that (1) the peak ‘overshoot M, = 27%, (2) the time to reach a

peak T = 45 min (where the output response begins after the

P
initial T = 9.5 min delay), and (3) the time for the response

to reach 2% of the steady-state value Tg = 140 min.

At this point we do not have to reformulate the system transfer function as in
[EEE 2] but simply cbtain the NASAP model shown in Fig. 7.8.

Finally we obtain the unit step response using NASAP. Compare this out-
put Fig. 7.9 with that given in Fig. 7.7. This ability to handle transport
lag considerably broadens the range of aerospaceﬂ,ﬁiéontrol problems that can be
assisted by the use of NASAP. To permit detailed comparisons Fig. 7.9a is based
on Kc=l and Tr= 20.8 min. while Fig. 7.9b is a rerun of this example using the

values Kc=0.9 and Tr=21.9 min. taken from [ET 2].
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VEIC . EXAMPIE SHOWING NASAP LIMITATTON -

We now present an active filter circuir wnicn 1iiustrates a Iiowgrapn
of great complexity and demonstrates some NASAP limitations. In particular
the fact that it may not be sufficient that the user be judiciou_s‘ in the
specific tree he allows the NASAP program to select. In Fig. 7.9

which is identical to Fig. 2.16 in [HU 1] is shown the 28-element NASAP

g

circuit diagram of this \Huttér::ll problem. The input voltage V1 is fed through

a low~pass tee-network to th; 7base of a transistor which is part of a two-
transis>tor differential amplifier. The output voltage of this differential
amplifier is connected directly to the base of a simple common emitter
transistor stage. The voltage at the collector of this transistor, which is
also the output voltage of the circuit, is fed back through an RC twin-tee
network to the base of the other transistor in the differential amplifier.

Each of these three transistors is represented in Fig. 7.9b by the h-parameter

equivalent circuit with h,,= 0 and with a capacitor (CZ, CS’ C7) connected

12

between the base and collector terminals. This capacitance is included to take
into account the frequency characteristic of the tramsistor. = _ —-

The NASAP imput listing used by Hutton is ieﬁi‘oaﬁaéd as f‘lg. 77.16.
'I’l’;Aeé‘rei a1y 17 of the resistors are listed first and followdd by the seven
capacitors, in numerical sequence. With this listing, the NASAP tree selection
algorithm selects as branches of the {:;:e‘e‘\ Vthe elements in the following order;
vi, r17, ¢i, c2, c¢3, C4, C6, C7, R4, RS, VI'{S, R15. This particular tree generates
a flowgraph possessing a total number of loops of all orders of 2,440;105
a very complicated flowgraph indeed. As noted by Hutton, 10 minutes of e1'<—
ecution time were required on the UNIVAC 1108.

Utilizing one of the options discusded in Chapter II, a tree can be

selected to yield a flowgraph with considerably fewer loops. Seven of the
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Fig.. 7.9a Active Filter Circuit for Hutton Problem (Circuit 6)
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NASAP #15/68

R1 2 3 6.8K o
RZ 3 4 G.sK L
R3 & 3 1ty NUM3ER OF LoOP3 PEr ORDER
R4 5 6 1vuk Lo
R5.6 7 1Lu 1= 596 AR PR
Ro 7 1 4% 2= 8969

R7 6 1 leck 3z " bayae

R 9 1 l‘.ub\q 4= 163371

RG 9 7 1uu S5z 419756

Rt0 10 ¢ 1J0 bm Y8827

RiL 10 12 6,8K z  6lb3ak

Ri2 12 19 5,8k 6= 380754

Ri3 11 1 5,6K = 138488 .

Ri4 6'3 lug 10= 20132

Ri5 8 1 23 1= L1866 .

Ri6 8 13 100K

Ri7 13 1 1K

Cl 3 1 5UF

C2 4 6 ,0USUF
€5 10 1 +U0SUF
Cy 10 11 10UF.
Co 11 13 10UF

Co 12 1 2UUF

C7 6 13 +012UF
Vi 12 1,

I1 6 5 100 IR3
Iz 1 9 100 IR10
I3 13 8 100 IR14
OUTPUT

VRL7/VV1

FREQ =1 & .1
TIME 005
EXECUTE

KANDT LR TN bW vna7/VVE
'

2 3 4 5)
$ 16417 = JH9HLE S = (33415 5 = 44413 S = LU3+07 S+ L10401 S )
F(SIZ  ob66+0GH -
' 2 3 4 5 6
+11423 + L B0H2L S = LBBH20 S = 460419 S = L11418 S = 38413 S + L1407 S+ 1001 S

Tig. 7.10° NASAP. Printout for Hubtfon Circuit 6



elements (namely, V1, R17, Cl, C3, C6, R8, R15) in the above described tree
are connected to the node numbered 1 in Fig. 7.1]: . However, three resistors,
R6, R7, and R13 are also connected to node 1. If these three elements can be
made branches of a tree which also contains the seven elements from the tree
selected by Hutton, then ten of the twelve necessary tree branches 'will be
connected to a common node. Such a tree with a definite star-like structure
'él.l'?u'i’dfyield a flowgraph with fewer loops. We shall now indicate how R6, R7,
" and R13 can be selected as tree branches andw.hic':h"i)ranches of the original
Hutton tree must be removed to make way for these resistors.

The resistor R7 forms a closed path with the original tree branches C7
and R17. Since the voltage across R17 is the specified output variable, R7
will become a tree branch only if C7 can be removed from the tree. This
is easily accomplished by adding a dummy voltage source dependent on the
voltage across R7. Likewise the resistor R13 forms a closed path with the
original tree branches C3 and C4. Since C3 is connected to node l: we wish
to make R13 a tree branch in place of C4. A dummy voltage source dependent

" upon the voltage across R13 easily accomplishes this by making RL3 a type 2
element instead of a type 4 element (see description of tree selection
algorithm). ¥Finally R6 can be included in the list of tree branches by
making it the first resistor described in the NASAP input listing. With R6
in the tree, either R4 or R5 must be removed from the tree. The choice is
easily made by noting that the co-tree element R3 will form a closed path
with R4 and G2 when R4 is a tree branch., On the other hand, with R5
as a tree branch, R3 will form a closed path with R6, R7, R5 and C2. Hence
R4 Shoﬁld remain as a tree branch. This is achieved by having R4 precede RS

oo o
in the NASAP input list.

The revised NASAP input listing that yields a tree with 10 elements

connected to the same node is shown in Fig. 7.12. The controlled sources V2
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and.V3 are the dumy voltage sources .necessary to include R7 and RI13

in the tree selected by NASAP. With these 2 elements included, there are

30 elements in the equivalent circuit (NOTE: 30 elements are the maximum
number of elements that can be used on the RCA Spectra 70 and IBM 360 machines
because of their 32 bit computer words). Note in Fig.7’s‘}§ that the flowgraph
generated by this new tree contains 415, 515 loops of all orders. Thus a
saving of over 2 million loops has been achieved by careful selection of the
tree. The subsequent execution time was 25 minutes on the Spectra 70/46
(equivalent to approximately 3 minutes on the IBM 360/ 75). Note also the
difference between the transfer function found by use of the original Huttomn
tree (Fig. 7.10) and that found by use of the tree described here (Fig. 7.1?),
The extra 2 million loops results in considerable error in the coefficients
of the transfer function, see the discussion in [SE 1]. Note in Fig. 711.2“‘
that only the zeros of the transfer function are given. Due to excessive
floating point overflow, the MULLER (root-finding) subroutine was unable to

determine the poles of the transfer function.

\ - ) -
 Through the cooperation of Prof. Alan B. Macnee the Hutton problem was
- - T e et -
run using CIRAN (a.program baged'on.state varizbles) on the University of
. I P

Michigan IBM 36bl—é7 computer. The iﬁ;edénces were scaled by‘ 10_ 3 and

frequency 10—6. The circuit was found to exhibit a pair of dominant conjugate
complex poles near 2.4 KHz. For a + 10% change in the value of Rtl3 the Q

of this pole ranged from 7.5 to 20. The fact that these three analyses took
only 12.13 seconds of CPU time indicates a severe limitation of NASAP for this

class of problems.
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In Fig. 7.13 the compensation is seen to consist of two identical RC lag net-

work. The transfer function of the RC lag network is

1
i ¢
s+ O F+a
RC

The parameter G, the RC lag network pole, is chosen different from all
plant poles, usually farther inside the left half plane than any pole of the

desired system.

A
J a u ., 3 y

A 4

3- 2
S +A S +A S+A
2 1

0

Fig. 7.13 Compensated Third Order Control System

Fig. 7.1h 1is equivelent to Fig. 7.13 with respect to the transfer function

, involved. e i
7 A
a o . _a(s+6) Lyl 3
bG c &, 2 5 3 7
1+ 546 + (5+G) S+SG(2+b)+G" (1+b+c) S +A S +A S+A
. 2 T 0
A
de? €6 . . o FSESG(2fre)+Gl(dvetf) |
mt g T fT
2
(5+G) ] (5+G)

Fig. 7.14 Equivalent Feedback Control System Representation for Fig. 7.13
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The closed~loop transfer function for y/x shown in Fig. 7.14 is

a(S+G)2A

(s SG(2+b)+G (1+b+c))(s +A S +Als+A )
aA (fsd+c-(2f+e)s+c;£(d+e+f))

% (7.21)

A (s 2i5G(2+b)+a (1eBe) ) (5 A8 +A1S+A )

Equation (7.20) for the desired system, when multiplied top and bottom by

(Si-‘(;‘r)2 becomes

3 (S+G)

Nl‘ﬁ'

ss+(13 +2G)S +(B +20B G )s3+(B/ +2GB +G25 )s +((;213 +2GBO)5+G23
(7. 22)

to clear fractions. Thus we‘;flnd that aA, =B

3 and ¢ success:Lvely

3

&, - ,)
=T e

vwhere G is positive.

By~ 8) + (@ -4y) (B, - 4)

with ¢ % positive.

=" GZ
(B -A)+(B -4) (26 - A)+(B - A )( (G—A )
£ = 1 {33 2 2 Al ::\33;)%
.. (Bl-Al)(-?sG2 -Av2AS)F (Byho) (-26(G-a,)% + A4 - )
GB
3

and finally

(B,-4,) (-6 S A ) + (BQ-AZ)(G2A1+AOA2—GAO+G2(G-A2)2—-GA1A2)

2
G G3

(7.23,
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VIID EXAMPLE INVOLVING LUENBERGER OBSERVER

For the last problem we consider an application of modern control theory
based on state variables o show the versatility of NASAP. 1In particular we
use the Luenberger obséfyer method to implement compensation for a control
system situation in which all the states of the system are not measurable.

For present purposes it is sufficient to note that the Luenberger observer

[LU 1] is a device vhich constructs an estimate of the system state vector based
uypon the available system inputs and outputs. Then, based upon the reconstructed
state vector, simple matrix algebra menipulations can be utilized to cbtain es-
timates of the missing states or a combination of the missing states.

Luenberger has shown that for an n-th order system with m measureable states,
the order of the ijé}i{ﬁ;i:ed observed need only contain n-m polesli“ Furthermore
these pole locations are arbitrary as long as they are different from the eigen-~
values of the system mabrix.

The Luerberger cbserver accomplishes the desired result by adding dynamics
in the feedback path of the control system.

This theory suggests a unigue form for general compensation of third order
systems vherein the designer can place ‘the closed~loop poles at any desired lo-
cation. This development is adapted from Nevmen [NE 2].

The open loop descriptions of the control system shown in Fig. 7.13 is
- 3 (7.19)

3 2
5 +A2S +AlS +Ao

di<g

For convenience the desired closed-loop system transfer function is expressed as

133*

2
+B2S +BlS + B0

I (7.20)

g3
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These six equations define umique values for the symbols &, b, ¢, f, e, and
d. respectively.

It is worth noting [NE 27 that this method of general system compensation
may be 'extended to higher order systems. An N-‘“bh order system will require a
string of N-1 RC lag networks. FEach lag network is driven by the signal e and
the signal y, both passing through gain blocks as in Fig. 7.13. The z signal
is formed by adding the output of the string and a signal equal to fy, as in
Fig. 7.13. The a block is used in cascade with the plant as in Fig. 7.13 .

It is found easier to design compensators for plant transfer functions
with numerator polynomials by reducing the coefficients in the eguations to
numbers, instead of trying to derive the general relationship.

For an illustrative example, we consider the open loop and desired closed

loop transfer functions for the control system in Fig. 7.13 .

Open Loop System

A 10 (
.= = 7.24)
S3+A282+A1S+AO 8(s+1) (5+10)

alsg

Closed Loop System (Desired)

b =___=‘_3____.‘ = ( 2 ) (;20:1_)2 (7.25)
x S3+B2sz+:sls+B0 A §+20.

Following the procédure outlined above, we detérmine the constants a, b,

c, &, e, T, as listed.

a = 200 ’ b = 2.24
e =1.7 d =4,256 (7.26)
e = -14,018 £ = 10.762

2ho.



The parameter G, was chosen as twenty (G = 20) which is different from all
plant poles.

Having thus specified the Luenberger observer we need the corresponding elec-
tric circuit model for the compensated third order control system. This model
is shown in Fig. 7.15. A NASAP run was made for the step response of this model.
We note that the transfer function shows six éritica.l frequencies near s = -20;
two zeros and four poles. The step response shows a slight steady state error.

Execution time on the RCA Spectra T0/U46 was 42.86 seconds. A comparison
run was made of this third-order compensator system using CSMP (Continuous Sys-
tem Modeling Progrem) on the IBM 360/75. The CSMP step response for this
control system checked very closely except that the execution time was 32 seconds
(22 seconds CPU). This represents a significant cost advantage for NASAP since

the 360/75 is faster by a factor of approximately 8 over the Spectra 70/46. The

NASAP printout is shown in Fig. 7.16.
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APPENDIX A

STEP AND RAMP RESPONSE CAPABTILITY FOR NASAP

The algorithm used by NASAP to determine the mpulse response of &
c1reu.1t can be easily extended to find the step and ramp response. IListed
hae modifications that are necessary to accomplish this. Note
"‘that if, Tor example, both, the impulse and step responses are required for

a particular circuit, the problem must be executed twice.

To the COMMON/FREQ/ cards of subroutines NASINP and BODE must be added:
sKRESP

The following additions must be included in subroutine NASINP.
After card 1010, three cards must be added:

Go to 3 - —
824 WRITE (6 117) 1011
117 FORMAT (35H INCLUDE TYPE OF TIME RESTONSE CARD) iog
1013
After card 1180, nine cards must be added:
READ (5,101) INLST 1181
WRITE (6,107) INLST : 1182
KRESP = 1000 . 1183
IF (ICHAR(INLST(1)). EQ. 49. AWD ‘ICHAR(INLST(2))EQ, 5’+)“KRESP =T 1184
IF (ICHAR(INLST(1)). EQ. 55 AND “ICHAR (TNLST(2) ) .EQ. 56)KRESP =1-- 1185
IF (ICHAR(INLST(L)). EQ. 62) KRESP = 2 1186
IF (ICHAR (INLST(1)). EQ. 59 AND ICHAR (INLST(2)).EQ.k1 KRESP = 3 1187
IF (KRESP. EQ.1000) GO TO 82k 1189
WRITE (6,116) 11894

The following changes must be made in INV:

Change card 14930

From DIMENSION F(100), T(loo), COE (2)

To DIMENSION F(100), T(100), COE(2), TYFE (2,3)

Change card 14990

From WRITE (6,50) -

<T0° WRITE (6,50) (TYPE(J,KRESP), *’J:l,e)

Change card 1500

From 50 FORMAT (26HL IMPULSE RESPONSE FUNCTION //7H F(t)=)

To 50 FORMAT (1H1, 2Ak, 18H RESPONSE FUNCTION //7H F(t)=)

Change card 15280

From WRITE {6,40) TRNS, (T(X), F(X), K=l, 51)

To WRITE (6,40) (TYPE(J,KRESP), J=1,2), TRNS, (T(K), F(K), K=1, 51)
Change card 15290

From 4Q FORMAT(17H1 IMPULSE RESPONSE // 5H TIME, 18X, 10A1/(F12,4,E23.8))
To 1+o FORMAT(lHl,2A’+ OH RESPONSE // 5H TIME, 18%, 10A1/cw12 4,%23.8))
5300~

cont'd.


http:ICHAR(INLST(2)).EQ.41

To WRITE (6,41) (TYPE(J,KRESP), J=1,2)

Change card 15310

From 44 FORMAT (1HL, 45X, 17HIMPULSE RESPONSE, /)
To 44 FORMAT (1HL, 45X, 2A4, 9H RESPONSE, /)

The following additions must be included in subroutine AINIV,

After card 14930, two cards must be added:
DATA TYPE /4HIMPU,4HLSE, 4HSTEP, 4H  ,4HKAmP, 4H 14931
COMMON/FREQ/THI, FEQ (3), CC,q, KRESP -

-After card 15060, twelve cards must be added:

Go To (77,76,78,76), KRESP 15061

Té IAD2=TAD2+1 15062
RootR (IAD2,2) = 0 15063
RootI (IAD2, 2) =0 15064
Go To 77 15066

78 1AD2=TAD2+1 15067
RootR(IAD2,2) = 0O 15068
RootI(TAD2,2) = 0,001 15069
IAD2= TAD2+1 150694
RootR (IAD2,2) = O 150698
RootX (IAD2,2) = -0.001 15079¢C

77 CONTINUE 15069E

When the above modificatjions are incorporated in the NASAP program
package, the only change from a user's point of view is that he must

include one card, immediately following the NASAP PROBLEM card, on which is
punched (beginning in column one) one of the four following comments:

NO RESPONSE
IMPULSE RESPONSE
STEP RESPONSE
RAMP RESPONSE

The choice of which comment is to be used depends on what type of time
response, if any, is desired., In actuality, only the first. two letters of
each of the above comments are really necessary . In cards 1181 through 1189A
of subroutine NASINP, the program reads the card after the NASAP PROBLEM card
and then prints it, If the letters in columns one and two are on R and a A
respectively, the time response ‘variable KRESP is 'set equal to 3. If there is
an N in column one and an O in column two, KRESP thenis set equal to 1. If
there is an T in column 1 and an M in column two KRESP is set equal to 1: If
there is an S in column ome, KRESP then has a value of 2, If the program
encounters none of the above letter combinations on the second input card,
it will print out the error message given on card 1013 and
about the job,

The variable KRESP is used in subroutine INV to select the proper elements
of the two-dimensional matrix TYPE such that the headings of the printout of
the time response agree with the information on the second input card. Thus,
if a step response is desired(KRESP=2), the elements in the second column of
TYPE will be printed. The variable KRESP is also used in INV to select the pro-
per poles that must be included with the transfer function poles to yield the

particular time vesponse. On lines 15061, if KRESP=l(impulse response); the

~
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APPENDIX B
Suggested Revision that couwbines Subroutines SENS gz SENSS

of NASAP 6¢/I into a single shorter Subroutine SENSS

In the University of Pennsylvania monthly report for July 1969,
" the possibility was mentioned of elimjinating subroutine SENS by using
the results of the calculations of subroutine SENSS (namely Si) and the

four equations.

m . &
S Xl = Re SX
s)‘%:% In s
3
Re H _ W H
sie P =re st - (5o IxnsX)

where Sg = Re S§ + § Im Si

and H(jw) = |5} ¥ =Re H+ j In 1
Tais can be accomplished by making the following additions to
subroutine SENSS. After card 17000, add the following 3 cards:
cards 15370, 15380, and 15390 from SENS. After card 17030, remove
cards 17040, 27050, and 17050 and add the following 6 cards:
COI:EIXON/L(;OPS/DM-(ILOO), PHIH(250), 1OGF(250), LGBSNS(250), ABSH(250),
1 ABSENS(250), REH(250), IMH(250), PHISNS(250), CSENS(250), SENSRE(250),
card 15440 from SENS

card 15450 from SENS with DUML(288) changed to DUML(38)
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card 15490 from SENS
card. 15500 from SENS with the addition of ,LGBENS.
After card 17110, add the folicwing 2 éards: cards 15520 and
15530 from SENS.
After card 17540, add the following 39 cards:
card 15540 from SENS
card 15550 from SENS with 1HO changed to 1H1.
card 15560 from SENS
Do 802 I=1, NITR
7 = 10.%% LOGF(T)
RE = REAL (CSENS{I))
AIM = ATMAG (CSEES(I))
CALL QZERO {REH,I,SENSRE,I,GLAG, $81, $82)
81 SENSRE (I) = RE - (IMH(I)/REH(I)) * AIM
82 CALL QZERO {IMH,I,SENSIM,T,GLAG, $33, $8k)
83 SENSIM (I) = RE + (REH(I)/IMH(I)) * AIM
8h SENSBES (I) = RE
97 CALL QZERO -(PHTH,I,SENSFI,I,GLAG, $98, $99)
¢8 SENSFI (1) = {180./P1) * (AIM/PHIH(I))
99 WRITE (6,180) LOGF(I),Z,SENSRE(I),SENSIM(I),SENSBS({I),SENSFI(I)
180 FORMAT (5¥,6(E 15.7, 2X))
802 CONTINUE

cards 16110 thru 16320 from SENS (22 cards)
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The following 10 cards of SENSS must be slightly modified:
(WOTE ~ etc. means that the rest of the card remains unchanged).
Change card 17120
from WRITE(6,100)
to  WRITAE(6,200)
card 17130
from 100 FORMAT(1HL, etc.
to 200 FORMAT(1HO, etc.
card 17390
from 96 WRITE(6,105) ete.
to 96 WRITE(6,205) ete.
card 17400
from 105 FORMAT ete.
to 205 FORMAT ete.
card 1750
from WRIT®(6,102)
to  WRITE(6,202)
card 17460
from 102 FORMAT etc.
to 202 FORMAT ete.
card 17470
from VRITE(6,103) etc.

;0 WRITE(6,203) ete. ,
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card 17480
from 103 FORMAT etc.
to 203 FORMAT etc.
card 17520
from WRITE(6,102)
to WRITE(6,202)
card 17530
from WRITE(6,103) etec.
to WRITE(6,203) etec.
Finally in BODE remove card 13510. In SPLOT the following 2 minor
modifications are needed:
On card 16670
change ARR(1000), DUMMR(175C)
to ARR(750) , meézeso)
On card 16690
change DUML(288)
to pUML{ 38)
These changes essentially delete cards 15570 thru 16100 from SENS.
The caleulations in this block of cards are replaced by the Do-Loop
(labelled 802) given above. The remaining cards of SENS are then inserted
into subroutine SENSS in the appropriate locations. On the RCA Spectra 70,
the original version of SENS requires 4000 bytes of memory and the origi-
nal versiocn of SENSS requires 2540 bytes. However the suggested new

version of SENSS requires 4392 bytes - thus realizing a saving of 2148
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bytes. Bnclosed is a listing of the new version of SZNSS. Due to the
use of a IID coded program op a IRCDIC machine, the following symbols
are eguivalzab:

# is equivaient to

1

i

No@e that the printed output of the original SENSS now precedes

the printed oulput of the original versioa of SENS.
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