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FOREWORD

This report describes work accomplished in Phase I of the two-phase
program, "Propulsion System Flow Stability Program (Dynamic)" conducted
under USAF Contract F33615-67-C-1843. The work was accomplished in the
period from 20 June 1367 to 30 September 1368 by the Los Angeles Division
of North American Rockwell Corporation, the prime Contractor, and the
Subcontractors, the Allison Division of General Motors Corporation (sup-
ported by Northern Research and Engineering Corporation), the Autonetics
Division of North American Rockwell Corporation (supported by the Aero-
nautical Division of Honeywell, Incorporated), and the Pratt & Whitney
Aircraft Division of United Aircraft Corporation.

The program was sponsored by the Air Force Aero Propulsion lLaboratory,
Wright-Patterson Air Force Base, Ohio. Mr. H, J. Gratsz, APTA, Turbine
Engine Division, was the Project Engineer.

This volume is Part XX of twenty parts and was prepared by the
Autonetics Division of North American Rockwell Corporation.

Publication of this report does not constitute Air Force approval of
the report's findings or conclusions. It is published only for the exchange
end stimulation of ideas,
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ABSTRACT

This part describes computer programs developed to handle the computational
tasks for the linear stability analysis of propulsion controls by root locus techniques.
The descriptions, flowcharts, and Fortran program listings of two main programs
TJET and TFAN developed for the analysis of turbojet and turbofan engine control
systems are presented. Also presented are the descriptions of three subroutines
specially developed to facilitate data handling for this study. Examples are given to
illustrate the application of computer programs TJET and TFAN.

TJET and TFAN have been valuable in the linear analysis of the propulsion
system, However, it is recommended that these computer programs be expanded to
include the capability of analyzing coupled control loops and to include a limited
transient analysis,
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I. INTRODUCTION

Computer programs TJET and TFAN were developed to aid in the linear analysis
of the turbojet and turbofan engine control systems, respectively, under the Propulsion
System Flow Stability Program. These computer programs compute the closed loop
characteristic of the engine control systems for stability analysis by root locus tech-
niques. A brief introduction and discussion of root locus techniques follows.

The Laplace transform representation of a simple control loop is shown in
Figure 1, where K. is the control gain which may be varied and Gy, is the s-plane
transfer function of the open loop system, or plant, The numerator, N,, and denomina-
tor, Dy, of the s-plane transfer function, ,Gp, are both polynomials in s. The roots of
Np are called the open loop zeros and the roots of Dy, are called the open loop poles.

The transfer function of the closed loop system of Figure 1 is

C
&= D TRN )

The denominator of Equation (1) characterizes the closed loop behavior of the system
and is thus called the closed loop characteristic, D¢y, or

D

cL = Dp + Kch (2)

By root locus techniques, the roots of DCL, or closed loop poles, are plotted in
the complex s-plane as a function of varying K¢, from which the stability and fre-
quency response characteristics of the closed loop system may be observed. The
operations required to obtain the root locus of Dy, is (a) perform the polynomial
addition indicated by the right hand side of Equation (2), and (b) factor the resulting
polynomial to obtain the roots.

- C

(2]
Q
]

Figure 1. Simple Control Loop Block Diagram
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For the general case, a complex control system may have many control loops
with many control gains to be determined. However, any linear control system can
be reduced to the form of the simple case of Figure 1, with Gy representing a system
transfer function with control loops already closed. Actually, computing Gp for
coupled control systems is a rather complicated process, especially when all actua-
tors and sensor dynamics are incorporated. But once G, is determined for a partic-
ular control loop, all that is required to compute the closed loop characteristic for
that loop is the simple procedure of Equation (2). In this fashion, one may closed
control loops around other control loops, or may close loops simultaneously, which
is what TJET and TFAN were designed for.

The present versions of TJET and TFAN as presented in this section are useful
only for the analysis of a single loop closure because the necessary cross-coupling
terms discussed in Part XIX, were not included in the equations used in programming
TJET and TFAN. This omission was made because the available transfer function
data did not include the necessary cross-coupling terms anyway. Hence, although
TJET and TFAN are set up for sequential loop closures, the results for varying more
than one control gain will not be valid unless the control loops involved are not strongly
coupled, which is not the case here. The present versions of TJET and TFAN do,
however, provide the framework for coupled multiloop control analysis of the respec-
tive engines, and with a few modifications, the required cross-coupling terms can be
included in TJET and TFAN, if and when such an analysis is desirable.

Main programs TJET and TFAN and all non-library subprograms required are
programmed in Fortran IV, level H for the IBM 360, Compiler option (OPT = 2) was
used to optimize the execution speed and reduce the size of the object deck, Descrip-
tions, flowcharts and listings of the Fortran programs developed for the Propulsion
System Flow Stability Program linear control analysis follow.



II. DESCRIPTION OF MAIN PROGRAM TJET

BLOCK DIAGRAM AND NOMENCLATURE

The two control systems for the turbojet engine under study are (1) the turbojet
rotor speed control loop, or Speed Control, in short, and (2) the turbojet turbine dis-
charge temperature control, or the Temperature Control, in short. The block
diagrams for the subject control systems are shown in Figure 2. The nomenclature
used for this figure and for the control equations are defined in Table I. KwNA,
KAT, KNT, KTNs, KN2A and KTga are the control gains to be determined.

Program TJET allows for the variation of the control gains KwNA, KAT, KNT
and KTN, individually, or in sequence. The integrator gains KN2A and KTgA are
preselected. Individual control loops are investigated by setting the control gains in
the other control loops to zero, For example, to investigate the Speed Control loop,
one sets KAT = KN = 0. '

To illustrate how TJET closed control loops sequentially, the following notation
is used,

Dey, = F(Ky G) (3)

where F denotes the polynomial addition process indicated by the right hand side of
Equation (2). Then, if it is desired to vary KwNA, KAT, KNT and KTN sequentially,
TJET will perform the following operation

Dop = Fyynar FalKap Folkyp Fy(Kpys G *)

where Fy (1 =1, 2, 3, 4) indicates the operation defined by Equation (3) with F; evaluated
first, Fy next, etc. In the programming of TJET, this is implemented by nested DO
loops (see flowchart and listing of TJET). If one or more of the gains Kwnas Kas
KNT or Kpy 18 set to zero, then the operation indicated by Equation'(3) is eypassed

for that control gain by logic statements in the program, enabling the investigation of
individual control loops separately.

EQUATIONS FOR LINEAR ANALYSIS OF TURBOJET ENGINE

The closed loop characteristic (DF) of the turbojet engine control, without
coupling between control loops, is (using the same notation as defined for the arrays
of TJIET)

©F) = (&) + [Kyya (CB)+ (CO) | + K, 1(CD)

+. KNT(CE) + KTN(CF)
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Figure 2. Turbojet Engine Linear Control System Block Diagram




Table I. Nomenclature for Analysis of Turbojet Engine Control

a) Sensed and Actuated Variables

Actuated Variables, Xj

w

X5 FX

Turbojet Main Combustor Fuel Flow (Ib/hr)

6 AJX Turbojet Exhaust Nozzle Area (ftz)

X

Sensed Variables, y;

yg = NZX Turbojet Rotor Mechanical Speed (RPM)

y9 = T6X Turbojet Turbine Discharge Temperature (°R)

Y10= P4X Turbojet Compressor Discharge Pressure (psia)

b) Actuator and Sensor Definitions

Wpy Actuator: /A 5
AJX Actuator: 1/A6
Nox Sensbr: 1/B8
T6X Sensor: 1/B9
P,x Sensor: 1/B10

where Aj is the denominator of the actuator lag for x;, and B; is the
denominator of the sensor lag for yj.

c) Transfer Function Numerators

N85 = Numerator of BNZX/ BWFX transfer function
N86 = Numerator of BNZX/ BAJX transfer function
N95 = Numerator of a'rex/ awFX transfer function




Table I. Concluded

|
g

N

96 Numerator of aTGX/ A IX transfer function

N

105 Numerator of 3P4x/8WF

X transfer function

In general, N;i/Dy is the transfer function for the i-th dependent variable
yij, due to the j~th independent variable Xj. Dga is the open loop denominator
of the turbojet engine dynamics.

where
1. Open-Loop Denominator (Dp of Equation 2)

(CA) = BAABBB D

2. Numerators for speed loop closure

(CB)

(Pyx)o A6BgB10(8 + Kyop)Ngs

(CO) A.B_B_N

Fx’/Pax)o 46BsPoM105

~-8(W

3. Numerator for Temperature Loop Closure

(CD) = -A_B_B

5BgB1o® + K

TeA o6
4. Numerator for Variation in KN

(CE) = sA_B,B N,

5. Numerator for Variation in KN

(CF) = 8(Pyx), AgBgByoNgs

Actually, TJET has logic statements which omit certain actuator poles, Aj, and
sensor poles, Bj, from these equations if they are not affected by one of the loop
closures, For example, if only the speed loop is closed, then Ag and Bg are not
required in the computations.

FLOWCHART AND PROGRAM LISTING OF TJET

Table II defines the nomenclature used in the programming of computer program
TJET. The flowchart for main program TJET is shown on Figure 3. The print-out
statements are left out of the flowchart for clarity. The circled numbers in Figure 3
correspond to the statement numbers in the Fortran H program listing of TJET shown
on Table II. 6 ,




Table II. List of Subprograms and Variables Used for TJET

a) List of Subprograms Required for TJET
Non-library: in Fortran H for IBM 360
(1) XPNP5 Expand a polynomial with 5 sets of first order lags
(2) GENP Generate a polynomial from data of form given by
P&WA
(3) XPNTAU Expand a polynomial with a given set of first order lags
4) PRTX! Polynomial root extraction using Bairstow and Newton-
Raphson iterations
(5) FLIP! Reverse order of elements in an.array
(6) POLYX2 Multiply two polynomials
(7) GpOL2 Multiply a polynomial by a constant
(8) POLADD? Add two polynomials
(9) WRT2 Print roots of a polynomial
() WRTPOL2  Print coefficients of a polynomial
(10) PRIN? Print non-zero elements of an array
Library: for Fortran IV on IBM 360
(11) DECRD Read variable length data in standard format
b) Arrays of Variables Used in TJET - .
DA = Dy Open-loop denominator
N85 = Ngg NumeratorS of aN,,',x/awa transfer function
1

Developed by J. C. Long of NAR/Space Division

zOriginally developed for ALODE's I and II, Automatic Linear Optimal Design and
Evaluation Computer Programs

3Expressed either in terms of (1) coefficients of polynomial, or (2) first-order
lags of polynomial, in which case FLG # 0.
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Table II. (Cont)

N86 = Ngg
N95 = N95
N96 = N96
N105 = N105
KWNA = Kypyop
KAT = KAT
KNT = KNT
KTN = KTN
TA5 = A5
TA6 = A6
TBS = B8
TB9 = B9
TB10 = B10
F

TITLE

CA, CB, CC, CD,
CE, CF

DCL, DD, DE, DF

CAR, CAC
(Complex)

Numerator3 of 8Npx/8Ayx transfer function
3
Numerator® of aTsx/ W transfer function

Numerator3 of 8T6x/ 9A .. transfer function

JX

NumeratorS of 8P transfer function

4x’ ®Wrx

Control gains for rotor speed loop
Control gains for temperature loop
"Decoupling' gain

"Decoupling' gain

Time constants of WFX actuator lag
Time constants of A IX actuator lag
Time constants of NZX sensor lag

Time constants of T

gx sensor lag

Time constantsof P 4x Sensor lag

Array for input of data using DECRD

Title of run in alpha-numeric characters
(up to 72 characters)

Arrays used for temporary storage of intermediate
polynomials used in computations

Arrays used for temporary storage of polynomials
used to compute closed-loop characteristic
polynomial

Arrays used for temporary storage of the real and
complex roots of a polynomial

3Expressed either in terms of (1) coefficients of polynomial or (2) first-order
lags of polynomial, in which case FLG # 0.

8



Table II. (Cont)

c) Real *4 Variables

CPg 1. if checkout print option desired
FLG # 0. if data entered in form supplied by P&WA
G85 Steady-state gain for dNox/dWFX transfer function,

only if FLG#0

G86 Steady-state gain for aNZX/ 9A [y transfer function,
only if FLG#0

G95 Steady-state gain for 8T6X/ OW ey transfer function,
only if FLG#0

G96 Steady-state gain for 3 TGX/ 0A JX transfer function,
only if FLG#0

G105 Steady-state gain for o P 4X/ BWFX transfer function,
only if FI G#0

KN2A = Integrator gain for speed loop

- 2A

KT6A = KTG A Integrator gain for temperature loop

P4A = (P 4X)o Initial steady-state value of P4X

WFA = (WFX)o Initial steady-~state value of W FX

SF Scale factor for roots (used as a dummy argument

when calling subroutine. PRTX)

d) Integer *4 Variables

NDA Degree of open loop denominator polynomial (array DA)
NN85 Degree of numerator for aNZX/ a-wFX transfer function
NN8é6 Degree of numerator for 8N2X/ A IX transfer function
NN95 Degree of numerator for a'rex/ OW oy transfer function
NN96 Degree of numerator for 8T6x/ 3A IX transfer function
NN105 Degree of numerator for 3P 4X/ dW .y transfer function




Table II. (Cont)

NTAS5

NTA6

NTBS8

NTB9

NTB10

NWNA

NAT

NNT

NTN

The following integers are used for indexing only: I, NA, NB, NC, ND.
The following integers are used to indicate size of arrays in computations:
(Example, NCAR = No. of real roots stored in array CAR.) NCA, NCB,
NCC, NCD, NCE, NCF, NDD, NDE, NDF, NCAC, NCAR, NDCL

Number of first-order lags for W.,,, actuator

FX

Number of first-order lags for A .., actuator

JX

Number of first-order lags for N, ., sensor

2X

Number of first-order lags for T, sensor

6X

Number of first-order lags for P4X sensor

Number of KWN A gains for which root locus is computed
Number of K AT gains for which root locus is computed
Number of KNT gains for which root locus is computed

Number of KTN gains for which root locus is computed

Logical constants used for TJET

A logical constant is TRUE If the expresélon to the right of the colon (:) is

true; FALSE, otherwise.

Symbols: a|b means a or b; a&b means a and b.

LA:
LAN:
LB:
LBN:

LC:

LCN:

LD:

NWNA >0 Speed Control loop closed

NWNA 50 Speed Control loop open

NAT >0 Temperature Control loop closed
NAT =0 Temperature Control loop open
NNT >0 KNT #£0

NNT =0 No decoupling gain KNT

NTN >0 Koy #0

10




Table II, Concluded

LDN:

LEN:

LFN:

LH:

LAC:
LAD:
LBC:

LBD:

LIN:

LP:

NTN =0 No decoupling gain KTN
KN2 A=O No integrator in speed loop
KTG AT 0 No integrator in temperature loop

(LEN&LFN) | (LAN&LFN) | (LBN&LEN) [ (LAN&LBN)
If LH is true, then a free s term exists,

LA|LC Speed loop closed or Ky #0
LA|LD Speed loop closed or KN £0
LBILC Temperature loop closed or Ky . #0
LB|LD Temperature loop closed or K #0

(WFX = 0)| (P4x =0) No P4X term, see equations.

CPO=1, If true, then print-out provided for checkout of
program

FORMAT OF INPUT DATA FOR TJET

The following pages (Table IV) show the format of input data for TJET. The
data cards should follow the [//G . SYSIN DD *] control card and should be arranged as

follows:

1.

Title card, description of run in alpha-numeric characters which will be

printed on top of first page of run. This card must be first card of each
run,

2. Data cards for each run. All data must be Real *4 and are read into
array F of main program TJET. Relative locations of the variables assigned
to array F are described on the following data sheets, Blanks will leave
data from previous run unchanged., A minus sign must be in Column 1
on last data card of each run.

11



START

READ: TITLE

@ @ SEE LAST PAGE OF FLOWCHART

CALL DECRD(F) READ IN VARIABLE LENGTH DATA INTO ARRAY F

EQUATE VARIABLES TO SPECIFIED
LOCATIONS IN ARRAY F

SEE FORMAT OF INPUT DATA
FOR TJET

COMPUTE LOGICAL CONSTANTS

SEE TABLE II (e)

T

LACILBD

F

WRITE ERROR MESSAGE

CALL GENP FOR D

1

IF (LA) CALL GENP FOR N85 AND FOR N

106

CONVERT DATA OF THE <
FORM SUPPLIED BY

IF (LB) CALL GENP FOR N

P&WA INTO

L

POLYNOMIALS

IF (LC) CALL GENP FOR N86

IF (LD) CALL GENP FOR N

()

Figure 3. Flowchart of Main Program TJET

12



COMPUTE

DENOMINATOR

FOR ROOT LOCUS

COMPUTE
NUMERATOR
FOR SPEED
LOOP CLOSURE

1

O,

STORE: CA = Da

<

0O
>
N
&=

?.

=3D A_A
A5 688 9 10

<>

CB = (P ) Ngs

LH T

F
CB= (P4x)o(s + KNzA)NBtB

CB = (Px)o(® * KypaWo5 AgBgB10

T
LH
(4
- - P
CC = Wy /P do Nyos
CC = Wy /P axdo N1052 62550
-

Figure 3. (Continued)

13



T
&
. ¥

cD =N,
COMPUTE NUMERATOR ::
FOR TEMPERATURE -
) CD = 8+ KpgalNge
LOOP CLOSURE |
=+ K
CD = =6+ KpgaNoghsBeP10

LCN 1y
F
CE=N 86
T
COMPUTE NUMERATOR 4

FOR VARIATION <
N CE= IN
Nt
CE= .NBBASBOBIO
-

Figure 3. (Continued)
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COMPUTE
NUMERATORS FOR

VARIATION IN K‘I'N

INITIALIZATION
FOR MULTIPLE
LOOP CLOSURES

LDN

CF =(P,) N

T
LH

F

CF=uP, ) N

85

o o—

CE=uP, ) N, A BB

9% 6810
) (59
f
IF (LAN) K, 0\ (1) = 0.
IF (LBN) KA’I' (1) =0,
IF (LCN) K, (1) = 0.
IF (LDN) K’I‘N (1) =0,

F
CA=CA+CC

©

Figure 3. (Continued)
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DO 240 NA =1, NWNA T

STORE: DCL =CA

T % SPEED LOOP
LAN CLOSURE
F

DCL=DCL+K_ ., CB

DO 240 NB = 1, NAT

L

STORE: DD =DCL

> TEMPERATURE
T LOOP CLOSURE

LBN
F

DD -DDfKATCD

240 ) @& SEE NEXT PAGE

Figure 3. (Continued)
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SEE PREVIOUS PAGE
Pt —

) (=)

,

DO 240 NC = 1, NNT

STORE:

DE =DD

[ vARIATION
T N Kyr
LCN
F

DE =DE+ISI CE

T

!

DO 240 ND = 1, NTN
STORE: DF =DE
VARIATION
T IN K
LDN TN
F
DF =DF + K’I‘N CF
‘ J
EXTRACT ROOTS OF POLYNOMIAL DF CLOSED LOOP

POLES COMPUTED

240

0 READ MORE DATA;
IF NONE, STOP.

Figure 3. (Concluded)
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TableIll, Fortran H Program Listing of TJET

C MAIN PROGRAM 00000N30
(of ROOYT LOCUS FOR MULTIPLE LOOP CLOSURES FOR TURBOJE? ENGINE 00000040
C DEVELOPED BY EoleLUM FEBRUARY 1968 ) 00000050
C ' o B 00000060
IMPLICIT LOGICAL®4(L) 00000079
COMPLEX®8 CAC(10) 00000089
REAL*4 DATUB) ,N8518) ;N86T18) 4 NOST(BY, NOE6(B ), NIOSIB)Y " 7 777700000090
REAL*4 KWNA(19) ¢KAT(19) yKNT(19) KTN(19) KN2A,KTHEA 0000100
REAL*4 TAS5(4) 4TA6(4) ,TBI(4) ,TBID(4),TITLE(18),F(1T7C),TBB(4) onQnol1l0
REAL*4 CA(20),CB(20) ,CC(20) ,CD(20),CE(20),CFI(2C ), CAR(20) 00000120
REAL*=4 DCL(20),0D(201,DE(20),DF(20) 00000130
COMMON /CMB/TAS TAG,TB8,T689 ,TB10,NTAS, NTA6, NTBS,NTB9,NTB10 00000145
TTTTEQUIVALENCE IF(2) DAY, (FU121,N85), (F(22)4NBOY, (F(32),N95), 00000150
1(F(42) ¢N96) ,(F(52)4N10S5),(F(61),P4A),(F(62),WFA),(F(63),KN2A), 00000160
20F164) JKTOA) 4 (F(65) 4CPO) 4 (F{6ET) 4 KWUNA) QIF{BT)KAT ), (FLICT),KNT), 00000170
T L127) oKTN) o (FULOD) oFLG) o (F(20) 4GB85) ¢ (F(3014GB6), (F(40),GI95), 000001 80
4(F(501,696),(F({60),6105) 000C90185
SF=1, 00070190
T DS 11,10 Tt T T T 00000194
S FLIN=0, 00000196’
10 READ(5,20) TITLE . 00000200
7 20 FORMAT(18A4) T T ) o T - ~ 00000210
WRITE(6,25)TITLE 00000220
25 FORMAT(1H]1 s4Xy*RO0OT LOCUS FOR MULTIPLE LOOP CLOSURES FOR TURBOJET 095099230
T T ENGINE"775X,18A%) T Tmm T T T 7 50000240
CALL DECROD(F) 20000250
WRITE(6,30) 0C000260
"7 30 FORMAT(1HO+4X o *NON=-2ERO INPUT DATA'//4(10X,* I* 3 TX,*F(I)?, 5X)) 100000270
CALL PRIN(F,170) 00000280
DD 35 I=1.,4 00009282
DS I=lad 2000002682
TAG(I)=F(I+151) 00000284
TB8II)=FlI+166) o o 00000285
T TBUINsF(14156) T ' o 00000286
35 TB1lO(I)=F(I+161) 26000287
NDA=F({1}) 00000290
"NNBS=FUI1) TTrTTrm ot T T T T " 00000300
NNB86=F(21) 00000310

NN95=F(31) N N 00000320
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T NN96=Fl41Y T T T 00000330
NN10S=F(51) 00000340
NUNA=F(66) . L ______ 00000350

— NAYsF(%6) ; o - 00000360
NNT=F(106) 00000370
NTN=F(126) 00000380

TTNTRSaF(146 0 0 T T T T T 00000390
NYA6=F({151) 00000400
NTBO=F(156) : 00000410

TONYBIO=FTIeNY T T T . - T 700000420
NTB8=F1166) 00000425

_ _CAR{1i=1. _ B o o _ 00000427

TLASNMMASGT,0 T T Tt T T 00000430
LAN=oNOT. LA 00000440
LB=NATeGY.O0 ===~ _ e e _____ 00000450

T LBN=,NOT.LB i ’ 00000460
LC=NNT.GT.0 000004 70
LCN=gNOTo LC o ) 00000480
"LD=NTNeGTo O ) 00000490
LON=oNOT..LD 00000500
LEN=KN2A.EQ. 0. . , 00000510
TLEN=KT6AeEQeQe ~~~ T T T o i T ~ 00000520
LH=LENeAND LFNo OR. LAN, AND. LFN, DR.LBN.AND.LEN eDR sLANAND.LBN 00000530
LAC’uQOR.l-C L _ i 00000560
CAD=LALOR. LD ~ : 00000550
LBC.LB. ORe I.C 00000560
LBD=LB. OR, LD - 00000570

TTUINSWFACEQe Oc DR, PAACEQL D o 08000590
LP‘. TRlE. 00000600
IF(LAC.OR, LBD)GO TO 50 00000640

T WRIYE(6.,40) TTTTTTTTTTTTT o T 00000650

40 FORMAT(1HO ,4X,*OPEN LOOP, NO CONTROL GAINS SPECIFIED®) 00000660
GO TO 10 00000670

B0 IFIFLG.EQ. 0. VGO TO 55 T 00000672
WMRITE(6,52) 00000674

52 FORMAT{1HO +2X,"OPEN LOOP ru_ngggn_ _FUNCTION POLYNOMIALS GENERATED®) 00000676
CALL GENP(DA,NDA,1.,*DA(S) "2) 700000678
IF(LAJCALL GENP{NBS NNB5,G85,°N85(S) *,2F 00000680

__IF(LCICALL GENP{NBG6 /NNB6,GB6,°NB6IS) *,2) 00000682
IFTUDICALL GENPINDS ,NN95,G95,"NO5(S) 7,27 00000684



02

c

Table III. (Continued)

IF(LBICALL GENP(N96,NN36+G96,*N96(S)

1,2)

IFCLAICALL GENP{N1O5,NN1D5,G105,*N105(S) *,2)

COMPUTE DENOMINATOR CA(S)
T T 55 TALL GPOLIDA,NDA,1. ,CA,NCA)
IF(LHIGO TO 60

NCA=NCA+]1

"CA(NCA+1)=0.
60 CALL XPNPS(CANCA,LAD,LBC.LAC+LBDsLA,"OPEN LOOP DENDMINATOR,
1*,7,'OPEN LOOP POLES *,4,E10)
T TTTIF(LANIGD TO 90 T
WRITE(6,310)

00000686
00000688
00000694

310 FORMAT({1HO41X, *'SPEED LOOP CLOSED')

T I WITH KWNA, CBISY
IF{LINYGO TO 90

- CALL GPOL{N1OSyNN1OS s~WFA/P&A,CCyNCC)
"IF(LHIGO TO 80 '

CALL GPOL( N8BS 4NNBS 4P4A,CB,NCB)

I'FOLEN) WRI TE (6,350)

350 FORMAT(1HO,4X,*ND INTEGRATOR IN SPEED LOOP®)
TFILHIGO TO 70 v oo
WRITE(6 43701 KN2A

370 FORMATI1HO +4X " INTEGRATOR GAIN,
"CAR(2) =XN2A

CALL POLYX{(CB,NCB,CAR,1,CB,NCB)
TO CALL XPNPS(CB ¢NCBye FALSEe s+LBCyoe FALSEes LBDoL Ay " NUMERATOR ASSOCIATED
B Y10, YZEROS ASSOCIATED WITH KWNA " * '

NCC=NCC+1

CCINCC+1)=0,

T 780 CALL XPNPS{CC yNCCseFALSEs +LBCyLAC,LBD, LAN, *NUMERATOR ASSDCTATED W1~
ITH P4A, CC(S) *49,"ZEROS ASSOCIATED WITH P4A

90 IF(LBNIGO TD 110

WRITE(6,320)

KN2 A=

CA(S)

00000696
00000700
00000710

00000720

00000740
00000750

"+ Gl2.5)

320 FORMAT(1HC,1X,'TEMPERATURE LOOP CLOSED* )

_CALL GPCLIN96¢yNN96+—14 yCDyNCD)
TFU{LFN) WRITE16,3560)

360 FORMAT(1HO,4X,*ND INTEGRATOR IN TEMPERATURE LOOP! )

IF(LHIGO YO 100
WRITE(6,380)KT6A

380 FORMAT(1HO,4X,'INTEGRATOR GAIN,
CAR(2)=KT6A ,

"CALL POLYX(CDWNCDCAR,1 yCDyNCD)

KT6A="*

»G12.5)

', T7,£10)

178100

- v e ——

00000790
00000795
00000300

'~ 00000810

00000814
00000816
00000820
00000830
00000835
00000840
00000850
00000860

700000870

00000915
00000920
00000930
00000940
00000950

00000970
00001010
00001015
00nC1020
00001030
00001034
00001036
00001040
00001050
00001055
00001060

00001070
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Table III. (Contimued)

100 CALL XPNPSICD ¢NCD ¢LAD s FALSEs yLACso FALSEc o LA, * NUMERATOR ASSOCIATED 00001080

1 WITH KAT, CD(S)*,9,*2ERDS ASSOCIATED WITH KAT *, Te610) 00001090
110 IF(LCNIGO TO 130 00001130
— WRITEl6,.,330V — 00001135
330 FORMATI1HO +1X o *VARIATION IN KNT*) 00001140
 CALL GPOLINB6,NNB6,14,CE,NCE} 00001150
TTTTIFLLHIGO TO 120 o ' ) 00001160
NCE=NCE+1 00001170
CEINCE+1)=0. 00001180

T IT20 CACL XPNPSUCENCE yLAD yo FALSEe 9o FALSEL,LBO, LA, NUNERATOR ASSUCTATED 00001190
1 WITH KNT, CE(S)?*,9,*ZEROS ASSOCIATED WITH KNT ', T9E10) 00001200
~13C IF(LDNIGO TO 150 00001250
TTHRITE(6,340) o T o T - 7 00001255

340 FORMAT(1HO 1X *VARIATION IN KTN?) 00001260
CALL GPOLIN95,NN95+P&A,CFyNCF) 00001270
IFCLHIGO 10140~ ' N T Y. 1) -3 -
NCF=NCF+1 06001290
CFINCF+1)=0, , 00001300

140 CALL XPNPS(CF ¢NCF ¢« FALSE4 yLBCyLACye FALSEeoL Ay * NUMERATOR ASSDCIATED 00001310
1 WITH KTN, CF(S)*,9,*ZEROS ASSOCIATED WITH KTN 'y 7,£10) 00001320

c MULTIPLE LOOP CLOSURES 00001360
150 IFILANIKNNATLY 0.~ o - - 00001370
IF(LBNIKAT(1) =0, 00001380

L IF(LCN)KNT(L})=0, . 00001390
IF(LDN) KTN(1) =0, ' - o " 00001400
LP=CPO.EQele 00001402
IF(LINsORe LANIGO TO 155 B ) . 00001410

T 77 T CACL POLADD(CC+NCCole o+CANCA,1.+CA,NCA) B 00001415
CALL WRTPOL(CAJNCA,'CA=CA+CC*,2) 00001420

155 WRITE(6,+160) TITLE 00001425

T 160 FORMAT{IH1 ,4X,18A%4/75X,*BEGIN LOOP CLOSURES*)Y  —~— 7 777 7 00001430
DO 240 NA=1,NWNA 00001435

CALL GPDL(CA.NCA.I.'DCL.NDCLD 00001437

——  IFTCANIGO T0 170 o 000014340
CALL POLADD(CB NCB,KWNAI{NA} ¢DCLy NDCLy1ee DCL¢NDCL ) 00001450
170 DD 240 NB=1,NAT 000N1470
CALU GPELIDCL,NDCL 14 #DDNDDY ~~ 7~ 777 7 77 77T T T T 60001500
IF(LBNIGO TO 190 00001505

CALL POLADD(CD ,NCD/KAT(NB),DD,NDD,1.,00,NDD) 00001510

190 0O zeB’NCaI.NNT 00001530




Table II. (Concluded)

CALL GPOL(DD NDDy1s yDE,NDE)

IF(LCNIGO 70 210

CALL POLADDACE .KE,KNT(NC).DE.NDE.I..DE.NDE!
~210 DD 240 ND=I,NTN D

CALL GPOL (DE,NDE,1, 4DF , NDF)

IF(LDNIGO YO 220

“CALL POLADDICF,NCF+KTNI{ND) ,DF,NDF, lovDFoNDF'
220 WRITE(6,230)KWNAINAY  KATINB)  KNTINC) ,KTNIND)

230 FORMAT(1HO//* CONTROL GAINS: KWNA=',G1245,', KAT= .612.5.
T I.612.5,', RKTRET, T

IF(LP)CALL HRTPOLIDF.'QF.'CLDSED LOOP DENOMINATOR °*,6)
CALL PRYX (DF,NDFCARNCAR,CACyNCAC,50, 1,E6,SF,E10C)
~240 CALL WRT{CAR,NCAR,CAC,NCAC, *CLOSED LODP POLES 'v5)
- WRITE(6,260)
260 FORMAT(1HO.,4X, 'END OF LOOP CLOSURES')

END

00001550
00001560
00901580
00001620
00001620

00001 640
00001650
00001660

+ KNT=* 00001670C
7700007680
00001690
00001700

- 00001710
00001810

00001 820
T 7T 00901830
00001840
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Table IV. Input Data Format for TJET

DECX NO0.__TIET _ PROGRAMMER __E.L. LUM

OATE__5-29-68 page__1 oS .08 MO

NUMBER IDENTIFICATION DESCRIPTION DO NOT KEY PUNCH
L Mast be firet card of rea.
description of
chargoters
ot
]
: Relative data fleld location in array F of main program TJET.
! ) Degree of open-loop denominator polynomial
Vv : Open-loop denominstor polynomial, Da(i)
J ) ass: } See special instructions
ey s
! FLG 10«‘ See specisl instructions on previous page.
: 1
A |ness . Degree of mmerator N, (s)
| N85(1) Numerator polynomial Ng(s)= 3N,/ 3W oy, for Speed Coutrol

; special instructions |

Gain of N,(s), used ouly if FLG # 0.

NN8s Degree of mmerator N“(l)

Ng8(1) Numerator M!“(I) = GNH/ 3.,
B | See special instructions

N96(8)
E Geé , ., . - Gdnofﬂa‘!l!, uigﬂmf 0.

FORM 114-C-17 REVY. 7-88




Table IV. (Cont)

¥e

DECK NO. PROGRAMMER DATE PAGE__3 oft__5 JOB NO.
NUMBER IDENTIFICATION DESCRIPTION DO NOT KEY PUNCH
L]
a‘ NN9s5 {31 Degroe of mmerator Nyo(s)
[{1 N95(1) ; Numerator polynomial Ny (s) = AT/ AW sy
| _See special ipetructions

B |vosce)

)
[]

13 \

. _ NNo&(1) =
a1 | s spcta omcucttns
fe]

50 gainof Noo(a), used only if FLG#0

O .

- NNIO5 ee of mmerator N_ . _(8)
[z_si Ni05(1) Numerator mial N. 8) = 3P W,

el ! See special inatructions

N105(8), R s

(e €0 gajn of N, ,-(s), used only {f FLG £0,

t
e P4A P_%MQM@,
26
= WFA 62 g“_rpx) ot initial steady state value of Wex
e KT6A 64 Kpg,, integrator gain in Temperature Control loop
s cpo, . L 65  Check-out print option, 1. if print-out desired

FORM 114-C-17 REV. 7-88
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Table IV. (Cont)

_ DECK NO. PROGRAMMER DATE______ PAGE_3 _of_S5 __ J08 NO.
NUMBER IDENTIFICATION DESCRIPTION DO NOT KEY PUNCH
L . 6.6
: NWNA ;i 0. Control
| KWNAQL)
Set of control gains K., for Speed Control loop
]
t
13
| NAT .
T@), -
udwwwcml
" loop closure for which closed
! KAT(19) characteristic is computed.
! 1
i3
| NNT. 106 _No. of T
KNT(1) 107 )
E ‘Sdotdoconplh'plmxwl.for
l‘! which closed loop characteristic is
Y | xnTa9) 125) computed.
L] 1
I'—S' NTN 128 No. ofd%
) 1277
g Set of decoupling gains K., for
[¢] ‘
KTNQ9) . . . . B o | 145 ) computed.

FORM 114-C-37 NEV. 7-58




92

Table IV. (Cont)
DECX NO. PROGRAMMER DATE PAGE_4___ of_5 JOB NO.
NUMBER IDENTIFICATION DESCRIPTION DO NOT KEY PUNCH
[]
- NTA; . . . 146 No. of time constants for A_
TAS5(1) 147 )
ﬁ 148 | Set of time constants for
E‘" 149 | W actuator lags, 1/1%
Bl |ras 150 )
IL =
13 NTFA6 151 No. of time constants for 4As
3 |Tas) 152 )
37]
L 153 | Set of time constants for
& | 154 ] A, actuator 1/A
s TAG(4) 155 J
1
|13
—1 INTRg 156 No, of time constants for By
Z e 157 )
3 158 | Set of time constants for
49]
] 159 TB!( gensor lags, 1/B_
E —J
4) 160 J
u1 1 61
3
: TB10 161 No. of time constants for B, ,
2| | TB1OQY) 162 )
137
163 ] Set of time constants for
F_s gol 164 | P, sensor lags, 1/B,
!ﬂ TB10(4), . . . 165

FORM 114-C-17 REVY. 7-58
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Table IV. (Concluded)

DECKX NO.__TJET  PROGRAMMER _E.L. LUM = DATE §-29-68 PAGE_5 ot _5  J0OB NO.
NUMBER IDENTIFICATION DESCRIPTION DO NOT KEY PUNCH
[0
= NTBS 166 No. of time constants for B,
2 A
167
{7
. 168 ] Set of time conatants for
16 Nowr 8 or 1/B
3 -
TB8(4) 170
[
['] |Tette card for next run
Ps
B
fos
3
L]
3
2
2 —
H/1» This card must be last card of entire deck
13
IOII .

YO R4-CH7 REY. 7-88




a. Special instructions for data entered into locations 2 through 9,
12 through 19, 22 through 29, 32 through 39, 42 through 49, and
52 through 59 (transfer function data):

(1) If FLG (location 10) = 0, then these locations contain the
coefficients of the indicated polynomials.

(2) If FLG # 0, then these locations contain the first-order lags,
wj, of the form supplied by P&WA, that is,

p(s) = g1+ s/wl) 1+ s/wz) A S/wn)

where g is the steady state gains of p(s). The wj 's are
destroyed by the program, and for the next run, these
locations will contain the coefficients of the computed
polynomial p(s).

3. Repeat 1 and 2 above for as many runs as necessary.

4, Last card of entire deck must contain/* in Columns 1 and 2.

EXAMPLE CASE USING TJET

The example case used is for a turbojet engine operating at sea level, Mach 0. 8,
military power setting. The necessary transfer functions polynomials required for
the Speed Control are:

Da = -0. 55433582 - 95,0994s8 - 337.734
= -0,554335 (s + 3,62811) (s + 167.928)

N85 = -5.555748 - 1883.08 = -5,55574 (s + 338, 943)

N = -15.405282

105 - 2674.948 - 20258.1

= -15,4052 (s + 7.9360) (s + 165.702)

The actuator and sensor lags are:

Ag = 0,02 (s + 50)
By = 0.05 (s + 20)
B, = 0.02 (s + 50)

28



The initial conditions are:

(Pyy), = 380.58 psia

(WFX)Q = 3,92222 lb/sec

The integrator gain is set to Kyoa = 1.0 sec™l,

For the speed loop closure only, we set Kot = KNT = KN = 0.

The following computer print-out (Table V) shows the computation of the closed
loop characteristic and poles for the speed loop closure, for control gain KwNA

varying between 0.0 and 0.05. A plot of the root locus of the closed loop poles are
shown on Figure 4.

29
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S-PLANE
-1 50

IMAGINARY

Kyyna VARTING GAIN
TURBOJET ENGINE, ROTOR SPEED CONTROL
SEA LEVEL, MACH 0.8, MILITARY POWER

0.002

0.001
\\ 0. 0007
\ Kwna = 0., 0005
» LOCUS ON REAL AXIS \
«\e——)&i——v S P
-339, -168. -15.6 -50 -40 -30 -20 -10

Figure 4. Root Locus for Example Case Using TJET
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Table V. Computer Printout for Example Case Using TJET

ROOT LOCUS FOR MULTIPLE LOOP CLOSURES FOR SATELLITE ENGINE
TORBOJET , MIL POWER, H=0, M=0.8, SPEED LOOP CLOSURE- ONLY
NON-ZERQ INPUT DATA SEE FORMAT OF INPUT DATA «

I FLI) I FLI | Ft1)
1 2,00000 2 -0.554335 3 -95,0994
11 1.00000 12 -5.55574 13 -1883.08
31 2.00000 32 -168. 621 33 -25573.8
41 1.00000 42 2120246 43 1613,.31
52 -15.40%2 53 -2674.94 54 -20258.1
62 3.92222 €3 1. 00000 64 5.00000
66 19.0000 (1 0. 200000E~04 69 0.300000E-04
71 C. TO0000E-04 72 0. 100000E-03 73 0.200000€-03
5 0.5C0000E-03 76 0. 700000E-03 17 0.100000E-02
79 0.300000E-02 80 0. 500000€ -02 81 0.700000E-02
83 0.200000E-01 84 0. 300000€-01 85 0.500000E-01
92 0.500000E~-03 S3 0. TO0000E-03 9 0.100000E-02
9% 0.300000E-02 s7 0. 500000E~02 98 0.T00000E-02
100 0.2C0000€E-01 101 0.300000€¢ -01 102 0.500000E-01
104 0.100000E 00 105 0. 200000 146 1.00000
151 1.00000 152 0. 200000E-01 156 100000
161 1.C0000 162 0. 200000E~-01 166 1.00000
OPEN LOOP DENOMINATOR, CA(S) A

PCLYNOMIAL OF ORDER 6o COEFFICIENTS IN DESCENDING ORDER OF VARIABLE

-0.11086TE-04 -0.,323239€~-02 -0.284883 -9.92384% -125.495
-337. 134 0.0
OPEN LOOP POLES
NUMBER OF REAL ROOTS= 6
-3.62811 -19.9999 -50. 0001 -50.0002 ~167.928
0.0
y

SPEED LOOP CLOSED
INTEGRATOR GAIN. KN2A= 11,0000
NUMERATOR ASSOCIATED WITH KWNA, CB(S?
POLYNOMIAL OF ORDER 3, COEFFICIENTS IN DESCENDING ORDER OF VARIABLE
~42.2880 ~16489.9 -733110, -716662.

ZERQS ASSOCIATEC WITH KWNA

Ft1)
-337.734
-61,5205
-65030.0

2.00000
380.580
1.00000
0.500000E-04
0.300000E-03
0. 200000E-02
0.100000E-01
0,300000E-03
0.200000€-02
0.100000€-01
0.7T00000E-01
0.200000€-01
1,00000
0.500000E-01

Compute open-loop
denominator for
speed loop closure

Compute numerators
for speed loop closure
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A e e

TableV. (Contimed)

NURBER OF REAL ROOTS= 3
-50.0000 -1.00000 =338.943

NUMERATOR- ASSOCTATED WITH P4A, CC(S) )
PCLYNOMIAL OF ORCER 4, COEFFICIENTS IN DESCENDING ORDER OF VARIABLE

0.793825€E-02 1.53715 38. 0065 208.778 6.0
ZERQS ASSOCIATED WITH Psaa
NUMBER OF REAL ROOTS= 4
~20.0000 -7.93600 ' -165,702 _ 0.0
CA=CA+CC '
POLYNOMIAL OF ORDER 6, COEFFICIENTS IN DESCENDING ORDER OF VARI ABLE
~0. 11086 TE-04 ~0.323239€6-C2 -0. 276945 -8.38669 ~87.4889 J
~128.957 0.0

>

Compute mumerators
for speed loop closure



Table V. (Continued)

SATELLITE, WIL POMER, H=0, M=0.8:, SPEED LOOP CLOSURE ONLY

CEGIN LOOP CLOSURES
Veriable Gain

/_An of these gains are set to mero.

(Ont 0L GAINS: KWNA= 0,0 I. KAT= 0,0 ¢+ KNT= 0.0 » KTN= 0,C

CLOSED LOOP DENONENATOR
POLYMONIAL OF ORCER 6, COEFFIC IENTS I“ E)ESCE'IJlm ORDER OF VARIABLE

(~0e 11086 TE04sr® -0.3232396-02) ¢S —P. :1945) s $.38669) 53
428.957)s 4+ 0.0

CAOSED LOOP POLES
WUNBER OF REAL ROOTS= 6
-1.75134 -26.1284

-20, 0001 ~168,045
0.0

=T5.6312

CONTROL GAINS: KWNA= 0.20000E~-04, KAT= 0.0 » KNT= 0.0 » KTN= 0.0

-CLOSED LOOP DEHOHINATM ' 7 R

FOLYNONIAL OF ORDER 6, COEFFICIENTS lN DESCENDING ORDER OF VARIABLE

-3. 11086 TE-04 -0.3232396-02  -0.276945 -8.38754 -87.8187
-~143,619 -14.2332
CLOSED LOOP POLES o o
NUMBER OF REAL RDOTS= 6 .
~1.85717 -0.106690 -19.2933 ~75.6579 ~26.6006
-168.040
CONTROL GAINS: KWNA= 0.3C0COE-04, KAT= 0,0 o KNT= 0,0 s KIN= 0.0
CLOSED LOOP DENCMINATOR
POLYMOMIAL DF ORCER 6, COEFFICIENTS IN DESCENDING ORDER OF VARIABLE
-0.110867E-04 =043232396~02 =0 276945 -8,38796 -87.9836
=150, 950 -21.4999
CLOSED tOOP POLES
MUNBER OF REAL ROOTS= 6
-0.156493 -1.91675 -26. 8064 -18.9667 ~168.037

{BT.e889) S

Check open-
r loop polas

S First gain change
KHIA 0,00002




Table V. (Continu=d)

~T73.6720

. CONTROL GAINS: KWNA= 0.S0CCCE-04, KAT= 0.0 » KNT= 0.0 ¢+ KTN= D.0

CLOSED LOOP DENOMINATOR

“POLYNOMIAM. OF ORCER &, COEFFICIENTS IN DESCENDING ORDER OF VARIABLE
—0.11086TE-04 =0.323239E-02 =0 276%45 -8.38881 -88.3134
-165.612 -35.8331

CLOSED LOOP POLES
NUMBER OF REAL ROOTS= &

-2.05030 -0.248536 -27. 1777 -18.3476 -168.033
=75.6586
CONTROL GAINS: KWNA= 0.TCO000E-04, KAT= 0.0 » KNT= 0,0 + KTN= 0.0

CLOSED LOOP DENOMINATOR

PCLYNONI AL OF ORDER 6. COEFFICTENTS IN DESCENDING ORDER OF VARIABLE
-C.11086TE-04 -0,3232396-02 ~0.276345 -8.38965 ' -88.6432 "~ T
-180.274 -50. 1664

CLOSED LOOP POLES
NUMBER OF REAL ROOTS= 6

~2.20417 -0.230248 -27.5069 -17.7607 . -168.028
-15.7259 -
CONTROL GAINS: KWNA= 0.100006-03, KAT= 0.0 + KNT= 0,0 o KTNs 0,0

CLOSED LOOP DENCHMINATOR ’
PCLYNOMIAL OF ORCER 6, COEFFICIENTS IN DESCENDING ORDER OF VARIABLE
-0.11086TE-D04 =0+323239E-02 =0e 276945 -8.39092 -89.1379

-202.268 =Tl.6662 -

CLOSED LOOP POLES : ) . e
NUMBER OF REAL ROQTS= 6

-0e433966 —2.47540 =27, 9434 ~16.,9158 -168.021
=15.7663
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Table V. (Continued)

CONTROL GAINS: KWNA= 0.10000E-0l, KAT= 0.0 » KNT¥= 0.0 ¢+ KTN= 0.0

CLOSED LOOP DENOMINATOR

POLYNOMIAL OF ORCER 6y COEFFICIENTS IN DESCENDING ORDER OF VARIABLE
-0.11086TE~04 ~0.323239€E-02 =0,276945 ~8.,80957 -252,388
-7460.05 —=7166. €2

CLOSED LOOP POLES
NUMBER OF REAL RODOTS= 4

=0.992900 -88.,0103 -43,69719 ~165.499
NUMBER OF COMPLEX PAIR ROOTS= 1
3032245 21.8€92
CCNTROL GAINS: KWNA= 0.20000€-01, KAT= 0.0 e KNT= 0.0 s KTN= 040

CLOSED LOOP DENOMINATOR 5
POLYNOMIAL OF ORDER 6, COEFFICIENTS IN DESCENDING ORDER OF VARIABLE

-0,11086TE-04 =0.323239E~02 -0.276945 =9.23245 -417.,287
-14791.2 -14333,2

CLOSED LOOP POLES
NUMBER OF REAL ROOTS= &

«0.996455 ~46.1716 =162, 499 -98.6472
NUMBER OF COMPLEX PAIR ROOTS= 1
8.37923 41,0215
CCNTROL GAINS: KWNA= 0.30000E-01, KAT= 0,0 + KNT= 0.0 +« KTN= 0.0

CLOSED LOOP DENOMINATOR

PCLYNOMIAL OF ORDER 6+ COEFFICIENTS IN DESCENDING ORDER OF VARIABLE
-0.110867€E-04 -0.323239€-02 =0.276945 -9.65533 -582.,187
-22122.2 -21‘99.9

CLOSED LOOP POLES
NUMBER OF REAL ROOTS=: 4
-0.997639 -47.2520 -158.772 -108.,603
NUMBER OF COMPLEX PAIR ROOTS= 1
12.0 348 47.3382



~

Table V. (Concluded)

CONTROL GAINS: KWNA= C.50000E-0l1, KAT= Q.0 + KNT= 0.0 » KTN= 0.0
CLOSED LOOP DENCMINATOR

PCLYNOMI AL OF ORCER 6, COEFFICIENTS IN DESCENDING ORDER OF VARIABLE
-0.110867E-04& -06323239€E-02 ~0.276945 -10.5011 -911.985
-36784. 4% =35833.1 :
CLOSED LOOP POLES

NUMBER OF REAL ROOTS= 4

-0.998584% -48.,2449 ~-141.754 -135,568
NUMBER OF COMPLEX PAIR ROOTS= 1
17.5046 56.4327

END OF LOOP CLOSURES

(]
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III. DESCRIPTION OF MAIN PROGRAM TFAN

BLOCK DIAGRAM AND NOMENCLATURE

The control systems for the turbofan under study are:

1. the turbofan low pressure rotor speed control, or Fan Speed Control,
in short,

2. the fan discharge corrected air flow control, or Corrected Air Flow
Control, in short,

3. the turbofan high pressure rotor speed control, or H, P. Rotor Speed
Control, in short,

The block diagrams for the individual control loops are shown on Figure 5. The
nomenclature used in the figure and in the control equations are defined by Table VI,
Control gains KAN1, KAw, KwN2, KN1, Kw, and KN2 are to be determined by
the linear analysis.

Program TFAN allows for the variation of control gains KaN1, KAw or KwnN2
to obtain the root locus of the corresponding control loop. Integrator gains KNi1, Kw
and KN2 are preselected. Individual control loops are investigated by setting the
control gains for the other loops to zero. For example, to obtain a root locus for
the Fan Speed Control only, one must let KAw = KwN2 = 0.

The present version of TFAN is useful only for the analysis of single loop
closures because the cross-coupling transfer functions necessary for the analysis of
two or more coupled control loops were not included in the equations used in pro-
gramming TFAN. This omission was made because the cross-coupling transfer
functions for the turbofan engine were not available anyway. Hence, although TFAN
is set up for sequential loop closures, the results for varying more than one control
gain simultaneously will not be valid.

EQUATIONS FOR LINEAR ANALYSIS OF TURBOFAN ENGINE

The closed loop characteristic, (RC), of the turbofan engine control, without
coupling between control loops, is (using the same notation as defined for the arrays
in TFAN),

(RC) = (PA) + K, . (PB) + K, (PC) + [(PE) + Ky po(PD)]

where
1. Denominator for root locus

(PA) = s(A,By) (A;B,) (A,B,BB)D,
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(b) Fan Corrected Air Flow Control

Figure 5. Turbofan Engine Linear Control System Block Diagram
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Table VI. Nomenclature for Linear Analysis of Turbofan Engine Control

a) Actuated and Sensed Variables

Actuated Variables Description

Xy = AD Turbofan Main Exhaust Nozzle Area (ft2)
Xy = Ay Fan Duct Exhaust Nozzle Area (ft2)
X, = WF - Turbofan Fuel Flow (lb/hr)

Vg = N1 Fan Rotor Mechanical Speed (RPM)
Yy = W2 5 Fan Discharge Corrected Air Flow
Yg = N2 Turbofan High Pressure Rotor

Mechanical Speed (RPM)

Yg = P 4 Turbofan High Pressure Rotor
Compressor Discharge Pressure (psia)

Yq = T3 Turbofan High Pressure Rotor
Compressor Inlet Temperature (°R)

b) Actuator and Sensor Definitions

Aj Actuator = l/A2
An Actuator = 1/A3
W,  Actuator = 1/A,
Ny Sensor = 1/B3
W,  Semsor = 1/B4
N2 Sensor = l/B5
P, Sensor = 1/Bg
Ty Sensor = 1/B7
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Table VI, Concluded

where A; is the denominator of the actuator lag for x;j, and B; is the
denominator lag for yj.

c¢) Transfer Function Numerators

N32 = Numerator of aNl/ 9A J Transfer Function

N 43 = Numerator of awz. 5/ aAD Transfer Function
N54 = Numerator of BNZ/ awF‘ Transfer Function
N64 = Numerator of 8P4/ BWF Transfer Function
N7 s = Numerator of 8T3/ BWF Transfer Function

In general, Nj,j/ Dqy is the transfer function for the i-th dependent variable,
y}, due to the j-th independent variable xj. Dg is the open loop denominator
of the turbofan engine dynamics.

2. Numerator for Fan Speed Control
(PB) = Ngo(8 +Ky,) (AgB,) (A,B.B.B,)
3. Numerator for Corrected Air Flow Control
(PC) = N,q(8 +Ky) (A,B,) (A,B.B B,)
4. Numerators for H.P. Rotor Speed Control

(PD) = (8 +Ky,) (P,), Bg[Ng, B, - (N2/2T3)N7 4Bs] (4,B5) (AB,)

(PE)

-8(Wg/Py), Ngy(BsBy) (A;B3) (AgB,)

Actually, TFAN has logic statements which omit certain actuator poles, Aj,
and sensor poles, Bj, from these equations if they are not affected by one of the loop
closures. For example, if only the Fan Speed Loop is closed, then (A3B4) and
(A 4l.’.5B6B7) are set to unity.
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FLOWCHART AND PROGRAM LISTING OF TFAN

Table VII defines the nomenclature used in the programming of computer
program TFAN, The flowchart for mainprogram TFAN is shown on Figure 6. The
printout statements are left out of the flowchart for clarity. The circled numbers in
Figure 6 correspond to the statement numbers in the Fortran H program listing of
TFAN shown on Table VIII,

FORMAT OF INPUT DATA FOR TFAN

The following pages (Table IX) show the format of input data for TFAN. The data
cards should follow the [//G.SYSIN DD*] control card and should be arranged as follows:

1. Title card, description of run in alpha-numeric characters which will be
printed at top of first page of print-out of the run. This card must be the
first card of each run.

2. Data cards for each run. All data must be real *4 variables and are read into
array F of main program TFAN. The relative locations of the variables
assigned to array F are described on the following pages. Blanks will leave
data from the previous run unchanged. A minus sign must be in Column 1
on the last data card for each run,

a. Special instructions for data entered into locations 2 through 9,
12 through 19, 22 through 29, 32 through 39, 42 through 49, and
52 through 59 (transfer function data):

(1) If FLG (location 10) = 0, then these locations contain the
coefficients of the indicated polynomials.

(2) If FLG# 0, then these locations contain the first-order lags,
wj, of the form supplied by P&WA, that is,

p(s) = g(1+8/w;) (1+8/wy) ... (1+8/w)

where g is the steady state gain of p(s). The wj 's are
destroyed by the program, and for the next run these
locations will contain the coefficients of the computed
polynomial p(s).

3. Repeat 1 and 2 above for as many runs as necessary.

4. The last card of the entire deck must contain/* in Columns 1 and 2.
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Table VII. List of Subprograms and Variables Used for TFAN

a) List of Subprograms Required for TFAN

Non-library:

1,

10.

11.

XPNP3
GENP

XPNTAU

pRTX?

rFLIp?

POLYX?

GpoL’

POLADD’

WRT®
a. WRTPOL®
PRIN®
STREAL®

a. STR35

in Fortran H for IBM 360

Expand a polynomial with three sets of first-order
lags

Generate a polynomial from data of the form given
by P&WA

Expand a polynomial with a given set of first-order
lags

Polynomial root extraction using Bairstow and
Newton-Raphson iteration algorithms

Reverse order of elements in an array
Multiply two polynomials

Multiply a polynomial by a constant
Add two polynomials

Print roots of a polynomial

Print coefficients of a polynomial
Print non-zero elements of an array
Store two arrays in one array

Store three arrays in one array

Library: for Fortran IV on IBM 360

12,

DECRD

Read variable length data in standard format

4Derveloped by J.C. Long of NAR/Space Division.

5Subprograma originally developed for ALODES's I and II, Automatic Linear
Optimal Design and Evaluation, computer programs.
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Table VII. (Cont)

b) Arrays of Variables used in TFAN

DA

N32

N43

N54

Né64

N74

KAN1

KWN2

TA2

TA3

TA4

TB3

TB4

TBS

TB6

TB7

D
a

N32

Nyg

N54

N64

N74

Kani

Kaw

Open loop denominator polynomis.l6

Numerator polynomial6 of aNl/ 0A . transfer function

J

Numerator polynomial6 of OW_ ./0A_ transfer
. 2.5 D
function

Numerator polynomial6 of 8N2/ oW

F transfer function

Numerator polynomiza.l6 of oP 4/ E)WF transfer function

Numerator polynomia,l6 of aT3/ awF transfer function

Control gains for Fan Speed Control

Control gains for Corrected Air Flow Control

Control gains for H. P. Rotor Speed Control

Time

Time

Time

Time

Time

Time

Time

Time

constants of A J actuator
constants of AD actuator
constants of WF actuator
constants of N1 sensor

constants of W2 sensor

.5
constants of N2 sensor

constants of P4 sensor

constants of T3 sensor

6Polynomials expressed either in terms of (1) the coefficients of the polynomial,
or (2) the time constants and gain of the polynomial, See input data format for

TFAN.,
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Table VII. (Cont)

F

TITLE

PA, PB, PC,
PD, PE

RA, RB, RC

RR, CC (Complex)

HA = (A,, B,)
HB = (A,, B,)
HC = (A,, By,

B,, B,)

Real *4 Variables

FLG
G32

G43

Gb4

G64

G74

N1

Array for the input of data using DECRD

Title of run in alpha-numeric characters
(up to 72 characters)

Arrays used for the temporary storage of the
coefficients of polynomials in intermediate
computations

Arrays used for the temporary storage of
coefficients of polynomials used to compute closed-
loop characteristic polynomial

Arrays used for the temporary storage of the real
and complex roots of a polynomial

Array used to store time constants of actuator and
sensor of Fan Speed Control Loop

Array used to store time constants of actuator and
sensor of Corrected Air Flow Control Loop

Array used to store time constants of actuator and
sensor of H, P. Rotor Speed Control Loop

# 0 if data entered in form supplied by P&WA

Steady-state gain for aNl/ 9A; transfer function

Steady-state gain for 8W, 5/ A, transfer

function

Steady-state gain for aNz/ awF transfer Used only
function if FLG# 0.
Steady-state gain for 8P4/ oW transfer

function

Steady-state gain for 8T3/ OW , transfer
function

Integrator gain for Fan Speed Control Loop
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Table VII. (Cont)

d)

KN2

P4 =

WF =

d

CPO

SF

(W

(N

w1 Integrator gain for Corrected Air Flow Control Loop

NO Integrator gain for H, P. Rotor Control Loop

(P 4)0 Initial Steady State Value of P 4

. Used only for
F)0 Initial Steady State Value of WF H.P. Rotor
Speed Control
2)0 Initial Steady State Value of N2

(T3) o Initial Steady State Value of ’1‘3

1.0 if coefficients of closed loop characteristic polynomial
printed out.

Scale factor for roots (used as a dummy argument when
calling subroutine PRTX)

Integer *4 Variables

NDA

NN32

NN43

NNb54

NNé64

NN74

NTA2

NTA3

NTA4

NTB3

NTB4

Degree of open loop denominator polynomial, Da

Degree of numerator polynomial of aN 1/ 0A  transfer function

J

Degree of numerator polynomial of 8W2' 5/ aAD transfer function
Degree of numerator polynomial of aNz/ E)WF transfer function
Degree of numerator polynomial of 0P 4/ awF transfer functioﬁ
Degree of numeratorvpolynomial of aT3/ GWF transfer function
Number of time constants for A J actuator

Number of time constants for AD actuator

Number of time constants for W g actuator

Number of time constants for N1 sensor

Number of time constants for W2 sensor

I5
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Table VII. (Cont)

NTB5 Number of time constants for N2 sensor
NTB6 Number of time constants for P4 sensor

NTB7 Number of time constants for T3 sensor

NAN1 Number of control gains K AN1 for which root locus is computed

NAW Number of control gains K A for which root locus is computed

w

NWN2 Number of control gains KWNZ for which root locus is computed

The following integers are used for indexing only: I, NA, NB, NC.

The following integers are used to indicate degree of polynomials for
intermediate computations:

NPA, NPB, NPC, NPD, NPE, NRA, NRB, NRC

Example: NPA indicates that the first (NPA + 1) locations of array PA are
used to store coefficients of a polynomial.

The following integers are used to indicate the number of locations used in an
array for intermediate computations:

NHA, NHB, NHC, NCC, NRR

Example: NHA indicates that the first (NHA) locations of array HA are being
used for computation.

List of Logical Constants for TFAN

Logical constant is . TRUE, if the expression to the right of the colon
() is true; . FALSE, otherwise.

Symbols: a|b means a or b; a & b means a and b.

LA: NAN1 >0 Fan Speed Control Loop closed

LAN: NAN1 =0 Fan Speed Control Loop open

LB: NAW >0 Corrected Air Flow Control Loop closed

LBN: NAW =0 Corrected Air Flow Control Loop open
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Table VII, Concluded

LC: NWN2 >0 H. P. Rotor Speed Control Loop closed

LCN: NWN2 = 0 H.P. Rotor Speed Control Loop open

LDN: KNl =0 No integrator gain in Fan Speed Control Loop
LEN: KW =0 No integrator gain in Corrected Air Flow Control Loop
LFN: KNZ =0 No integrator gain in H. P. Rotor Control Loop

LH: (LDN & LEN & LFN) |(LAN & LBN & LFN) |
(LBN & LCN & LDN) | (LAN & LCN & LEN)

If LH is true, then a free s term can be factored out.
LJIN: [(WF)0 = 0]|[(By, = 0] No P, term in H.P. Rotor Speed Control
See Equations,

LP: CPO=1 If true, then coefficients of closed loop characteristic
are also printed out.

EXAMPLE CASE USING TFAN

The example case used is for a typical turbofan engine operating at sea level,
zero Mach, and military power setting. The necessary transfer function polynomials
required for the H, P, Rotor Speed Control (Figure 5c) are:

D, = (1+8/1.8)(1+8/14)
N, = 0.54

Ng, = 0.08(L+8/4)

N, = 0.016

The initial conditions are:

(®,),

354.7 psia

(W 5822.2 1b/hr

F)o
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‘ START ,

DO5s1I=1, 170

_

F(N) =0

10

ZERO OUT INPUT DATA ARRAY F

300 ) SEE LAST PAGE
OF FLOWCHART

( rean: T

)

READ IN VARIABLE LENGTH DATA
CALL DECRD(
) INTO ARRAY F
L
EQUATE VARIABLES TO SPECIFIED SEE INPUT DATA

LOCATIONS IN ARRAY F

FORMAT FOR TFAN

L

COMPUTE LOGICAL CONSTANTS SEE TABLE Vlle

F

WRITE ERROR MESSAGE:
NO CONTROL GAINS SPECIFIED

®

Figure 6. Flowchart of Main Program TFAN
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STORE A2 AND B3 IN ARRAY HA

STORE A3 AND B4 IN ARRAY HB

STORE A4, BS' BG AND B'7 IN ARRAY HC

CALL GENP FOR Da

IF (LA) CALL GENP FOR N3

2 GENERATE POLYNOMIALS
r FROM DATA OF THE
IF (LB) CALL GENPFORN FORM SUPPLIED BY P&WA

IF (LC) CALL GENP FOR

d
N54. Nﬁ4 an N'74

Figure 6. (Continued)
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|

STORE: PA =D
COMPUTE :
DENOMINATOR PA =1D_
FOR ROOT

LOCUS ‘

PA = IDa (A B (AaB 4)LB (A4BSB 637)

LAN T
F
P

STORE: PB = N32

T
COMPUTE
NUMERATOR F

FOR FAN SPEED < B = 4+
CONTROL LOOP a2 O+ K
PB=Ngo (84 Kyyp) (A8 5 (A BB B
\ &

Figure 6. (Continued)

T (A2B3)1 A means (A2B3) is included in the polynomial if LA is true, etc.
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o

STORE: PC
COMPUTE NUMERATOR ¢
FOR CORRECTED <
AR FLOW 438 F Ky

CONTROL LOOP l

PC = N43 (s + I&v) (A2BS)LA (A4BSBGB_’)

-
:———. SEE NEXT PAGE
r

(P)N B

COMPUTE T
NUMERATOR (NgYo = 0| (T,
FOR H,P, ROTOR <
SPEED CONTROL
LooP ..
PE = -(N,P,/2T ) N, B

FD = (P, N B, - (N,P,/2T ) N, B,

Figure 6. (Continued)
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COMPUTE
NUMERATOR
FOR H,P. ROTOR
SPEED CONTROL
LOOP

P, FEEDBACK
TERM IN H, P,
ROTOR SPEED
CONTROL TO BE
ADDED TO
DENOMINATOR
FOR ROOT LOCUS

T
FROM PREVIOUS PAGE @ @ @

.

T
LH
F

PD = (84 K,) (P ) [N5 8- (N2/2T3) N, 435]

FD =PD(BY) (A8, (ABp

T
LN
F

'ORE: -
STORE: PE = (WF/P4)°N64

T
LH
<}

PE = - (W /P 4)9 N,

PE = PE(B.B,) (AR, 4 (AzB) 5

INITIALIZATION
FOR MULTIPLE
LOOP CLOSURES

IF (LAN) KAN1(1) =0,
IF (LBN) KAW (1) =0,
IF (LCN) KWN2(1) = 0,

(=)

Figure 6. (Continued)
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\

» DO 300 NA = 1, NAN1
| I
STORE: RA = PA FAN SPEED
®  CONTROL LOOP
CLOSURE
RA =RA + K
. )
—— DO 300 NB = 1, NAW )
|
STORE: RB =RA
. CORRECTED AIR FLOW CONTROL
LBN T LOOP CLOSURE
F

— DO 300 NC = 1, NWN2
|
STORE: RC =RB H, P, ROTOR

T > SPEED CONTROL
LOOP CLOSURE
F

RC =RC + KWNZPC

el

EXTRACT ROOTS OF POLYNOMIAL RC

COMPUTE CLOSED LOOP
POLES OF ROOT LOCUS

READ MORE DATA;
300
@ IF NONE, STOP,

Figure 6. (Concluded)
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(N)), = 12,800 RPM
(Tg), = 619.42°R
The integrator gain is set at K,,, = 1.0 sec L.

N2
Control gains for the other control loops are set to zero, i.e.,

Kana = Kaw = 0

The actuator and sensor lags are:

A, = 0.02 (s + 50)
B, = 0,05 (s + 20)
B6 = 0.02 (8 +50)
B7 = (8+1)

The following computer print-out (Table X) shdws the computation of the root
locus for the H, P. Rotor Speed Control, for control gain KwN2 varying from 0. to
0.5. A plot of the root locus for this case is shown on Figure 7.
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Table VIII. Fortran H Program Listing of TFAN

c MAIN PROGRAM : 00000030
C ROOT LOCUS FOR MULTIPLE LOOP CLOSURES FGOR TURBOFAN ENGINE 00000040
C Eeles LUM, FEBRUARY 1968 0000N0SC
o 00990060
IMPLICIT LOGICAL®*4(L) ¢0000070
COMPLEX®*8 CC(10) ©0900180
REAL*4 DA(8) ¢N32(8) {N43(8) ,N54(8),N64(8),N74(8) 000000 90
"REAL®4 KAN1(19) ,KAW(19) yKWN2(19),KNL KW KN2,N2,TITLE(1B),F(1T7C) 09000100
REAL®4 TA2(4),TA3(4),TA4(4),TB3(4),TB4(4),TB5(4),TB6(4),TBT(4) 0N000110
REAL*4 PA(20),PB(20),PC(20),PD(20),PE(20) 00000120
REAL*4 RA(20) RB(20) 4RC(20) ¢HA(B) 4 HB(B) 4HC(16),RR(20) 00900136
COMMON /C MB/HA HB oHC ,NHA , NHB, NHC cONoN1 50

_ _EQUIVALENCE (F(2)4DA) (F(12)4N32),(F(22),N43), (F(32),N54), 00000160
T O TTTUFC42) JNOLT S (FL52) oNTG) o (FL61) P&, (F(62)WF ) (FI63)4N2), ) c00n011¢
2(F164),T3) o(F(66) yKNL) , LF(6T) ,KN), (F(68),KN2), (F(T2),KAN1) ¢0000180

 34IF(92) +KAW) o (F(112) ,KWN2),(F(132),TA2),(F(137),TA3}),(F(142),TA4) 00000190
4o (F(L4T),TB3) y(F(152) 4TB4),(F(157),TB5),(F(162),TB6),(F{167),TBT) 00000200

o 5S¢ (F(10),FLG) 4 (F(20)4632) ,(F(30),643), (F(40),G54), (F(50),G64) 00009294
@ 64(F(601,674) 4(F(65)4CPO) | 00000206
=i, o ' ' - 00000210

P=e TRUE.. 00900220

] oo 5 1=1,170 00000224

5 F(Ir=0, 00000226

10 READ(5,20) TI TLE 00€00230

20 FORMAT(18A4) _ A 00020240
WRITE(6,30)TI TLE ' 00019250

30 FORMAT(1H1,4X,°ROOT LOCUS FOR MULTIPLE LOOP CLOSURES FOR TURBOFAN 00000260
1ENGLNE *//5X 418A%) 60000270

CALL DECRD(F) | 00009280
WRITE(6,40) 00000290

40 FORMAT(1HO %X, *NON—ZERG INPUT DATA*//4(10X,* I?,TX,*F(I)?,5X)) 0909030C
CALL PRIN(F,170) ancoo3in

NDA=F (1) €0900320
NN32=F (11) | ¢6900330
NN43=F(21) 0019340
NN54=F(31) . 0110035¢C
NN64=F (41) 60600360
NN74=F (51) c0cN0370




L9

50 FORMAT(1HO,4X,0PEN LOOP, NO CONTROL GAINS SPECIF[EU')

60

62

RANL=F(T1)
NAW=F(91)
NWN2=F (1110 ~
NTA2=F(131)
NTA3=F(136]
NTA4=F(141)
NTB3=F(146)
NTB&=F (151)
NTB52F(156)
NYB6=F (161}
NTBT=F(166)
RA(1)=1,
LA=NAN1.GTe0
LAN=.NOT. LA

ﬁtﬂllG Te0
LBN=, NOT, LB
LC=NUN2,GT.0
LCN=, MOT.LC
LON=KNl.EQeO.
LE “'K“.E Q. 0o

Table VIII.

o£0a0s

(Continued)

LH’LDN-AND.LEN.AND-LFN-ORoLAN.AND.LBN.AND.LFN.OR.LBN.AND.LCN.AND.
"1LDNe ORo.LANeo ANDe LCNe ANDe LEN
LIN=WFoEQeDee ORe P4e EQ.00

IF(LAOR. LBeOR. LC)GO TO 60

WRITE(6,50)

G0 T0 10

IF{LA)CALL STREAL(TA2,NTA2,TB3,NTB3,HA,NHA)
IF(LBICALL STREAL(TA3,NTA3,TB4,NTB84,HB,NHS)
IFCLC)ICALL STREAL(TA4,NTA4,TB5,NTBS,HCyNHC)

IF{LC)CALL STR3(HC,NHC,TB6,NTB6,TB7 ¢NTBT,HC,NHC)

IF(FLG.EQe 04 1GO TO 65

WRITE(6,62)

00000380
€0000390
00000400
00000410
00000420
00009430
00000440
00000450
00000460
00000470
00000480
00000490
00000500
00000510

000060520

00000530
00000540
00000550
00000560
00000570

"(0000580

00000590
00000600
00000610
00000620
00000630

00000640

0000Q650
00000660
00000670
00010680
00000690
00000692
€0000694

FORMAT(1HO 42X, *OPEN LOOP TRANSFER FUNCTION POLYNOMIALS GENERATED')C0000696
CALL GENP{DA+NDAyle s 'DA(S)
IF(LA)CALL GENP(N32,NN32,G32,*N32(S) *,2)
IF(LB)CALL GENP(N43,NN&3,G43,*'N43(S) *,2)

€C2000698
00700 T00
cNNN0T02
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Table VIII.. (Continued)

IF(LCICALL GENP(NS544NN54,G54,*N54(S) *,2) 00900704
IF(LC)CALL GENP{N64 ¢NN64 +G64 4 *N6L(S) *42) " 00000706
IF(LC)CALL GENP(NT4,NNT4GT4,*NT4(S) *4,2) ) T ¢o000708
COMPUTE DENOMINATOR, PA(S) 00000714
65 CALL GPOL(DAyNDA,1l, oPA,NPA) 00000716
IF(LH)GO YO 70 00000720
NPA=NPA+1 00000730
PA(NPA+1) =0, 00000740
70 CALL XPNP3(PA,NPA,LA,LB,LC,*OPEN LOOP DENOMINATOR, PA{(S)*, T, ~~ ~0000OT50
1°0PEN LCOP POLES ',4,810) 00000760
IF(LANIGO TO 120 00000770
WRITE(6,80) 000001780
80 FORMAT(1HO,2X,'FAN SPEED CONTROL LOOP CLOSED') 00000790
CALL GPOL(N32yNN32,1e+PBsNPB) 00000800
" IF(LON)WRITE(6,90) ' - T 700000810
90 FORMAT(1HO,4X,*NO INTEGRATOR IN FAN SPEED LOOP* ) 00000820
IF(LHIGO TO 110 €0000830
WRITE(6,100)KN1 o 00000840
100 FORMAT{1HO y4X 4*INTEGRATOR GAIN, KN1=',G12,5) 00000850
RA(2)=KN1 ' 00000860
CALL POLYX(PB,NPB,RA,1,PB,NPB) - ’ T T T T T"o00008T0
11C CALL XPNP3(PB ¢NPBy LAN,LB,LC,"NUMERATOR ASSOCIATED WITH KAN1l, PB(S)00000880
1 *",10,'ZEROS ASSOCIATED WITH KAN1 *,T7,E1C) . B 00000890
120 IF(LBN)IGO TO 170 ’ 00000900
"WRITE(6,130) 00000910
130 FORMAT(1HO,2X,*CORRECTED ALR FLOW CONTROL LOOP CLOSED®) 00000920
CALL GPOLIN43,NN4341e yPCoNPC) T 00000930
IF(LEN)WRITE(6,140) 00000940
140 FORMAT({1HO +4X,*NO INTEGRATOR IN CORRECTEC AIR FLOW LOOP®) 00100950
IF(LH)GO TO 16C o " 00000960
WRITE(6,150) KW 00000970
15C FORMAT(1HC s4%X+*INTEGRATOR GAIN, KW=',G1245) C0000980
RA(2)=KW ' ’ T 00000990
CALL POLYX(PC  NPC,RA,1 ,PCyNPC) ' 00001000
16C CALL XPNP3(PC NPC,LA,LBN,LC,*NUMERATOR ASSOCIATED WITH KAW, PC(S)*'00NO101C
199, 'ZEROS ASSOCIATED WITH KAW 'y 7,610} 0000192¢
170 IF(LCNIGO TO 240 00001930

WRITE(6,18C) 00001040
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Table VOI.~ (Continued)

180 FORMAT(1HO,2Xe'He Pe ROYOR SPEED CONTROL LOOP CLOSED') LLDL L)
CALL GPOL{N54 ,NN5% ,P4%,PD,NPD) 00001060
“CALL XPNTAU(TBT,NTBT,PD,NPD,NPD] T o 00081070
IF(N2.EQeOceDRe T3, EQe0a1G0 TO 190 00091080

i "CALL GPOL(NT4&,NNT4 ,~N2/2,%P4/T3,PE,NPE) 00001090

" CAILL XPNTAU(TBS yNTBS ¢ PE ,NPE yNPE) 00001094
CALL POLADD( PO ¢NPDyle ¢PE¢NPE,le o PD, NPD) 00001096

190 IF(LFN)WRITE (6,200) 00001100

200 FORMAT(1HO ,4X,*NO INTEGRATOR IN HeP. ROTOR SPEED LUDP'! T 00001110
IF(LHIGO 10O 220 00001120
WRITVE(6,210) KN2 00001130

210 FORMAT{1IMC ,4X,*INTEGRATOR GAIN, KN2=',G12.5) 00001140
RA(2)=KN2 00001150
CALL POLYX{PD,NPD,RA,1,PD,NPD) ' _ 00001160

7220 CALL XPNTAU(TB6 {NTB6,PD,NPD,NPD) ’ ' o ‘000011 70

CALL XPNP3(PC,NPD,LA,LB,LCN,*NUMERATOR ASSOCIATED WITH KWN2, PD(S)00001180

1 *910,°ZEROS ASSOCIATED WITH KWN2 *,T7,£10) 0000119C

, IF{LINIGO TO 240 h ’ B o 700001200

CALL GPOL(N64 (NN64 ,—WF/ P& ,PE,NPE) 00001210

IF(LM)GO TO 230 . _ 00001220
SNPEST - o e e e — —OOOBIZI0
PE(NPE+1)=0, 00001240 -

230 CALL STREAL{TBS NTB5,TBT,NTBT,RA,NRA) 00001250

T CALL XPNTAUURA,NRA,PE,NPE,NPE) T 00001260

CALL XPNP3(PE NPE,LA,LB,LCN,"NUMERATOR ASSOCIATED WITH P4, PE(S) *0000127T0

1,9,°ZERDS ASSOCIATED WITH P4',6,E10) o 00001280

C MULTIPLE LCOP CLOSURES S T T T T T 00001290

240 IF(LAN)KAN1(1)=0. T 00001300
IF(LBN)KAW(1) =0, 00001310
IFCLCNIKWN2(1) =0. ’ 00001320
LP=CPO.EQ. e 00001325

. WRITE(6,250) TITLE 00001330

250 FORMAT(1H1 4X,18A4//5X,*BEGIN LOOP CLOSURES?) ' T 00001340
DO 320 NA=1,NAN1l 00001360
CALL GPOL(PA4NPA,l1, sRA,NRA) c0001365
IF(LANIGO TO 260 - 00001370
CALL POLADD(PB,NPB,KANL (NA) yRAy NRAy 1oy RA,NRA) 00001380

260 DO 300 NB=1,NAW _ 00001390
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Table VIII.

CALL GPOL(RA,NRA,1, yRB,NRB)

IF(LBNIGO YO 270

CALL POLADD(PC,NPC ,KAW(NB) ,RByNRB, 1o RB,NRB)
270 IF(eNOTeLJNe ANDe LCICALL POLADD(PE,NPEyle9sRByNRB, 1o9RByNRB)

DO 300 NC=1,NWN2

CALL GPDL(RB.NRBvl.oRCoNRCl

IF(LCN)GO TO 280

CALL POLADD(PD 4NPD yKWN2(NC) 4RCyNRCy1leyRCyNRC)

(Concluded)

280 WRITE(6,290) KANL (NA) yKAWINB) 4 KWN2INC)

29C FORMAT(1HO//2X,*CCNTROL GAINS: KAN1=',G12,5,"'

=1961245)

IF(LPICALL WRTPOL(RC yNRC, *CLOSED LOOP DENDMINATOR *,6)
CALL PRTX (RCoNRCyRRyNRRyCCyNCCy5041.E6,5F,£10)

300 CALL WRT({RRyNRR,CCsNCC,'CLOSED LOOP POLES

TWRITE(6,310)

310 FORMAT(1HO 44X, "END OF LOOP CLOSURES?*)

GO T0 10
END

KAW="' 9 G1265+"*

00C01400
0000141¢

00001420

€0001430
00001440
00001450
0001460
00091470
00001480

+ KWN200001490

00001500
00001510
00001520
00001525

- 00001530

00001540
00091550
00001560
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Table IX. Input Data Format for TFAN

DECX NO.__DATA PROGRAMMER _E, L, LUM

DATE_6-30-08 pAGE_Ll___ot_S$

FORM 14-C-17 REV. 7.88

NUMBER IDENTIFICATION DESCRIPTION DO NOT KEY PUNCH
] Title card - - Must be first card of run
: of run
in alpha-mmeric
|-‘—"| characters
e
' identification 1———Relativedata field location in array F of main program TFAM
]
3]  |NDA Deggee of open-loop denominator, Dy(s)
@ DA(1) Varishle names Open-loop denominator polynomial, Dy(s)
] assigned toadsta See special instructions on previous page.
(8) fipldd showba
€] lre . See special instructions on previous page.
L
o] jos Degree of mmprator, Noa}
e Insaq) Rumerator pdlynomial Ngg(s) =ON; /Ay
El for Fan fipbed Comtral .
o xsae) See spécial Irptructions ou.previcus page.
L Gain of Nyz(s), used only if FLGAO
L
=] s Degree of mmerator, Ng3(s)
Bl usq) Namerator polynomial Nys(s) = 8W3 s/@Ap
: & for Corrected Air Flow Control.
[N43(8) See special instructions on previous page.
O Joos , . Gatixd Ngg(s), used only if FLGHO.




rnospamuen __E.L, LUM

Table IX. (Cont)

Gare 00000 vam ) o 0 _ome.

NUMBER IDENTIFICATION | OESCRIPTION 0O MOT REY PUNEH
- ‘ ‘ ees 4
L o)) : 33 | Namerator polynsenial, ¥gos) =OMy/Wy
E for H. P, Boter Speed Contrel
o wsum 39 | See spectal metrustiens
[ 40 Gain of Ngy(s), used ealy 8f FLO/S.
! 61
' e— N
H w1 Numarstor polynomisl, Mgy(s) =P OWy
=N
%m_ See special instrecticas
Gt Md&g&“mﬂ#
l [}
: T4 Degree of mmerator, Nyg(s) .
B |weq) Namevitor polysymial, Wigfs) = 0Ty/OWy
= ] for . P, Boter Speed Contrel
ey See special instrections
anu Gatn of Nyy(s), weed euly i FLOAS _
- 61
CHM (Pa), 1aitial steady-state valne of P
gf“ - " " w ey Foe P,
" n m m e Rotor Speed
"™ | LR & Coutrol Only
ELcro L ] print option, 1. if print-out desired




oecx w0 DATA _  ppogrammen _E.L. LUM

Table IX. (Cont)

DATE S-30-68 page_2 o 8 __ 08w

NUMBER IDENTIFICATION DESCRIPTION DO NOT KEY PUNCH
]
1 |xa 66 Integrator gain K, for Pun Sgeed Contrel
| KW L wwmmmw
KN3 (1] wpugnul.r.mwm
Not Used L
1 | Not Used
L] 7
! NAN1 No.dmdml‘nﬂo.llhwuqqu
a KAN1 (1) Mdmﬂu-lmhv“ehd-bq
@ characteristic is computed for Fan Opeed
E Control Loop.
) 3
1
2 | xaw 91 of control K, o; 0. if Corvected Alr Flow
EAW(Q) 92 | Bet of control gatns K, for which clased loop
characteristic is computed for Corrected
a Alr Flow Control Loop.
sl |xawas) l 110
L 1
%‘ 111 No. of control geins, Ky o: 0. 1 I. P. Rotor Speed Loop open
) 3 113 luolemolpl-l.nbrvlddnd-loq
'ﬂ characteristic is computed for K, P. Rotor
& Speed Coatrol Loop.
E M mi

PORM 14-CA7 REV. 758
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DECK NO._ DATA

Table IX. (Cont)

PROGRAMMER E.L LUM DATE _6-30-68 pageg 4 o 6 JOB NO.

NUMBER IDENTIFICATION DESCRIPTION DO NOT KEY PUNCH
\
3 |nTaAs 131 No. of time constants for A,
TAZ(1) 132 )
[’—1 o 133 | Set of time constants for
134 | A; actuator 1/A3 for Fan Speed Control,
ey TA24) 135 |
13
B} INTAS 136 _ No. of time constants for A
lesf TAS(1) 137
37 138 | Set of time constants for
1 A Flow Control
1 lTasw 140
OEA T
I'—s NTA 1;1 No. of time constants for A%
2 'r%(n 142
@ 143 | SBet of time constants for
| _ 144 [W, actustor 1/A, for H.P. Rotor Speed Control
Sl iTad4) 145 '
! 1 4
2 NTB3 146 No. of time constants for B,
2, ) 147 )
2 148 | Set of time constants for N, Sensor 1/B,
[ e 149 | for Fan Speed Control M
lﬂ ™m3¢d) , . . ., . . . . — 150 j

FORM 114-C-17 REV. 7-88
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oEcK wo._ DATA

paocRammen_ 5. L. LUM

Table IX. (Concluded)

oarg_S90-68 g 8 o f

NUMBER IDENTIFICATION | DESCRIPTION DO NOT KEY PUNCH
of 1
NTB4 151 No. of time constats for B,
| TRAL) 152 | _
153 of time for W
by for Corrected Air Flow Coutrol
1 | _
(] 1
A | nmes 156 No. of time constants for By
TB5(Q1) 187
&1 158 | et of time comstants for N, sensor 1/B,
o 159 [ for H. P, Botor Speed Coutrol
J TBS(4) 160
a 1
! | wres 161 No. of time constants for B,
< HET 162
ii—’l P, semsor
e 164 | for H. P. Rotor Speed Control
Er 165 )
: 1 Mims sign must be on last card of run,
™ | nrer 166 No. of time constants for B,
Q 167 )
& 168 | Set of time constants for T, gensor 1/B,
169 | for H, P. Rotor Speed Control
s TBI4) o . ) 170

PO 14-C-57 REY. 7-86
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Table X. Computer Printout for Example Case Using TFAN

ROOT LOCUS FOR MULTIPLE LUGP CLOSURES FQOR TURBDFAN ENGINE

EXANPLE CASE USING TFAN: He Po. ROTOR SPEED CGM’ROL

—NON=ZERQ INPUT DATA (SER FORMAT OF INFUT DATA)- By e

1 FLL) [ FLI L FUID I FUI)
1 2,50800 _ . . .. 2. 1480000 .. . .. 3_. 14,0000 _._ . ..___10 1.00000
40 0,540L30 41 1. 96000 42 400000 56 0. 300000E-01
60  Ce16L000E-91 61 3524700 62 5822, 20 63 12800,9
64 A19.420 65 1.0C006. ... 6B 100000 111 . 1440000
113 G.100C00E-02 114  0.2)0000E-02 115  0.300000E-02 116  0.50G000E-02
117 C.130000-01 118 0.230050E-01 119  0.300000E-01 120  0.500GG0E-01
121 0.7000CBE-al . . 122. .0.13000Q€ G8 . 123 00200000. . . 124  0.300000
125  0.500000 141 1.00000 142 04200000E-01 156 1.00000
157  0.500(00E-01 161 1.30000 162 0.2C0000€-01 166 1. 60000
161 ledCUO e [P o ——— . . .
N\
OPEN LOOP TRANSFER FUNCTION PCLYNCMIALS GENERATED
DA(S) o 7 o
POLYNOMIAL OF ORDER 2, COEFFLCIENTS IN DESCENDING ORDER OF VARIABLE
—_— 0,39682S83E=01  0.A269B843 __ _ _ __ 1. M0N0 - —_— RS .. -
N54(S) Polynomials gensrated
—_POLYNOMIAL OF QRDER 0.+ COEFFICIENTS .IN DESCENDING OROER OF VARIABLE ___,_byl’,:bmt;u GENP
045406000 S
No44-5) . [ P R L -
POLYNOMIAL OF ORDER 1, COEFFICIENTS IN DESCENDING ORDER OF VARIABLE
04749993 7€-02 Ge3C00900E-01
NT4LS) o
POLYNOMIAL OF ORDER 3, COEFFICIENTS IN DESCENDING ORDER OF VARIABLE |
—016430000E=01 e e e e o Y - -
.
OPEN LOOP DENOMINATOR, PA(S) h
.7+ COEFFICIENTS IN DESCENDING ORDER OF VARIABLE . .
0..7936504E-06 0s1035714E-03 Ue 520396 2E-02 0.1036072 068154953 Compute
16 716984 1 CGCCIC 0.0 open-100p
. S . e e e

OPEN LOOP POLES
NUMBER OF REAL ROOTS= 7
. =1e799993 . =leLJCAJ2 . . =19,99992. . . -=14400016 == = ~49,99997
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Table X. (Continued)

N

=49, 95986 0.0

HePe ROTOR SPEED CONTROL LOOP CLOSED

NUMERATOR ASSOCIATED WITH KwN2, PD(S)
...A_mmmmo&msa_sfmesu'uﬁms_mmom ORDER OF VARIABLE. { g:":::t“{"“‘?’
3, 750852 193, 9365 322.3364 132,1510 ! ocus

2

NUMBER OF REAL ROOTS= 3
=0.9999949 =0e.7346493 =50+ 00000 y

NUMERATOR ASSOCIATED WITH P4, PE(S)
POLYNOMIAL OF ORDER 4., COEFFICIENTS IN DESCENDING ORDER OF VARIABLE

=0.6190311E-02 =0,15415112 =0.6437926 = =0,495225]1 ..
ZEROS ASSOCIATED WITH P4

—  NUMBER OF REAL RCOTS= 4 G
=4.300005 -1+0490C00 -19.99997 0.0




Table X. (Continued)

EXAMPLE CASE USING TFAN, HePs ROTOR SPEED CONTROL

BEGIN LOOP CLOSURES

/_Mpi.nmuttouro. /—Vu-hbhnn
' V4 \
CONTROL GAINS: |[KAN1= 0.0 » KAW= 0.0 | » KWN2= 0.0

CLUSED LOUP DENOMINATOR :
POLYNOMIAL OF ORDER 7, COESFFICLIENTS IN DESCENDING ORDER OF VARIASLE

_mmmuﬁ_ww_&w__mﬂw-r-mmtu for. _
1073191 Oe 5041174S Je0 ?root locus, P4
ters added to
— CLOSED LOOR POLES - oo o e e i e e ...} OPeB~l00p -
NUMBER OF REAL ROOTS= 5 : dencainator
-1.060050 -14000072 -19.99988 -10+32411 0.0
—NUNMBFR OF COMPIFX PAIR ROCIS= ] . - -
-52.2G795 13.41269 /
\

CONTROL GAINS: KAN1l= U0 v KAW= 040 » KWN2= 0, 10000E-G2

89

CLOSED LOOP DENOMINATOR
POLYNJMIAL OF ORDER 7, COEFFICIENTS IN DESCENDING ORDER OF VARIASBLE

 Gel1936504E~05_ £elC85714E=33._ .. De5203962E-02 . 0.97416BBE=01 ___ 0a6644884 | _Pirst control ..
1.267127 0.8271112 0.1321510 gain change,
¢ Ky, = 0-001
ROLES - - . . e -
NUMBER OF REAL RCOTS= 5
-042333C40 ~1.230692 -1.003019 ~9.326349 -20.56915
___NUMBER OF COMPLEX PAIR ROOTS= 1. . . . ... oot
-52,19524 13.43EE7 )

CONTROL GAINS: KAN1= 0e9 ¢+ KAW= Q.0 » KWN2= 0,20000E-02

CLOSED LOOP DENOMINATOR
POLYNOMIAL OF ORDER 7, COEFFICIENTS IN DESCENDING ORDER OF VARIABLE

e UeT936504E=06  CL10R6T714F-03 0520398 2F-0i2  D,974168RF-01 = Ga.6682392 .

le461063 la149447 062643021
[ J

CLOSED LOOP POLES




Table X. (Continued)

NUMBER OF REAL ROOTS= 5

NUMBER OF COMPLEX PAIR ROOTS= 1
~52,18265 13, 46566

—mBe 304079 =l 668417 =21,04929

__CONTROL GAINS: KAN1= 0.0 o« KANE 0.0 o KMN2E 0o30000E=02

CLOSED LOOP DENOMINATOR

0.T7936504E-06 Q. 1085714E-03 0.5203962E-02 0.9741688E-01 066719901
1.655000 1. 471784 03964531

CLOSED LOOP POLES
NUMBER OF REAL ROOTS= S

- 3 =7,1590272 ____  _ =21,5200%
NUMBER OF COMPLEX PAIR ROOTS= 1
~52417001 13.49223

LONTROL GAINS: KAN]x 0.0 oKAMa 0,0 o KMN2s 0,50000E=02

CLOSED LOOP DENOMINATOR
0.7936504E-06 Qo1 085714E-03 0520396202 0.9741688E-01 0.6794918
2,042872 20116455 0.6607550

CLOSED LOOP POLES
NUMBER OF REAL ROOTS= 3

=0,9999928  _  =0,5159929 __ ___ =22,31532 _ . _.
NUMBER OF COMPLEX PAIR ROOTS= 2
44309188 1935585 -52.14510 13.54541

— COMTROL-GAINS: KAN1x 0o ., KAM® 0a8 . 4 KMN22 0,10000€-~0) . . _

CLOSED LOOP DENOMINATOR

0.7936504E-06 0.1085714E-03 04520396 2E-02 0.974168386-01 0.6902;61
3.012554 3, 728137 - 1321509
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Table X. (Continued)

CLOSED LOOP POLES
— NUMBER OF REAL ROOTIS=_ 3 __ . ... .. ... . ..

~069999968 -0..6435101 -23.92505
NUMBER OF COMPLEX PAIR ROOTS= 2
—  =3,532334  4,981354 =52,08340 13.67929
CONTROL GAINS: KANl= Ued . KAW=.0.0 ., KHWN2= 0. 250_665-01 T

POL YNOMIAL OF ORDER 7, COEFFICIENTYS IN DESCEM)ING ORDER OF VARIABLE

0. 7936504E-06 0.1085714E-03 045203962E-02 0.9741688E-01 067357545
40951920 6951502 - . 2,643021 . I e e
CLOSED LOOP POLES
IS= 3 -
-0.6751729 -0.5999958 =26e.33441

NUMBER OF COMPLEX PAIR ROOTS= 2
— =24631242 @ 3,66T241 0000 =5196394 13,95483 = =

CONTROL GAINS: KAN1= (.90 » KAW= 0.0 » KWN2= 0,30000£-01

_msmw_n&m - - — —e—
POLYNOMIAL OF ORDER T, COEFFLCIENTS IN DESCEND[NG ORDER OF VARIABLE
0.7936504E-06 0e.1085714E-U3 0.520396 2E-( 2 0.9741688E-01 07732631
5.891284 101246872 3.964531

CLOSED LOOP POLES
—  NUMBER OF REAL ROOTS=- 3 . __ e

-0.6852608 -0..9999567 -28.20828

NUMBER OF COMPLEX PAIR ROOTS= 2

=1o602321 9,3173E1 =851o880868 14423878 o e e
CONTROL GAINS: KANL= 0.0 , KAW= 0.0  , KWN2= 0.50000E~G1

POLYNOMIAL OF ORDER 7, COEFFICIENTS IN DESCENDING ORDER OF VAR!ABI.VEV
0.7936504E-06 0. 1U85T14E-03 Q¢ 52(G3962E~02 0.9741688E-01 08482801
10..77001 16662157 — _6eb607552 . Lo e - .
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Table X. (Continued)

CLOSED LOOP POLES

ISa 3
~009999901 =00 6531489 T =31.14755
NUMBER OF COMPLEX PAIR ROOTSs 2
— -0,3313532  11,S5170 - -1, A4R30 16.82947
CONTROL GAINS: KAN1= 0.0 . KAW= 0.0 ¢ KWN2= 0,T0000E-O1

POLYNOMEAL OF ORDER T, COEFFICIENTS IN DESCENOLNG ORDER OF VARIABLE

0.7936504E-06 0 1085714E-03 065203962E-02 0.9741688€E~-01 09232971
— 9,250572 B SR
CLOSED LOOP POLES
3
-0.9999917 -0 6564747 =33.45343
NUMBER OF COMPLEX PAIR ROOTS= 2
046600275 = 13,14132 = =51.48506 < 15.44758 : _

CONTROL GAINS: KANl1= 0.0 + KAW= 0.0 ¢+ KWN2= 0.10000E 00

POLYNOMIAL OF ORDER 7, COEFFICIENTS IN DESCENDING ORDER OF VARIABLE
0.7936504E-06 0.1085714E-03 0.520396 2E-0 2 0e9741688E-01 1.035822
20, 664681 32. 73839 13,.21510

CLOSED LOOP POLES
REAL

~046989459 -0.5559989 -36.16368
NUMBER OF COMPLEX PAIR RODTS= 2
b1 nsagsz ) 9 9467240 «51:32767 _Lb.ma.ﬁ:
CONTROL GAINS: KANl= 0.0 . KAN= 0.0 o KWN2= 0.20000 o 4__

POLYNOMIAL OF ORDER 7, COEFFICIENTS IN DESCENDING DROER OF VARIABLE
0.7936504E-06 0.1085714E-03 0+5203962E-02 0.97416B8E~01 1.410908
e 39486046 54e87203 26443020 ... ... . _ ____. o S
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Table X. (Concluded)

CLOSED LOOP POLES
— _ NUMBER OF REAL ROOTS= 3 — N -

-0.9999959 -C. 7018111 41042575
NUMBER DF COMPLEX PAIR ROOTS= 2

 4.677513  _ 18.8A580 -51,51349 19.44998

CONTROL GAINS: KAN1= 6.0 . KAM= 0.0 . KMN2= 0.30000 T o

POLYNOMIAL OF ORDER 7, COEFFLCIENYS IN DESCENDING ORDER OF VARIABLE
0.7936504E-06 0e1085714E-03 0652G3962E-C2 0.9741688E-01 1,785992

— — 59,256410 000 97,20566  39,64529 S _— e

CLOSED LOOP POLES

= 3 e e = o

-0.9999958 -0. 7027591 -43,87103
NUMBER OF COMPLEX PALR RODIS= 2
. =82,275065 @ 21.,91109 . _ _ .. _. _. .

CONTROL GAINS: KAN1l= 0.0 v KAW= Co0 +» KWN2= 0,50000

POLYNOMIAL OF ORDER 7, COEFFICIENTS IN DESCENDING ORDER OF VARIABLE
0.7936504E-06 0.1085714E-03 0.5203962E~: 2 0.9741688E-01 2.536162
9804141 161.61230 £6,07552 e e e

CLOSED LOOP POLES
-OF REAL R00TS=__3 . . _ el e o

-0.9999953 -0.7635168 46007709
NUMBER OF COMPLEX PAIR ROOTS= 2 :
- 5069562 Q. 5Ala60 25,0456 ... . ______ .

END OF LOOP CLOSURES

IHC21T1
—FRACEBACK FOLLOWS~— ROUFINE— ISN— REGw— 14— e e
1BCOM 82014108
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§-PLANE

— 30
TURBOFAN ENGINE, H.P. ROTOR SPEED CONTROL
IMAGINARY
0.5 SEA LEVEL, ZERO MACH, MILITARY POW R SETTING
K,ng VARYING GAIN
0.2
o. 1
Kz =
0. 005
-60 -50 -40 -30 -20 -10

Figure 7. Root Locus for Example Case Using TFAN




IV. NEW COMPUTER SUBPROGRAMS DEVELOPED FOR TJET AND TFAN

The following subroutines were developed specifically for use with main programs
TJET and TFAN to (1) expand polynomials with the appropriate sets of actuator or
sensor lags given in terms of time constants, and (2) to facilitate handling of data of
the form received from P&WA (See description of GENP). The following pages contain

1. Subroutine XPNTAU -~ Flowchart and program listing

2, Subroutine XPNP5 - Flowchart and program listing

3. Subroutine GENP - Flowchart and program listing

Subroutine XPNP5 is required for main program TJET only. Subroutine XPNP3
for main program TFAN only is similar to XPNP5 except that XPNP3 expands a
polynomial with up to three sets of first-order lag time constants rather than five sets

of time constants as in XPNP5,

DESCRIPTION OF SUBROUTINE XPNTAU

This subroutine is used to combine the appropriate actuator or sensor poles
with the polynomials used in computing the root locus. The actuator or sensor poles
are expressed as a set of first-order time constants. Subroutine XPNTAU expands a
polynomial p;(8) to the form

pn(s) = pl(s) (Tls +1) (125 +1). .. (7 8 +1)

ntau
The flowchart for subroutine XPNTAU is shown on Figure 8, and the Fortran H
program listing is shown on Table XI. The arguments for XPNTAU are:

TAU Array of time constants, v,, i=1, 2, . . ., ntau

i’

NTAU Number of time constants in array TAU

P Coefficients of polynomial to be expanded, Py k=1, ... np
NPI Initial degree of polynomial pl(s)
NP Final degree of expanded polynomial pn(s)

74



ENTER

NP =NTAU + NP1

POLYNOMIAL p_(s)

TURN NOT
EXPANDED

(NTAU = 0)] (NP =0

L=NP+1
M=NPI+1

F
NPI >0
T

DO20I=1, M

]
—

K=L-1+1 Pe

SHIFT INPUT POLYNOMIAL
P.(8); NTAU SPACES TO J =K - NTAU
R}GHT BEFORE EXPANDING T

WITH TIME CONSTANTS

Pk = pj

Figure 8, Flowchart for Subroutine XPNTAU
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r. DO 401 =1, NTAU

b, =0, | ZERO OUT FIRST NTAU
{ SPACES OF POLYNOMIAL P, (3)

40

L = NTAU + 1
—.I DO 501 =1, NTAU

L=L+1

al DO 50 K = L, NP
|

Py =Pt TiPyo1 EXPANSION ALGORITHM

50

RETURN: CORFFICIENTS AND
DEGREE OF EXPANDED
POLYNOMIAL pn(s)

Figure 8. (Concluded)
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Ll

Table XI. Fortran H Program Listing for Subroutine XPNTAU

- “SUBROUTINE XPNYAUUTAUCNTAU,P,NPT,NPY =~ ~ ~ T T T T T T TTTD1000010
(o THIS SUBROUTINE EXPANDS A POLYNOMIAL P(S) TO THE FORM D1000020
c PUS)I®(TAU(L) #S¢1) %, oo *({TAU(NTAU)®S+1) D1000030

"C DEVELOPED BY Eo.le.LUM FEBRUARY 1968 - 01000040
(o - D1000050
REAL®4 TAUL1),P(1) D1000060
= N - T T T DI0000T0
IF(NTAU.EQe 0o ORy NP EQe 0 ) RETURN D 1000080

L=NP+1 01000090

T TM=NPI+1 - T -/ T s T 'D1000100

DO 20 I=1,M D1000140
K=L-I+1 D1000150

J=K-NTAD D

20 PIK)=P( J) , D1000170

DO 40 I=1,NTAU . D1000180

T &0 P(DY=0. < T T S T T T T T T TTDYIog0190
L=NTAU+] - D1000200

D0 SO I=1,NTAU 01000210
=1 — _____oIoovzzo

DO 50 K=L.NP 01000230

50 P(K)=P(K)+P{K+1)*TAU(]) D1000240

) RETWRN ~——— —  ~— 7 7 =7 ) o T “"D1000250
END 01000260



' DESCRIPTION OF SUBROUTINE XPNP5

This subroutine is used to combine five or less sets of actuator and sensor
poles with a polynomial. The actuator and sensor poles are expressed as first-order
time constants. Logical statements are used to determine which poles are to be
combined with the given polynomial p;(s), i.e.,

p(8) = Dy(8) (A) 4 (B); g (O)1 ¢ D)y p (B

where (A)1,A means that the poles from set A are combined with pj(s) if LA is
true, etc. : '

The flowchart for subroutine XPNP5 is shown on Figure 9, and the Fortran H
program listing is shown on Table XII. The arguments for XPNP5 are:

P Polynomial to be expanded, p(s)

NP Initial degree of polynomial p(s); returned as final degree
of p(s)

LA, LB, LC, Logical constants, if true expands polynomial p(s) by

LD, LE first-order lags from set A, B, C, D, or E, respectively

TA Title to be printed with expanded polynomial p

NTA Length of title TA (Number of characters in multiples of 4)

TB Title to be printed with extracted roots of expanded
polynomial p

NTB Length of title TB (Number of characters in multiples of 4)

* Non-standard return in case of error in extracting roots

The variables that are passed by COMMON to simplify the programming and to save
time and storage are:

A, B, C, D, E Sets of first-order lags expressed in terms of time constants

NA, NB, NC, Number of first-order lags in set A, B, C, D, or E,
ND, NE respectively

DESCRIPTION OF SUBROUTINE GENP

This subroutine is used to facilitate data handling by converting transfer function
data of the form supplied by P&WA into coefficients of s-plane polynomials. The
transfer function data are expressed in terms of the first-order lag frequencies (aj)
and the final steady state gain (g) of the transfer function. Subroutine GENP generates
the coefficients of a polynomial of the form _
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a(s) = g(1+ s/al) (a+ s/az) cee (L + s/ana).

The flowchart for subroutine GENP is shown on Figure 10, and the Fortran
program listing is shown on Table XIII. The arguments used for GENP are:

A

NA

NT

Array of first-order lag frequencies, aj, i=1, 2, ..., na; also
array in which generated polynomial is returned, a(s)

Number of first-order lags in A
Steady state of expanded polynomial a(s)
Title to be printed with expanded polynomial a(s)

Length of title T (Number of characters in multiples of 4)
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EXPAND py(s) by SET A

EXPAND p(s) BY SET B

EXPAND p(s) BY SET C

EXPAND p(s) BY SET D

Figure 9. Flowchart for Subroutine XPNP5
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F EXPAND p(s) BY SET E

3

PRINT COEFFICIENTS AND DEGREE
OF EXPANDED POLYNOMIAL
P(1) AND TITLE, TA

|

EXTRACT ROOTS OF POLYNOMIAL p(s)

PRINT ROOTS OF EXPANDED POLYNOMIAL
ps) AND TITLE, TB

®

RETURN: COEFFICIENTS AND DEGREE
OF EXPANDED POLYNOMIAL, p(s)

NON-STANDARD RETURN IN CASE OF
ERROR IN EXTRACTING ROOTS

Figure 9. (Concluded)
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Table XII. Fortran H Program Listing for Subroutine XPNP5
_ . __SUBRDUTINE XPNPS{P ;NPsLAsLB:LCoLDsLE;,TASNTA,TB,NTB, %) . — ..Xpooaaio
C THIS SUBROUTINE EXPANDS A POLYNOMIAL WITH UP TOD FIVE SETS OF X0000020
1 DYNAMIC LAGS SPECIFIED BY TIME CONSTANTS. X0000030
- .. — v . ) X0000040
LOGICAL®4 LA,LB,LC,LD,LE X0000050
COMPLEX*8 CC(10) X0000060
—  REAL*S PI1).FALL) - TBC1D A(4),8(40,Cl{401:D{(4£),E(4),RR({20) . XQ000070
COMMON /CMB/AsB4CoDsEyNA,NBoNCoNDy NE X0000090
IFCLAMCALL XPNTAULANA,P ,NP,NP) X0000100
oo IFC(LBICALL XPNTAU(B,NB,P NP oNP) X0000110
IF(LCICALL XPNTAUIC,NC,P NP NP) X0000120
IF(LDICALL XPNTAU(D,ND,PsNP,NP) X0000130
. IFGLEICALL XPNTAULELNE.;P2NPsNP) — e eel .. ... .. _K0000140
. CALL WRTPOLIP,NP,TA,NTA) : X0000150
N CALL PRTX (P NP ,RR:NRR,CC,NCCy5051.E6,1.,£10) X0000160
.. . CALL NRT{RRsNRR,CCNCC,TB,NTB) X00001 65
RETURN X0000170
10 RETURN 1 X0000180

- -..-ENO . .. . —_ ~ . X0000190




Bt DO 201=1, NA

CONVERT FREQUENCIES, a ¢

r =1/a
1 INTO TIME CONSTANTS, 1

1
EXPAND a(s) IN TERMS OF
TIME CONSTANTS 1

NA TIMES, AND MULTIPLY
BY GAIN,g.

PRINT COEFFICIENTS OF GENERATED
POLYNOMIAL a(s), AND TITLE, T

l

RETURN: COEFFICIENTS AND DEGREE
OF GENERATED PLYNOMIAL, a(s)

Figure 10. Flowchart for Subroutine GENP
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Table XIII. Fortran H Program Listing for Subroutine GENP

o SUBROUTINE GENPUA,NA(G,ToNT)
c THIS SUBROUTINE GENERATES A POLYNOMIAL OF THE FORM
C G*(1+S/ATL))(14S/A(2))aea {14S/AINAD)
¢ A1) (1+5/7A1L2 /AN o i
REAL*®4 Al1F,T(1),R(8)
IF (NA« LT, OVRE YURN
— TFINALNE.01GO YO 10
A1) =G
GO TO 30

10 DD 20 I=1,NA
20 R{I)=1,/AL1)
All) =1,

x1000810
X1000020
X1000030
X1000040
X1000050
X1000060
X1000070
X1000080
X1000090
X1000100
X1000110
X1000115

CATL XPNTAUTR,NAA,0 ,NAY
CALL GPOL(ANAGoA.NA)
30 CALL 'RTPOL(A.“A.T NT'
" RETURN
END

x1000120
X1000130
X1000140

- X16001%0

X1000160




V. CONCLUSION AND RECOMMENDATIONS

Computer programs TJET and TFAN have been valuable in the linear control
analysis for the Propulsion System Flow Stability Program. The efficiency of these
programs are such that many flight cases can be evaluated in a relatively short time
to achieve the primary goal of designing rapid responding closed loop control systems.

The reasons that TJET and TFAN were developed rather than using an existing
root locus computer program for the analysis are:

1,

3.

Some control loops (the turbojet rotor speed control, and turbofan high

pressure rotor speed control loops) have more than one feedback, which
requires more thanone computer run on a general root locus computer

program. TJET and TFAN combine all the necessary polynomial terms
for the root locus analysis of these control loops automatically in

one computer run, '

Data handling is facilitated by (a) the conversion of transfer function data
of the form supplied by P&WA in terms of the natural frequencies and
steady-state gains into s-plane polynomial coefficients, (b) the actuator
and sensor time constants for each control loop is combined automatically
with the appropriate polynomial terms, and (c) all gains due to transfer
function dynamics, actuator and sensor lags and initial operating point
data are computed correctly, eliminating the time consuming process

and reducing the probability of error in computing the correct gains by
hand calculations.

Each control loop and control gain in the print-outs of TJET and TFAN
are identified as such for easy reference.

It is recommended that the following modifications and additions to TJET and
TFAN be made to increase the efficiency in designing and evaluating linear control
systems for the turbojet and turbofan engines.

1,

3.

Include the capability of analyzing coupled engine control systems by
adding the necessary cross-coupling terms in the polynomial equations
to account for the interaction between control loops. The structures of
TJET and TFAN are set up such that the cross-coupling numerators
necessary for the analysis of coupled control loops can be easily
included with minor modifications to TJET and TFAN.

Include the capability of analyzing the inlet duct control loops. This
capability, when coupled to (1) above, should enable analysis of the
complete system with cross-coupling (interaction). '

To facilitate the transient analysis and the design of rapid responding
control systems, an exponential least squares fit subprogram described
in Part XIX, Appendix B should be included so that the effective closed
loop step response time constants can be printed out along with the root
locus.
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5.

If the cross-coupling transfer functions are included at a later date, then
it should be possible to compute and minimize by decoupling gains the

integral square error in one control loop due to a reference input into
another loop.

To facilitate the root locus analysis, the outputs from TJET and TFAN
can be modified to include

a. CRT (Cathode Ray Tube) plots of the root locus as an option, and

b. the print-outs of the damping ratios and natural frequencies of the
computed complex pair closed loop poles of the root locus.
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