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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 Kc is the control gain which may be varied and Gp is the s-plane 
transfer function of the open loop system, or plant. The nwnerator, Np, and denomina­
tor, Dp, 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 11> are called the open loop poles. 

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

KG KN
C c .2. c pR (s) = 1 + K G = -;:D::--+7"""';";K,.....N~ (1) 

c p pcp 

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

= D + K N (2)DCL pcp 

By root locus techniques, the roots of DCL, or closed loop poles, are plotted in 
the complex s-plane as a function of varying Kc, 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 DCL 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. 

.......K 
c 

NR _+A,.. ... ... .... cG •...f ...-'-I )[ DP p
~ 

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 Gp 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 Gp 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. 
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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' KTN, KN2A and KT6A 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 KT6A 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 = KTN = O. . 

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

(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, KA T, KNT and KTN sequentially, 
TJET will perform the following operation 

(4) 

where Fi (i = 1. 2, 3. 4) indicates the operation deflne<;l by Equation (3) with Fl evaluated 
first. F2 next. etc. In the programming of TJET. this is implemented by nested DO 
loops (see flowchart and Hsting of TJET). If one or more of the gainsKWNA• KAT. 
KNT or KTN is set to zero. then the operation indicated by Equation '(3) is bypassed 
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 
cOQ-pIing between control loops, is (using the same notation as defined for the arrays 
of TJET) 

(DF) = (CA) + [KwNA (CB) + (CC)] + KAT(CD) 

+. K (CE) + K (CF) NT TN
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Table I. Nomenclature for Analysis of Thrbojet Engine Control 

a)	 Sensed and Actuated Variables 

Actuated Variables, Xj 

X = WFX Turbojet Main Combustor Fuel Flow (lb/hr)s
 

x = Turbojet Exhaust Nozzle Area (ft2)

6 

Sensed Variables, Yi
 

Turbojet Rotor Mechanical Speed (RPM)
 

Turbojet Thrbine Discharge Temperature (OR) 

Turbojet Compressor Discharge Pressure (psia) 

b)	 Actuator and Sensor Definitions 

WFX Actuator: liAs 

Actuator: I/AAJX 6
 

Sensor: I/B
N2X S
 

Sensor: I/B
T6X 9
 

Sensor: I/B
P4X IO 

where Aj is the denominator of the actuator lag for Xj, and Bi is the 
denominator of the sensor lag for Yi. . 

c) Transfer Function Numerators 

NS5 = Numerator of a N2xI aw FX transfer function 

NS6 = Numerator of aN2x1 aAJX transfer function 

N95 = Numerator of aT6XI awFX transfer function 
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Table I. Concluded 

= Numerator of oT x' oAJX transfer functionN96	 6

= Numerator of oP4XI oWFX transfer functionN105 

In general, Nij/Da is the transfer function for the i-th dependent variable 
Yi, due to the j-th independent variable Xj' Da is the open loop denominator 
of the turbojet engine dynamics. 

where 

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

(CA) = sA5A6BaB9B1oDa 

2.	 Numerators for speed loop closure 

(CB) = (P4X)0 A6B9B10(s + KN2A)Na5 

(CC) = -s(WFX/P4X)0 A6BaB9N105 

3.	 Numerator for Temperature Loop Closure 

4. Numerator for Variation in KNT 

5. Numerator for Variation in KTN 

Actually, TJET has logic statements which omit certain actuator poles, Ai, 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 A6 and Bg are not 
re~uired in the computations. 

FLOWCHART AND PROGRAM LISTING OF TJET 

Table n 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 m. 
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Table II. List of Subprograms and Variables Used for TJET 

a) List of Subprograms Required for TJET 

Non-library: 

(1) XPNP5 

(2) GENP 

(3) XPNTAU 

(4) PRTX1 

(5) FLIp1 

(6) POLyx2 

(7) GPOL2 

(8) POLAD02 

(9) WRrr2 

(a) WRTPOL2 

(10) PRIN2 

Library: 

(11) DECRD 

in Fortran H for IBM 360 

Expand a polynomial with 5 sets of first order lags 

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

Expand a polynomial with a given set of first order lags 

Polynomial root extraction using Bairstow and Newton­
Raphson iterations 

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 

for Fortran IV on IBM 360 

Read variable length data in standard format 

b) Arrays of Variables Used in TJET 

DA = Da Open-loop denominator 

N85 = N85 Numerator3 of 8N2X/8WFX transfer function 

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

2Or1gina1ly developed for ALODE's I and IT, 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 # O. 
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Table II. (Cont) 

NS6 = NS6 Numerator3 of aN2XI aAJX transfer function 

N95 = N95 Numerator3 of aT6XI awFX transfer function 

N96 = N96 Numerator3 of aT6XI aAJX transfer function 

N10S = N10S Numerator3 of ap4XI awFX transfer function 

KWNA = KwNA Control gains for rotor speed loop 

KAT = KAT Control gains for temperature loop 

KNT = KNT "Decoupling" gain 

KTN = KTN "Decoupling" gain 

TAS = AS Time constants of WFX actuator lag 

TA6 = A6 Time constants of AJX actuator lag 

TBS = BS Time constants of N2X sensor lag 

TB9 = B9 Time constants of T6X sensor lag 

TB10 = B10 Time constants of P4X sensor lag 

F Array for input of data using DECRD 

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

CA, CB, CC, CD, Arrays used for temporary storage of intermediate 
CE, CF polynomials used in computations 

DCL, DD, DE, DF Arrays used for temporary storage of polynomials 
used to compute closed-loop characteristic 
polynomial 

CAR, CA C Arrays used for temporary storage of the real and 
(Complex) 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 ~ O. 
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Table II. (Cont) 

c)	 Real *4 Variables 

CP0 1. if checkout print option desired 

FLG i O. if data entered in form supplied by P&WA 

G85 Steady-state gain for aN2XI aWFX transfer function, 
only	 if FLG~O 

G86	 Steady-state gain for aN2X/aAJX transfer function, 
only if FLG~O 

G95	 Steady-state gain for 'OT6X/aw FX transfer function, 
only if FLG~O 

G96	 Steady-state gain for aT6X/aAJX transfer function, 
only if FLG~O 

GI05	 Steady-state gain for aP4XIaWFX transfer function, 
only if FI G~O 

KN2A =	 Integrator gain for speed loop~2A 

KT6A =	 Integrator gain for temperature loopKT6A
 

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

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

SF Scale factor for roots (us eel 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 aN2xI 'o·wFX transfer function 

NN86 Degree of numerator for a N2XI aAJX transfer function 

NN95 Degree of numerator for aT6x1 awFX transfer function 

NN96 Degree of numerator for 'OT l'OAJX transfer function6X

NNI05 Degree of numerator for 'op4XI 'OwFX transfer function 
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Table II. (Cont) 

NTA5 Number of first-order lags for WFX actuator 

NTA6 Number of first-order lags for AJX actuator 

NTB8 Number of first-order lags for N2X sensor 

NTB9 Number of first-order lags for T6X sensor 

NTBIO Number of first-order lags for P4X sensor 

NWNA Number of KwNA gains for which root locus is computed 

NAT Number of KAT gains for which root locus is computed 

NNT Number of ~T gains for which root locus is computed 

NTN Number of KTN gains for which root locus is computed 

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 

e) Logical constants used for TJET 

A logical constant is TRUE if the expression to the right of the colon (:) is 
truej FALSE, otherwise. 

Symbols: a Ib means a Q!' bj a&b means a and' b. 

LA: NWNA > 0 Speed Control loop closed 

LAN: NWNA SO Speed Control Loop open 

LB: NAT> 0 Temperature Control loop closed 

LBN: NAT SO Temperature Control loop open 

LC: NNT >0 ~T1: 0
 

LCN: NNT S 0 No decoupling gain KNT
 

LD: NTN > 0 KTN 1: 0
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Table II. Concluded 

LON: NTN ~ 0 No decoupling gain KTN 

LEN: KN2A = 0 No integrator in speed loop 

LFN: KT6A = 0 No integrator in temperature loop 

LH: (LEN&LFN) I (LAN&LFN) I(LBN&LEN) I(LAN&LBN) 
If LH is true, then a free s term exists. 

LAC: LAILC Speed loop closed or KNT I: 0 

LAD: LAILD Speed loop closed or KTN I: 0 

LBC: LBILC Temperature loop closed or KNT I: 0 

LBO: LBILD Temperature loop closed or KTN I: 0 

LIN: (WFX = 0) I(P4X = 0) No P4X term, see equations. 

LP: 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 UfG. SYSIN DO *f 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 mus t 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. 
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1.e--f 240 SEE LAST PAGE OF FLOWCHART 

SEE FORMAT OF INPUT DATA 

FOR TIET 
EQUATE VARIABLES TO SPECIFIED 
LOCATIONS IN ARRAY F 

COMPUTE LOGICAL CONSTANTS SEE TABLE II (e) 

T 

WRITE mOR MmSAGE 

CONVERT DATA OF THE 

FORM SUPPUED BY 

P&WA INTO 
POLYNOMIA~ 

IF (LA) CALL GENP FOR N AND FOR Nso 105 

IF (LB) CALL GENP FOR N
96 

IF (LC) CALL GENP FOR N
S6 

IF (ID) CALL GENP FOR N
96 

Figure 3. Flowchart of Main Program TJET 
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CA -aD ASA 8 B B 
a 6 S 9 10 

COMPUTE 

DWOMINATOR 

FOR ROOT LOCUS 

T 

T 

T 

COMPUTE 

NUMERATOR 

FOR SPEED 

LOOP CLOSURE 

Figure 3. (Continued) 
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COMPUTE NUMFR.ATOR 

FOR TEMPERATURE 

LOOP CLOSURE 

COMPUTE NUMERATOR 

FOR VARIATION 
CE -&N

SSIN I);T 

Figure 3. (Continued) 

14
 



COMPUTE 

NUMmAT~FOR 

VARIATION IN K
TN 

T 

CF = (P ) N 
4X o	 95 

T 

CF al(p ) N 
4X 0	 95 

lNlTIAUZATION 

FOR MULTIPLE 

LOOP CLOSURES 

IF (LAN) ~NA (1) .. O.
 

IF (LBN) KAT (1) = O.
 

IF (LCN) ~T (1) • O.
 

IF (IDN) K (1) = O. 
TN 

T 

Figure 3. (Continued) 
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DO 240 NA • I, NWNA 

SPEED WOP 
ClDSURE 

TEMPmATURE 
WOP CWSURE 

'--_....L. ... 240 .. SEE NEXT PAGE 

Figure 3. (Continued) 
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DCL • DCL + ~NA CB 

DO 240 NB = I, NAT 



DO 240 NC • 1, NNT 

VARIATION 

DE -DE+ ~TCE 

VARIATION 

INK 
TN 

SEE PREVIOUS PAGE 

CLOSED LOOP 

POL~ COMPUTED 

DO 240 ND - 1, NTN 

EXTRACT ROOTS OF POLYNOMIAL DF 

READ MORE DATA; 

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

C HAl N PROGU,.. O~()OOI)30 

C ROOT LOCUS FO~ MULTI PLE LOOP CLOSURES FOR 'l'DR.BOJft ENGINE 00000n40 
C DEVELOPED BY E.L.LUH FE9RUARY 1968 00000050 
C 00000060 

IMPLICIT LOGICAL*4IU 000(0071) 
COMPLE X*8 CAC no. 00000080 

---"""'REAL*4 -OArs I ,loi85 I 81 ~ N8618l;N9!)18T;l.I96T8 r,-r-H05( 8' --- ------- .---.-. ---00000090'-' 
REAL*4 KWNA(l9, ,KAT (19) ,'KNT n 9', KTN (19', KN2A,KT6A 00000100 
REAL*4 TA514"TA614I,TB914I,TBI0(4"TITLEI18I,F(170I,TB8(41 00000110 
REAL*4 CAIZO',C8120',CCI20. ,COIZOJ,CEIZOJ,CF(ZrJ,CARI20t 000001Z0 
REAL*4 OCLIZOI ,DOl ZOI ,DE 120', oFI ZO) 00000130 
CO~MON ICMB/TA5,TAb,T88,TB9,TBI0,NTA5,NTA6,NTB8,NTB9,NT810 00000145 

----fa Ul VALE NCE . 'U=i 2 I ;oAr~-fF rl2f; NEl5 1--; {F'I 22 J~N86'" (Fl32T; N95 j-, -.• - - --. -00000150 
IIFI4ZI,N96I,IF(52I,NI05.,IFI61.,P4A.,IFI62',WFAI,IFI63J,KN2A', 00000160 
2IFI64',KT6AJ,(FI65I,CPOJ,IFlb7J,KWNAI,(FI87I,KATI,IFIlC71,KNTJ, 00000110 
3( F ( 127 t , KTNt, (FHO' ,FLG' , I F I ZO I ,G8 5. , IF 130', G86 ,~ fFf40 ., G95' ,- 00000180 
41FI50J,G961,lFI60J,GI05J 00000185 

SF=I. OOO~0190 .... ---.- 'l)O",l=l~rro'-'-'----'-'-.-.------.... --'-"'--"-"-	 '---00000194' 
00 

5 FI I • =0. 00000196' 
10 READI5,ZO'TITLE OOOOOZOO 
20 FORHAT( 18A4J '- .._-- . 00000Z10 

WRITe 16,Z5HI TLE OOOOOZZO 
25 FORHATIIHI,4X,'ROOT LOCUS FOR MULTIPLE LOOP CLOSURES FOR ~ OQOOOZ30

--=":"""'1 rNG1NE-·T,-~X;Y8A4'" -_ - -..--.- -._- '''--'-'' .. .. i')OOOOZ40 
CALL OECROIFt 00000250 
WRITEI6,30' OOD0026n 

30 FORMAT(lH0 9 4X,'NON-lERO INPUT OATA'1I4110X,'I',11C,'Fllf',51C1' 00000Z10 
CALL PRIN(F,170' 00000Z80 
DO 35 1=1,4 00000282----.tA·SlTI ="Fn-"I46T-- .._--.-''''--- - -_.._-_ -.._._..-.------ - _-_ - _. . . OOOOI)Z 83 

TA6111=FII+1511 00000Z84 
T88'lt-FII+166' 00000Z85 

------- -YBcnn-FIT+l561 ----------- ._-. --_.- ---	 00000286 
35	 TBlOlllafll+lbll 00000Z97 

NDA=F'11 00000Z90 
---·NN8~r.F( lIT	 _._. .- -----.-.- - .._.- --_... - - .~0000300 . 

NN86=FIZ1' 00000310 
NN95=F1311 00000320_.---_._-----_. 



Tablem. (Contlnaed) 

-NN96I.FT":UC-- -- ---------	 -- - ------ 000003JO 
...10,.,1511	 00000340 
NIIfM-F 1661	 00000350 

-NlTiFll6~---'- -.--------------_-..0-_._----.---- ------ _., 00000J6O 
NNT-FCI061	 00000310 
NTN-FClZ61	 000003. 

-Nl'K~Cl461··-· - -- -.- --	 00000390 
NYA6-FC1511	 ~oo 
NT89-FCl56t	 '00000410-lITITOiFTI6lr---·· -- - _.- -_... -----.----- •••0- o·--ooao04Z0_0. - ­

NT88-Ff166l	 00000425 
CARC1'-I.	 00000421 - -I'....MNA·~GT.O -	 .0--- --- .--- - .. - -.-. - - 00000430 

LAN-.NOl.LA	 00000440 
U-NAT.GT.O	 00000450 

-(l"'~N-Ot~L8-------'-------.0. -~--_.-	 ._.0. -0-- _.. ----.- ---00000it60 
IL .,.NT.GT.° 00000410 
LCN-.NOT.le 00000480 

-LD-,nN.GT.O -- -. -- --- -- -- --00000490 ... 
L~N-.NOT.LD	 00000500 
LEN-KN2A.E a. 0. _	 00000510 

CD 

-LFtt-K-T6A.Ea.Q.; .0 - -_. - .-----	 ----- '-1IOOOO!S~4' ­_0_' •• -- -- _. -	 - ----- ­

LH-LEN.AND.LFN. OR. LAN. AND.LFN.OR.LBN.AND.LEN.OR.LAN.AND.LBN 00000530 
LAC-LA.OR. LC	 00000540 
'rAD.LA':OR~LD--' --.--. 00- -- -. --0---------------0 -0. - -'- -_.- .. 00000550 

LBC-LB.OR.LC	 00000560 
LBD-LB. ORe LD	 00000510

-Lffi8lFl;.-eo.-o";liR; Ji4A;EQ-;n-;.------	 ---- - ._--1MtIOO~90--
LP-. TRUE~	 00000600 
IFCLAC.OR.LBD'GO TO 50	 00000640 

0_	 -'ftntEC6,o\Or---·----·- __---0-- .------------ - - ..0'-0--0- .. _. . --'-00000650 

40	 FORlUTClHO,4X,'OPEN LOOP, NO CONTROL GAINS SPECIFIED'I 00000660 
GO TO 10 00000610 

~ff!lfi:G.I:a.l);"nfotn5"5	 -_. - -----OdCJO06n 
WRITEC6,52' 00000614 

52 FORMATI1HO,2X,'OPEN LOOP TRANSFER FUNCTION POlYNOMIALS GENERATED" 00000616 
---t-.rCGENPfDA~NbA~l;'·-'iOAl"Sr ';2r--- -. - - --.--.- ... -. - --- ----·00000618 

IFlU'CALL GENPCN85 ,NNB5,G85, 'N85 IS' ',2f 00000680 
I~CLCJCALL GENPCNII6,NNB6,G86,'N86CS' ',21 00000682 

--U="TlbfCALl GENt»iN9S;Nffj!),G95;'N95CST--'~zT----' ------ -00000684­



Table m. (Continued) 

-------[j=n:B. CALL -GENPI H96, NN96 ,G96, 'N96 I SI' ,2. ---.---- 00000686 
IFlLAICAll GENPIN105,NN1"5,G105,'N1051S) ',2) 00000688 

C COMPUTE DENOMINATOR CAISI 00000694 
---'S·"tlt.L-G-POLCDA~Mf)A,T~~CA;NC'At ._.- .-. OOO()0696 

IfllHIGO TO 60 00000700 
NCA=NCA+1 00000710 
CAlNCA+U-o.- -00000720 

60 CAll XPNP51CA,~A,lAD,LBC,LAC,LBD,LA,'OPENlOOP DENOMINATOR, CAISI 00000740 
l',l,'OPEN LOOP POLES ',4,&101 00000750 

-	 "'--lFllANIGo1090 .--.-. . - -- .. --.. - ..----.----- --"'OOG00790­

WRlTEI6,3101	 00000795 
310	 FORMATl1HO,lX,'SPEEO LOOP CLOSED') 00000800 

CAll GPOUN85,~Na5,P4A,CB,NCBI .--- 00000810 
I'FI lEN,MRI TE 16,3501 00000814 

350	 FORMAH1HO,4X,' NO l'NTEGRATOR IN SPEED lOOP' I 00000816 
--- - -'IF (LHI GO-TO 70 '- ...., ..-. .. ---- - .. -- -_. - _-- --"--"--'00000820 

WRITEl6,370lKN2A 00000830 
370 FORHATl1HO,4X,'INTEGRATOR GAIN, KN2A=',G12.51 00000835 

'.. CARl 2) aK"N2A 000008,.'0 
~ C.ALl POLYXlCB,NCB,CAR,l,CB,NCBI 00000850 

70 CALL XPNP51CB,NCB,.FAlSE.,lBC,.FAlSE.,lBO,lA,·NUMERATOR ASSOCIATED 00000860 
... l-Mtnr'KW~A, caf Sf "'-;10; "ZEROS'-'AS SO-cI'ATED WlTH KWHA'-, ~'7~&101"-'-'P0000870' 

IflllNIGO TO 90 00000915 
CAll GPOU N105,NN105 ,-WF A1P4A,CC,NCCI 00000920 

. IFl LHIGO TO 80.- OOOOOQ30 
NCC=NCC+1 00000940 
CClNCC+11=0. 00000950 

-- '·aOCAl.lXPNP5 lct ,Ntc , •.FAlSE. ,lBC,lAt;l BD, LAN~'NliHERAto,C ASsoC'tA"lEo-",r'0000096(f-' 
lTH P4A, CC I SI • ,9, 'ZEROS ASSOCIATED WITH P4A ',7, & 101 00000970 

90 Ifl LBNIGO TO 110 00001010 
. WR ITE l 6 ,320' . 00001015 

320 FORMATllHO,lX. 'TEMPERATURE lOOP CLOSED' I 01)')01020 
CALL GPCLlN96,NN96,-1.,CO,NCDI 00001030

'--,--"-IFIU=NI WRfTE (6.3601-- .._·······_·-·-· -.._. -......... --.. . __ - _._...... 00001034
 

360	 FORHATl1HO.4X,'NO INTEGRATOR IN TEMPERATURE lOOP' I 00001036 
I~llHIGO TO 100 00001040 
WRITEl6,380IKT6A 00001050 

380	 FORHATl1HO,4X, 'INTEGRATOR GAIN, KT6A=',G1Z.;51 00001055 
CAR(2'=KT6A 00001060 

----. CACCpoLv;HCD-,NC'IJ-;CAR,l ~'CD,NCO)-'-- -._--_._.- .. - ......_. - .. - .... -..... 00001010' 

-""'~--"""'"--~ '_!'!<l'~'~~~~':~~~~~~~~~~_"",~.~_....,~""._~__ .....~_.~~_.~ 



-------

Table m. (Coutimled) 

- too CALL -XPNP5fCO ,NCO ,LAD,. FAl.:Se';.Tlc-,-';F-ACSe-;-, LA;' MJlifEJUTOf{ A-SSn-cU TED" 00001080-­
1 WITH KAT, CDCSt',9,'ZEROS ASSOCIATED WITH KAT ',1,&10t 00001090 

110 Ire LCNtGO TO 130 00001130 
WRtm~lO-. ---- -- O~IT~ 

330 FORMATC1HO,lX,'VARIATION IN KNT't 00001140 
CALL GPOLfN86,NN86,l.,CE,NCEt 00001150 
IFfLHtGO TO 120-- -- ------- ----- - 00001160 
NCE=N:E+l 00001170 
CEfNCE+1t=O. 00001180 

-rtCfUClXIS"N.,STCE;NCE-;LAD;-;F4l:.SE... FAl~e-~--;rBr;;(A;INUNERATOr-A-SSO"CDTEDOOlJOH90­
1 WITH KNT, CEfS",9,'ZEROS ASSOCIATED WITH KNT ',7,&10t 00001200 

130 I~ f LDNIGO TO 150 00001250 
- - 0-- WR ITE f 6,340 j- - 00001255 

340 FORMATC1HO,lX,'VARIATJO~IN KTN't 00001260 
CALL GPOLfN95,NN95,P4A,CF,NCFt 00001270 

---'f~fOHGtJ-to-140--- - -,' - ------------------- --- -'0-0'-'------ ------- ---OOc)()1280--­
NCF=NCF+1 OGoo1290 
CFfNCF+1t:0. 00001300 

l\) lItO -CA(["-XPNP5(CF ,NCF .. FALSE., LBC,lAC,. FA(5~.. L A,' NUMERATOR ASSOC IAlED 00()O1310 
I-" 1 WITH KTN, CFCSI',9,'ZEROS ASSOCIATED WITH KTN ',7,&101 00001320 

C MULTIPLE LOOP CLOSURES 00001360 
---- rSO--1 FllA'N'KWNAf1l=O~----- -- -' .'. .---- -'- ------0-0-001 :nO 

IFCLBNIKATC1J=O. on001380 
IFfLCNIKNTC1t=O. 00001390 

------ - °IFCLDNtKTNcltzO;--- --0------------ ----------- --, --- -- -- 00001400 

lP-CPO.EQ.1. 00001402 
IFfUN.OR.LANtGO TO 155 00001410 

-----t-Ai..L·pOTAOif(cC~Ntt;i.~- ,CA,Nt'A-~T;,CA,NeAt - ·,------00001415-­
CALL WRTPOUCA,NCA, 'CA=CA+CC' ,2 t 00001420 

155 WRITEC6,160tTITLE 00001425 
-_"t60-FoRMATntf1,4x;18A4115X~'BEGH:rLOOPtl()SURES-q -------- --- 00001430 

DO 240 NA=l,NWNA 00001435 
CAll GPOLCCA,N:A,l.,DCL,NOCLt 00001437----'n LAN) GO TO ito -- .--- --.------- -- --tmO"onltlJ-­
CALL POLADDfCB,NCB,KWNACNAt ,DCL,NDCL,l., DCL,NDCL t 00001450 

170 DO 240 NB-1,NAT 00001470 
----t-A[lGPcT(1)"'tr,-~el-;f~-;OO;-NOlft -~--- ,------- . ---. --- ----- - - OOG01500 

IFf lBNJGO TO 190 00001505 
CAll POLlODf CO ,NCDJKATC NBt, DO,NDO,l.. DO,NDDt 00001510 

PJO DO 240 He-l,NNT --- lfOOO1530 



Table m. (Concluded) 

CAlLL -GPOLCDD.NJD,l • •DE~NOEt 00001550 
(FCLCN)GO TO 210 00001560 
CALL POLADDC,CE .NCE,KNTC Net, DE,NOE,l., DE, NOEt 001J01580 

.Hm - -_ •• ­210 DO 240 fI)=l.NTN -- --. - - --.--- 00001600 
CALL GPOLCOE,NOE,l.,OF,HDF) 00001620 
IFCLDNtGO TO 220 00001640 

-- ---CALlP-trLAoorCF, NCF;-KTNI NDI, OF ,Nof ,1., OF, NOF t 01'001650 
220 WRITEC6,230tKWNACNAt,KATCNBI,KNTCNC),KTNCND) 00001660 
230 FOR"ATCIHO//' CONTROL GAINS: KWNA=',G12.5,', KAT=·,G12.5,', KNT=' 00001610

1,IHz. 5, " kTH=' ,GIZ.51 .---- - - ..,..- --. --"--'--'-'--"-' -_. .-.-- - ··---·OOUOI6-e-
IFCLPtCALL WRT'OLCDf.NDF.'CLOSEO lOOP DENOMINATOR ',6' 00001690'" 

~ 

CALL PRTX CDF.NDF,CAR,NCAR,CAC,NCAC,50,1.E6,Sf,&lO' 00001100 
-Z~LL--Wl{flaIt;NCAR-;clC;NCAC,'-ClOSED LOOPPOLES • .5. 00001110 

WRITE C6.2601 00001810 
260 FORMATCIHO.4X,'END OF LOOP CLOSURES" 00001820GO To 10'- "- - ..- ---;_. --- _.- ..------- -- -.. --- - -- .--- oo~tH81n-

END 00001840 



Table IV. Input Data Format for TJET 

NUMBER 

DEaC NO. TBT B.1.. LUll 

..be ......oIna. 

DESCRIPTION DO NOT' KEY PUNCH 

__ DUE ....... NIE_l_.,_._ .... 

Pol ..... 

.-..-1_ 
Tn:T• 

.., 
CoO 

Coatrol 

If PLOt' o. 

Degree ollllUll81'ator N_{_) 

IIamenior poI;pamIa1 N...{_) ­ 8N_-I8A 

POIIII 1...-c.17 Rn. 7__ 

If PLO" o. 



Table IV. (CoDt)
 

DATE PME_J_fII Ii
DECK NO. PROGRAMMER JOB NO. 

NUMBER IDENTIFICATION DESCRIPTION DO NOT KEY PUNCH 

~ ~~l ~ : ~ ~ ~ :.: _~.~N • oW 

£n ...t .. ,., N 1.\ n __ ......hr t, ll'Tn ~ n 

_fft ,., N' 1.\ ........ ftftl. t# VT n :rI: n
 

IlB.in of N. __'S). used omv if FLO ~ 0 

65 Check-out print option, 1. if priDt-out desired 



Table IV. (Coat) 

CoIaol 

for 

• O. If.... Coatrol 

NK-L.............l...­ tI08 NO. 

DO NOT KEY PUNCH 

No. of 

DATE 

DESCRIPTION 

126 No. of deompIf. 

12'1 

NUMBER 

_DECK Ml. 

to) 
01 

POll. 1.....c..17 BV. 7·_ 



Table IV. (Cont)
 

DATE PAGE_" oI. 5
DECK NO. 

NUMBER 

PROGRA....ER 

IDENTIFICATION DESCRIPTION 

__

DO NOT KEY PUNCH 

JOB NO. 

..~ I 1. 1 IfIll,:: N~mU-__ 6wA. ,E~ ::: :::: ~,~"%%"*",,,p 1&3 W m U­-­ fu<
f~n~UUUIIIIIIIJfJW£ 154 A actuator lJum. 1/A•.. -... 

155 

165 



Table IV. (Coooluded) 

DECK NO. TDjI' PROGRA....ER E. L. LUll DATE .6-~8 PAGE_i_of i JOB JIIO. 

NUMBER IDENTIFICATION DESCRIPTION DO NOT KEY PUNCH
 
i 

-
I
 
~ 1 6 6 

166 No. of time CODBtaDtB for B 

167 

168 I Set of Ume COD8taJdB for 

169 I Na _ BeJl80r laD. lIB 
6A 0 

~ 
@) ITJtIe card for DUt run 

~ ~I 1111 
170 

I§ 
~ ~ 
~ 

~ 

E: 
~ JIMta.m. nf - ...... 
2~~I U'II I§ 
~ 

I II. 
-. I • ..... .... _bo,... ......-...... I
JI' 
~ 

-~_.~ ... 



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, 
Wi, of the form supplied by P&WA, that is, 

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

2D = -0. 554335s - 95.0994s - 337.734 a
 

= -0.554335 (s + 3.62811) (s + 167.928)
 

N = -5. 55574s - 1883.08 = -5.55574 (s + 338.943)S5
 

= -15.4052s - 2674.94s - 20258.1
N105	 
2 

= -15.4052 (s + 7.9360) (s + 165 •. 702)
 

The actuator and sensor lags are:
 

A5 = 0.02 (s + 50)
 

B = 0.05 (s + 20)S
 

B = O. 02 (s + 50)
10 

28
 



The initial conditions are:
 

(P4X) 0 = 380.58 psia
 

(WFX)o = 3.922221b/sec 

The integrator gain is set to KN2A = 1. 0 sec-I. 

For the speed loop closure only, we set KAT = KNT = KTN = O. 

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
 



S-PLANE 

50 

IMAGINARY 

I<wNA VARYING GAIN 

TURBOJET ENGINE. ROTOR SPEED CONTROL 

SEA LEVEL. MACH 0.8. MIUTARY POWER 

40 

t.:l 
o 

20 

~, 
\ 
~ LOCUS ON REAL AXIS 

0.0007 

I<wNA =0.0005 

10 

-339. -168. -75.6 -50 -40 -30 -20 -10 o 10 

REAL 

Figure 4. Root Locus for Example Case Using TJET 



Table V. Computer Printout for Example Case Using TJET 

ItOOT LOCUS FOR MULTIPLE LOO' CLOSURES FOR SATELLITE ENGINE 

'I'IltBQ1II' • MIL poweR. HaO. "=0.8. SPEED LOOP CJ4iimI" ONLY 

NON-ZERO INPUT DlTlSEE_~OIlMAT CI!NPUT DATA, 

c.o .... 

I 
1 

11 
31 
~1 

52 
62 
66 
71 
75 
19 
81 
92 
96 

100 
104 
HI 
un 

FlU 
2.00000 
1.00000 
2.00000 
1.00000 

-15.~052 

3. cU222 
19.0000 

0.1000ooE-0~ 

0.5COOOOE-03 
0.300000E-02 
0.200000E~01 
0.500000E-03 
0.300000E-OZ 
O.2(,0000E-01 
0.10oo00E 00 

1.00000 
I.COOOO 

I 
2 

12 
32 
42 
53 
t3 
U 
72 
76 
80 
ll4 
fn 
91 

101 
105 
152 
162 

Fill 
-0. 55~335 

-5.SS51~ 

-168.621 
212.2~6 

-261~.9~ 

1.00000 
O. 2 OOOOOE-o~ 

0.100ooOE-03 
0.70000oe-03 
0.500000( -02 
0.30000oe-Ol 
0. 10000oe-03 
0.50000oe-oz 
0.300000£ -01 
0.200000 
0.2 OOOOOE -01 
0.200000E-Ol 

I 
3 

13 
33 
~3 

5~ 

64 
69 
73 
77 
81 
85 
9~ 

98 
102 
1~6 

1S6 
166 

Fill 
-95.099~ 

-1883.08 
-25513.8 

1613.11 
-20258.1 

5.00000 
0.3000ooE-o~ 

0.200000E-01 
0.1000ooE-02 
0.1000ooE-02 
0.5000ooE-01 
0.100000E-oZ 
0.100000E-02 
0.5000ooE-01 

1.00000 
1.00000 
1.00000 

I 
~ 

22 
3~ 

51 
61 
65 
10 
7~ 

18 
82 
91 
95 
99 

103 
1~1 

151 
161 

FI U 
-131.13~ 

-61.5Z05 
-65030.0 

2.00000 
180.580 
1.00000 

0.500000E-04 
0.300000E-03 
0.20000oe-02 
0.100000E-Ol 
0.30000oe-03 
O. 200000E- 02 
O.I00000E-OI 
O.100000E-Ol 
O.lOOOOoe-OI 

1.00000 
0.500000E-Ol 

OPEN LOOP DENOMINATOR. CAISI 
PCLYWONIAL OF ORDER 6. COEFFICIENTS IN DESCENDING 
-0. 110861f-0~ -0.323239E-02 -0.28~883 

-337.'i3~ 0.0 

OPEN LOOP POl ES 
MlMeER OF REAL ROOTS­ 6 
-3.62811 -19.9CJ99 -50.0001 
0.0 

ORDER OF VARIA8LE 
-9.9238ft 

-50.0002 

-IZ5.~95 

-161.928 

I 
Coapute open-loop 
denoainator for 
speed loop closure 

S PEeD lOOP CLOSED 

INTEGRATOR GAIN. KH2A­ 1.0000 

NUMERATOR ASSOCIATED WITH KWHA. CBISI 
POLYNOMIAL OF ORDER 3. COEFFICIENTS IN DESCENDING 
-~Z.2880 -16489.9 -133110. 

ORDER OF VARIA8LE 
-116662. 

Co.pute nuaerators 
for speed loop closure 

ZEROS ASSOCIATEe WITH KWNA 



4t..~~_~;0~~~~~W\i&'i.1iJi~'··j,%ik·,";;i;:;'!y;ii;:;lJjt(§jf.'·"'{:'rtt«~_~~~k'~~a~'f~f#\i~·&'iitiiJWiliW~!4t;,·_"·,·,*,¥,~,.w~~ 

Table V. (CoDtimled) 

"'MBER OF 
-50.0000 

REAL ROOTS­ 3 
-1.00000 -338.90\3 

0.0-165.702 

NUMERATOR-ASSOCIATED WITH P4A. CCISt 
PCLYNOMIAL OF ORDER 4. tOEFFICIENTS IN DESCENDING ORDER OF VARIA8LE 

0.7CJU25E-oZ 1.nn5 3&. 0065 Z08.718 

IEROS AS$DtIATED WIT~ P4A 
t1J"BER OF REAL ROOTS­ 0\ 
-20.0000 -1.93600 

6.0 Coapute auaeratore 
tor .~ loop clOllUft 

CA-CA.cC 
POLYNOMIAL OF ORDER 6. CO~FICIENTS IN DESCENDING 
-0. 110867E-04 -0.3~3239E-C2 -0.276945 
-128.951 0.0 

ORDER OF VARIABLE 
-8.38669 -81.4889 

Co' 
~ 



Table V. (Continued) 

SATELLITE. MIL POWER. HaO. M-0.8. SPEED LOOP CLOSURE ONLY 

!ECIM LOOP CLOSURES 

Yeriab1e Cda fAll of tbe•• piu are.at 110 UI'O. 

I 
Lo.aOL CAlMS: IU.NA- 0.0 I. KAT- 0.0 • KNTz Oeo • KTN- 0.0 I 

C~OSED LOOP DENOMINATOR
 
POl.,....UL OF ORtER 6. COEFFIC IENTS II, DESCEND!NG ORDER OF VARIA8LE
 

~.38669) S".. . . ~T.4889) so.z. .....(-O.110867£-oW~ .-fI.3Z3239E-02).rJ"~." "')~5) ~ Check opeD­-t28.957)S- ... 0.0 
loop pol•• 

Cl1l5ED LOOP POL~S 
IjUM8ER OF REAL ROOTS- 6 
-1."51)4 -26.1284 -2Oe 0001 -~68.045· -15.6312 
0.0 . 

CONTROL GAIMS: KWN" 0.20000E-04. KAT- 0.0 • KNT- 0.0 • itT'" 0.0 

~ CLOSED LOOP DENOMINATOR 
~ r<'Cl VtIJMUL OF ORDER 6. COEFFIC IENTS IN DESCENDI NG ORDER OF VARIABLE 

-O~110867E-04 -0.3Z3239E-02 -0.216945 -8.3815~ -87.8181 
Piret ga1D cbaDp-)43.619 -14.!3]2 
~A = 0.00002 

CLOSED LOOP POLES 
NUMBER OF ilEAL ROOTS- 6 
-1.85717 -0.106690 -19.Z933 -75.6519 -26.6006 
-168.040 

CONTROL G'INS:KWNA- 0.300COE-04. KAT- 0.0 • KNT·O~O • KTN- 0.0 

CLOSED LOOP DENOMINATOR 
POLVWDMIIL OF ORtER 6. COEFFICIENTS IN DESCENDING ORDER OF VARIABLE 
-o.110861E-04 -0.323239E-02 -0.216945 -8.38196 -81.98)6 
-150.950 -21.4999 

CLOSED LOOP POLES
 
Mj'UIBt OF ilEAL ROOTS- 6
 
-0.156493 -1.91615 -26. 8064 -18.9661 -168.0)7
 



Table v. (CoDt1m1:;d) 

-75.6120 

. CONTROL GAINS: KWN" 0.50CCCE-O~. KAT- 0.0 • KNT- 0.0 • KTNa D~O 

CLOSED LOOP DEND"INATOR 
'ltOLYfO"lM. OF DIttER 6. COEFFICIENTS IN DUCENDING IItDER Of VARIABLE 
-0.110867£-04 -0.323239E-02 -0.276~~5 -8.38881 -88.'134 

-165.612 -35.8331 

CLOSED LOOP POlES 
NUfIIBEIt OF REAL ROOTS- 6 
-2.05030 -0.248536 -27.1777 -18.3476 -168.033 
-15.6-'86 

CONTROL G'INS: KWN" 0.1COOOE-04. KAT- 0.0 • KNT- 0.0 • KT'" 0.0 

CLOSED LOOP DENO"IN'TOR , 
PCLYND"IJL OF ORDER 6. COEFFICIENTS IN DESCENDING ORDER Of VARIABLE 
-0. 110867E-04 -0. 323Z39E-02 -0.Z769o\5 -B.38965 -88.6432-­~ -180.274 -50.1664 

CLOSED LOOP POLES 
MJMBER OF REAL ROOTS- 6 
-2.20411 -0.!302~B -27.5069 -17.7607 -168.028 
-15.7259 

CONTROL GAINS: KWN" 0.10000E-03. KAT- 0.0 • KNT- 0.0 • KTNa 0.0 

CLOSED LOOP DENO"INATDR 
PCLYND"I'L OF ORtER 6. COEFFICIENTS IN DESCENDING ORDER Of VARIABLE 
-0.110861E-04 -0.323239E-02 -0.276945 -8.39092 -89.1379 
-202.268 -11.6662 

CLOSED LOOP POLES 
MJ"BER OF REAL ROOTS- 6 
-0.433966 -2.41540 -27.9434 -16.91S8 -168.0ll 
-15.7663 



Table V. (Continued) 

COHTPOL GJINS: KWHA= 0.10000E-01. KAT- 0.0 • KNTa 0.0 • KTNa 0.0 

CLOSED LOOP DENOMINATOR 
POLYNOMIAL OF ORtER 6. COEFFICIENTS IN DESCENDING ORDER OF VARIABLE 
-0.110867E-04 -0.323239E-02 -0.276945 -8.80957 -252.388 
-7480.05 -7166.~2 

CLOSED LOOP POLES
 
NUMBER OF REAL ROOTS- ~
 

-0.992900 -88.0103 -43.6979 -165.499
 
NUMBER OF COMPLEX PAIR ROOTS= 1
 

3.32245 ~1.8Cq2 

CONTROL G.INS: KWH.= 0.20000E-Ol. KAT= 0.0 • KNT= 0.0 • KTN= 0.0 

CLOSED LOOP DENOMINATOR _ 
POLYNOMIAL OF ORDER 6. COEFFICIENTS IN DESCENDING ORDER OF VARIABLE 
-0.110867E-04 -0.323239E-02 -0.216945 -9.23245 -417.287 

~ -14191.2 -14333.2 

CLOSED LOOP POLES
 
NUMBER OF REAL ROOTSa 4
 
-0.996455 -46.1716 -162.499 -98.6472
 
NUMBER OF COMPLEX PAIR ROOTS= 1
 

8.37923 41.0215 

ceNTROL GJINS: KWHA= 0.300ooE-01. KAT= 0.0 • KNT= 0.0 • UN: 0.0 

CLOSED LOOP DENOMINATOR 
PCLYNOMIAL OF ORDER 6. COEFFICIENTS IN DESCENDING ORDER OF VARIABLE 
-0. 110867E-04 -0. 323239e-02 -0.276945 -9.65533 -582.181 
-22122.2 -214~9.9 

CLOSElO LOOP POl. ES
 
MJMBER OF REAL ROOTS- 4
 
-0.997639 -47.2520 -158.772 -108.603
 
NUMBER OF COMPLEX PAIR ROOTS- 1
 

12.0348 "7.3382 



Table V. (Concluded) 

CONTROL G_INS: KWNA= C.5000CE-OI, KAT= 0.0 , KNT= 0.0 , KTN= 0.0 

CLOSED LOOP OENCMINATOR 
PCLYNOMIAL OF OReER 6, COEFFICIENTS IN DESCENDING ORDER OF VARIABLE 
-0. I I0867E-04 -0.323239E-02 -0.216945 -10.5011 -911.985 
-36184.4 -35833.1 

CLOSED LOOP POLES
 
NUMBER OF REAL ROOTS- 4
 
-0.998584 -48.2449 -141.154 -135.568
 
NUM8E~ OF COMPLEX PAIR ROOTS= I
 

11.5046 ~6.4321 

e"" END OF LOOP CLOSURES 
Cl) 
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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 KANI, KAW, KWN2, KNI, KW, and KN2 are to be determined by 
the linear analysis. 

Program TFAN allows for the variation of control gains KANt, KAW or KWN2 
to obtain the root locus of the corresponding control loop. Integrator gains KNI, 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 KA W = KWN2 = O. 

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 
i~ TFAN). 

(RC) = (PA) + KANI (PB) + KAW(PC) + [(PE) + KWN2(PD)] 

where 

1.	 Denominator for root locus 
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Table VI. Nomenclature for Linear Analysis of Turbofan Engine Control 

a)	 Actuated and Sensed Variables 

Actuated Variables 

x2 = AD
 

X = A
s J 

x = WF4
 

Sensed Variables
 

= N
YS 1 

=Y4 W2•5 

Y5	 
= N2 

=Y6 P4 

Y	 = T
7 S 

b)	 Actuator and Sensor Definitions 

AJ Actuator = 11A2 

AD Actuator = 1/AS 

W Actuator = 1/A4F 

N Sensor = 1/B1 3 

Sensor = 1/B4W2• 5 

N Sensor = I/B
2 s 

P4 Sensor = I/B6 

T3 Sensor = I/B7 

Description 

'furbofan Main Exhaust Nozzle Area (ft2) 

Fan Duct Exhaust Nozzle Area (ft2) 

'furbofan Fuel Flow (lb/hr) 

Fan Rotor Mechanical Speed (RPM) 

Fan Discharge Corrected Air Flow 

'furbofan High Pressure Rotor 
Mechanical Speed (RPM) 

Turbofan High Pressure Rotor 
Compressor Discharge Pressure (psia) 

Turbofan High Pressure Rotor 
Compressor Inlet Temperature (OR) 
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Table VI. Concluded 

where Aj is the denominator of the actuator lag for Xj, and Bi is the 
denominator lag for Yi. 

c) Transfer Function Numerators 

N = Numerator of aNI! aAJ Transfer Function32
 

N43 = Numerator of aw2. sI aAD Transfer Function
 

N = Numerator of aN2! awF Transfer Thnction54
 

N = Numerator of ap4! aw F Trans fer Function

64
 

N = Numerator of aT ! aWF Trans fer Thnction
74 3

In general, Nj,jlDa is the transfer function for the i-th dependent variable, 
Yf, due to the j-th independent variable Xj' Da is the open loop denominator 
of the turbofan engine dynamics. 

2. Numerator for Fan Speed Control 

3. Numerator for Corrected Air Flow Control 

4. Numerators for H. P. Rotor Speed Control 

(PD) = (s + KN2) (P4)o B6 [NS4B7 - (N2!2T3)N74BS] (A 2B3) (A3B4) 

(PE) = -s(WF!P4)o N64(BSB7) (A2B3) (A3B4) 

Actually, TFAN has logic statements which omit certain actuator poles, Ai, 
and sensor poles, Bj, from these equations if they are not affected by one of the loop 
olosures. For example, if only the Fan Speed Loop is closed, then (A3B4) and 
(A B B B7) are set to unity.4 5 a
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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 00*] 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 fo r 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 1:- 0, then these locations contain the first-order lags, 
Wh of the form supplied by P&WA, that is, 

where g is the steady state gain of p(s). The wi'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: in Fortran H for IBM 360 

1. XPNP3 

2. GENP 

3. XPNTAU 

4. PRTX4 

5. FLlp4 

6. POLyx5 

7. GPOL5 

8. POLADD5 

9. WRT5 

a. WRTPOL5 

10. PRIN5 

11. STREAL5 

a. STR35 

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 

4Developed by J. C. Long of NAR!Space Division. 

5Subprograms 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 = D Open loop denominator polynomial6 
a 

6N32 Numerator polynomial of aN/ aAJ transfer function 

N43 Num~rator polynomial6 of aw2.51 aA transfernfunchon 

.6
Numerator polynomial of aN21 aW transfer functionN54 F
 

N64
 Numerator polynomial6 of ap41 awF transfer function 

N74 Numerator polynomial6 of aT
3
1awF transfer function 

KAN1 = Control gains for Fan Speed Control KAN1 

Control gains for Corrected Air Flow Control 

KWN2 = KwN2 Control gains for H. P. Rotor Speed Control 

Time constants of AJ actuator 

Time constants of An actuator 

Time constants of WF actuator 

Time constants of N1 sensor 

Time constants of W2.5 sensor 

Time constants of N2 sensor 

Time constants of P4 sensor 

Time constants of TS sensor 

Polynomials 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 VU. (Cont) 

F 

TITLE 

PA, PB, PC, 
PO, PE 

RA, RB, RC 

RR,	 CC (Complex) 

HC =(A B
4

, 
5

, 

B B )
6

, 
7

c)	 Real *4 Variables 

FLG 

G32 

043 

G54 

G64 

G74 

KNl = KN1 

Array for the input of data using OECRO 

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 aN/ aA transfer functionJ 

Steady-state gain for aw2 51 aAO transfer 
function • 

Steady-state gain for oN21 awF transfer Used only 
function	 if FL~ o. 

Steady-state gain for oP41 oWF transfer 
function 

Steady-state gain for oT31awF transfer 
function 

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

KW = Integrator gain for Corrected Air Flow Control Loop KW1
 

KN2 = Integrator gain for H. P. Rotor Control Loop
 KN2 

P4 = (P4)o Initial Steady State Value of P4 

Used only for WF = (WF)o Initial Steady State Value of WF H. P. Rotor 
Speed Control 

N2 = (N2)o Initial Steady State Value of N
2 

T3 = (T3)o Initial Steady State Value of T3 

CPO 1. 0 if coefficients of closed loop characteristic polynomial 
printed out. 

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, Da 

NN32 Degree of numerator polynomial of aN/ aA transfer functionJ 

NN43 Degree of numerator polynomial of aw
2

• 51 oAD transfer function 

NN54 Degree of numerator polynomial of aNi oW F transfer function 

NN64 Degree of numerator polynomial of oP41 awF transfer function 

NN74 Degree of numerator polynomial of aT31 aw F transfer function 

NTA2 Number of time constants for AJ actuator 

NTA3 Number of time constants for AD actuator 

NTA4 Number of time constants for WF actuator 

NTB3 Number of time constants for Nt sensor 

NTB4 Number of time constants for W2.5 sensor 
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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 T sensor
3 

NAN1 Number of control gains KAN1 for which root locus is computed 

NAW Number of control gainsKAW for which root locus is computed 

NWN2 Number of control gains KwN2 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. 

e) List of Logical Constants for TFAN 

Logical constant is • TRUE. if the expression to the right of the colon 
(:) is truei • FALSE. otherwise. 

Symbols: a Ib means a or bi a & b means a and b. 

LA: NAN1 > 0 Fan Speed Control Loop closed 

LAN: NAN1 S 0 Fan Speed Control Loop open 

LB: NAW > 0 Corrected Air Flow Control Loop closed 

LBN: NAW SO Corrected Air Flow Control Loop open 
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Table VII. Concluded 

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

LCN: NWN2:5 0 H. P. Rotor Speed Control Loop open 

LDN: = 0 No integrator gain in Fan Speed Control LoopKN1 

LEN: No integrator gain in Corrected Air Flow Control LoopKw= 0 

LFN: = 0	 No integrator gain in H. P. Rotor Control LoopKN2 

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

If LH is true, then a free s term can be factored out. 

LJN: [(WF)o = 0] I [(P4)0 = 0]	 No P4 term in H. P. Rotor Speed Control 

See Equations. i
 
LP: CPO= 1	 If true, then coefficients of closed loop characteristic 

are also printed out. I
I

I
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 + sll. 8) (1	 + s/14)
a
 

N = 0.54

54
 

N = 0.03 (1 + s/4)

64 

N = 0.01674 

The initial conditions	 are: 

(P4)0	 = 354.7 psia 

(WF)o	 = 5822.2 lblhr 
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...---....., 300 

zmo OUT INPUT DATA ARRAY F 

SEE LAST PAGE 
OF FLOWCHART 

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

EQUATE VARIABLES TO SPECIFIED SEE INPUT DATA 
LOCATIONS IN ARRAY F FORMAT FOR TFAN 

COMPUTE LOGICAL CONSTANTS SEE TABLE VIle 

WRITE mItOR MESSAGE:
 
NO CONTROL GAINS SPECIFIED
 

60 

Figure 6. Flowchart of Main Program TFAN 
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T 

CALL GENP FOR D 
a 

IF (LA) CALL GENP FOR N
32 

IF (LB) CALL GENP FOR N43 

IF (LC) CALL GENP FOR 

N , N and N 
64 64 74 

STORE A AND B IN ARRAY HA
2 3 

STORE A AND B4 IN ARRAY HB
3 

GENmATE POLYNOMIALS 

FROM DATA OF THE 

FORM SUPPUED BY P&WA 

Figure 6. (Continued) 
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COMPUTE 
DENOMINATOR 
FOR ROOT 
LOCUS 

COMPUTE 
NUMERATClt 
FOR FAN SPEED 
CONTROL LOOP 

•
 

Figure 6. (Continued) 

7 (A2 BS)LA means (A2BS) is included in the polynomial if LA is true, etc. 
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COMPUTE NUMfRATOR 

FOR CORRECTED 

AIR FLOW 

CONTROL LOOP 

240 SEE NEXT PAGE 

COMPUTE
 

NUMfRATOR
 

FOR H. P. ROTOR 

SPEED CONTROL 

LOOP 

T 
>---­..

T 

Figure 6. (Continued) 
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PD = PD(B\ (A B) (A B ) 
6' 23LA 34LB 

T 

STORE: PE = -(WF/P) N
40 64 

COMPUTE 
NUMERATOR 
FORH.P. ROTOR 
SPEED CONTROL 
LOOP 

P4 FEEDBACK 
TERM IN H.P. 
ROTOR SPEED 
CONTROL TO BE 
ADDED TO 
DENOMnlATOR 
FOR ROOT LOCUS 

FROM ffiEVIOUS PAGE 

nllTIAUZATION 
FOR MULTIPLE 
LOOP CLOSUR~ 

IF (LAN) KAN1(1) = O. 

IF (LBN) KAW (1) .. O. 

IF (LeN) KWN2(1) .. O. 

Figure 6. (Continued) 
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READ MORE DATA; 

DO 300 NA • 1, NAN1 

DO 300 NC = 1, NWN2 

FAN SPEED 

CONTROL LOOP 

CLOSURE 

CORRECTED AIR FLOW CONTROL 

LOOP CLOSURE 

RB:aRB+PE 

H.P. ROTOR 

SPEED CONTROL 

LOOP CLDSURE 

COMPUTE CLOSED LOOP 

POLE) OF ROOT LOCUS 

Figure 6. (Concluded) 
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The integrator gain is set at KN2 = 1. 0 sec -1 .
 

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

The actuator and sensor lags are: 

A = 0.02 (s + 50)4
 

B = 0.05 (s + 20)
5 

B = 0.02 (s + 50)a
 

B = (s + 1)
 7 

The following computer print-out (Table X) shows the computation of the root 
locus for the H. P. Rotor Speed Control, for control gain KWN2 varying from o. to 
O. 6. 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 ~AIN PROGRAM 
C ROOT LOCUS FOR MULTIPLE LOOP CLOSURES FO~ TURBOFAN ENGINE 
C E~ l.lUM, FEBRUARY 1968 
C 

IMPLICIT LOGICAl*4CL) 
COMPLEX.8 CCIIO) 
REAL.4DACSt,N3218t,N43C8t,N54C8t,N64C8t,N74C8t
REAl*4 KANICI9t,KAWC19t,KWNZ(19),KNl,KW,KN2,N2,TITLEC18t,FCil0t 
REAL.4 TA214t,TA3(4),TA4(4),TB314),T84C4),TB5C4),TB6C4),TB714) 
REAl*4 PA(20),P8CZO),PCC20t,PDCZDt,PEC20t 
REAL*4 RA(20),R8IZ0t,RCI20t,HAI81,HBC8),HCI16),RRI20t 
COMMON ICMB/HA,HB ,HC ,NHA,NHB, NHC 
EQlJI VALENCE 1F1Z t ,DA) ,I Ffl2 t , N32 It 1F122 ), N4 3), CF132), N54 ) , 

--U Fe42 i ,N64 f, (F (52. ,Nt4) " U=16 i) ,Pit), I ~ 162 t ,WF t, 1F(63), N2), 
2IFI64t,T3t,IFI66t,KNlt,IFI67t,KW),CFI68),KN2),IFI12t,KANl) 
3.IFI92t,KAWt,IFI112t,KWN2t,IF(132),TA2t,IFI131),TA3),(FC142t,TA4t 
4,1 F1147a, Te3 t ,I F H 52) ,T84 t , CF1157 t , TBS t ,IF 1162 ) ,T B6 t , ( FI 167) , TB 7) 

en 5,IFII0t,FlGt,IF(20t,G32t,(F(30),G43),(FI4Q),G54t,CF(50),G64) 
(l) 6,IFI60r,G14t,IFI6S),CPO) 

S'F'=I~-'-'--' ..,.- ._- _,_.. . , .,_ .. 
lP:. TRUE •.
 
DO 5 1=1,170
 

5 Fllt:O.
 
10 REAOIS,20tTITLE
 
20 FORMATflSA4t
 

.. ----- WRITE-16;30tTI TLE . 
30 FORMATIIHl,4X,'ROOT LOCUS FO~ MULTIPLE LOOP CLOSURES FOR TURBOFAN 

lENGlNE'115X,lSA4) 
CALL DECROIFt 
WRITEI6,40) 

40 FORMATIIHO,4X,'NON-ZERO INPUT DATA'114(lO~,' I',7X,'F(It',SX)) 
CAll PRiNIF,il0J 
NDA=F(IJ 
NN32=F ( 11 t 
NN43=F(21) 
NN54=F ( 31 J 
NN64=F C41t 
NN74=F ( 51t 

_ 

00000030 
0000('1)40
(\oonoos(
0')1)1)0060 
0001)0070 
01)000080 
00000090 
00000100 
00000110 
00000120 
OO~Q013G 

00000150 
00000160 
00000110 
01)000180 
00000190 
00000200 
0000'.)204 
00000206 
00000210 
("}!)OO220 
001J00224 
00000226 
OOC0023(J 
000'0240 
000002S'0 
001)1)0260 
00000270 
(001)1)280 
OOOO"29C 
OOOl)030C 
00.,0031" 
001)01)320 
tO~t)0330 

Oryf)')"340 
OI)I')003SC 
(,OotJ0360 
rOC'lO)70 

-~_~~~_~~~~~~",,~,~"~~-ol!ili~ 



Table Vill.· (Contlnued) 

~AN1=FI71. O~OOO380 
~WaFI91. 00000390 
NWN2=f (I 1 if _. 000~4f)(J 

NTAZafl13lt 00000410 
NTA3=FI136J 00000420 
NTAlt=F114lt 00001)430 
NT83=F 1-146. 00000440 
NT84~1151. 00000450 
NT8 5 ~-I 156'- - _.. -- 0000046"0 
NTB6af I 16lt 00000470 
NT81sf1166t 00000480 
RAIlt:-1. . 00000490 
lA.NAN1.GT.O OOOooSOO 
lA....'NOT•. lA 00000510
lB.NA....GT.O·----··-·-··-- --- . -. ... -_.... ---'-- ... -... --- - .- _.. _.._. ---' -600cRB~o 

l8N-.NOT.lB 00000S30 
lC-NMN2.GT.0 00000540 

01 lC~·.NOT.lC 00000S50
-:I 

lDNzlNl.EQ.O. 00000560 
lEN.IC.....EQ. 0.; 00000570lFH=kN2.ec.oe --- --- -. ._- -- ..--..--- ------- . -.. - --------.- -~mJO;e_-
lH-LDN.AND. LEN. AND. lFN. OR.lAN.AND.l8N.AND.LFN.OR .lBN.AND.lCN.AND. 00000590 

lLDN.OR.LAN.AND. LCN.AND. lEN 00000600 
i."JN=WF';EQ;O. ~ OR. P4. EQ.O. 00000610 
IfILA.OR.l8.0R.lCtGO TO 60 00000620 
WRITEI6,50t 00000630 

SO ~imHO ,4X ,-, OP-~N [(i"()P~ NO CONtROL GAIN'S spEc If rElY' • _.- . -o-OllM64o-­
GO TO 10 00000650 

60 1~llA.CAll STREAlITA2,NTA2,TB3,NT~3,HA,NHA. 00000660 
I F I L8. CAll 'STRE Al f TA3, NTA3, T84, NT B4, HR, NH!U 00000610 
IF I LC. CALL STRE AUTA4 ,NTA4,T85, NT 85, He, NHC. 0001)0680 
IF(LC.CAll STR3IHC,NHe,T86,NT86,T87,NT87,He,NHe. 00000690 
IFfFLG.EQ~O~'-GO to 65 00000692 
WRITEfb,bZ. r0000694 

62 fORMATflHO,2X,'OPEN LOOP TRANSFER FUNCTION POLYNOMIALS GENERATEO'.COOI)0696 
CAll GENPfOA,NOA,l.,'OAfS. ',2. CI)0006~8 

IFflA.CAll GENPfN32,NN32,G32,'N3ZfS. ',Z. 00('00100 
l'fflB.CAll GENPHf43,NN43,G43,'N43(S) ',Z. 01)000102 



Table VID.. (Continued) 

IF(LCtCALL GENP(N54,NN54,G54,'N54CSt ',2t	 000OO1~ 

IF(LCtCALL GENP(N64,NNb4,G64,'N64lSt ',zt	 00000106 
•. w·o' coooo708'IF(LCtCALL CENPtN74,NN74,G74,'N74(S) '.2t 

COMPUTE DENOMINATOR, PA(St	 00000714 
65	 CALL GPOL(DA,NDA,l.,PA,NPAt 00000116 

IF ( LH) GO TO 70 000001Z0 
NPA=NPA+1 00000730 
PA(NPA+1t=0. 00000740 

10	 CALL' XPNP3(PA,NPA'~LA,LB,LC"OPEN LOOP DENOMINATOR, PA(S)'~"";-' .' ­ . OOOon'150" ' 
l'O~EN LOOP POLES ',4,&10t 00000760 

IF( LANtGO TO 120 00000770 
WR I TE ( 6 ,80 t 00000180 

80	 FORMAT(lHO,ZX,'FAN SPEED CONTROL LOOP CLOSED'. 00000790 
CALL GPOLlN32,NN32,l.,PB,NPBt 00000800 
IF(LON)WRIT~C~,90t . ."UoOOcrBIcr'­

90 FORMATCIHO,4X,'NO INTEGRATOR IN FAN SPEED LOOP'. 00000820 
IF(LHtGO TO 110 ~000083{\ 

C 

WRI TE (6,100) KN'l	 OOOOOMO 
CD leO	 FORMATC1HO,4X,'INTEGRATOR GAIN, KN1=',G12.5) 001)00850

RA(Zl=KNl . 00000860 

t11 

._-" ,,-- - ·'tnJOOO"nr-CALL PolvXCPB,NPB,RA,l,PB,NPB. 
110 CALL XPNP3CPB,NPO,lAN,lO,LC,'NUMERATOR ASSOCIATED WITH KAN1, P8CS)OOOOO880 

1 ',10,'ZEROS ASSOCIATED WITH KAN1 ',7,&10' 00000890 
1Z0 IFCLONtGO TO 170 00000900' 

.WR I TE C6 ,130' 00000910 
130 FORMATt1HO,ZX,'CORRECTED AlR FLOW CONTROL LOOP CLOSED'. 00000920 

CALC GPOLCN43,NN43~i~~pC,NP'Ct - - . -.... ----.------ 00000C)J1)-" 

IFCLEN)WRITEC6,140. 00000940 
140	 FORMATC1HO,4X,'NO INTEGRATOR IN CORRECTED AIR FLOW LOOP') OO~OO950 

I'F(LH.GO TO 16C ~ 000OO960~-

WRITEC6,150tKW 00000970 
150	 FORMAT(lHC,4~,'INTEGRATORGAIN, KW=',G1Z.5' 00000980 

R'ACZt=KW --	 .-' ._" --..-----o,.o-olRJ~_· 

CALL POLVXCPC,NPC.RA,l ,PCiNPC. 00001000 
160 CALL XPNP3(PC,NPC,LA,LBN,LC,'NUMERATOR ASSOCIATED WITH KAW, PCCS"~0~01010 

1,9,'ZEROS ASSOCIATED WITH KAW ',7,&10t 000011)20 
110 IFCLCNtGO TO Z40 00001"30 

WR I TE ( 6,1 BO ) 00001040 



Table vm.· (Continued) 

180 FORMATUHO,2X,'H. P. ROTOR SPEED CONTROL LOOP CLOSED' ) OC001051J 
CALL GPOLCN54,NN54,P4,PD,NPD) OO{)01060

. -·cA:lT XPNTAUC T8'1;Nf87, PO, NP"D, NPOJ '00001010 
IF I N2.EQ•.0•• OReT3. Eo-O.' GO TO 190 000~1080 
CALL GPOLIN74,NN74,-N2/2••P4/T3,PE,NPEt 000<11090 
~LL XPNTAUITB5,NTB5,PE,NPE,NPEI 000010CJ4 
CALL POLAOOlFO,NPO,l.,PE,NPE,l.,PD,NPO) 00001096 

190	 IFILFN)WRITEC6,2CO) 00001100 
'·-~iJ(r FbkKAtllHO ,4K ,'NO INfEC1UfOR IN H. P. RllTOR-SpEEO lOOP' I 11'0001110­

IFCLHIGO 10 220 00001120 
YR. TE I 6 .210) KN2 00001130 

210 FORMATIIHC,4X,'INTEGRATOR GAIN, KN2=',G12.5) 00001140· 
RAI21=KN2 0(1)01150
CALL POLYXIPD,NPO,RA,I,PO,NPO) 00001160 

---ZZO--CALL XPNtAUI 1B6 ,NT-B6, PO·;-NPO, NPO I . '00001110 
CALL XPNP3(PC,NPD,LA,LB,LCN,'NUHERATOR ASSOCIATED WITH KWN2, POISI00001180 

1 ',IO,'ZEROS ASSOCIATED WITH KWN2 ',7,&10t 00001190 
en I IFClJNIGO TO 240 - - ·OOOGf200 
U) 

C~LL GPOLIN64.NN64,-WF/~,PE,NPe) 00001210 
IFILH)GO TO 230 .	 00001220
NPE=NPm--- - - .. - .. ' ,._-..-,-.- - ----.- ------- IJtRJQIZ30 . 

PEINPE+la=o. 00001240 
230 CALL STREALCTB5,NTB5,TB7,NTB7,RA,NRAI 00001250 

--·-e-AiL- XPNYiOlRA,HRA,PE ,NPE,NPE) 0000126(\ 
CA~L XPNP3(PE,NPE,LA,LB,LCN,'NUMERATOR ASSOCIATED WITH P4, PEISI '00001210 

1,9,'ZEAOS ASSOCIATED WITH P4',6,&10) 00001280 
. ---.---- 0.., ..C HUL TI PCE' LCOP CTOSURE-S' - '-" ,. - .... -	 -------00001290 

240	 I~ I LANI KANl111 =0. 00001300 
IFC LBNI KA ..Clt =0. 0000131(\
IFILCNlKWN2Cl)=O. 00001320 
LP=CPO.EQ.1. 0000132'5 
WRITEC6,250)TITLE 001)01330

i5C»'FORHAtUH1,4X,18A4115X,'8EGIN LOOP CLOSURES" 00001340 
00 3JO NA=l,NANl 00001360 
CALL GPOLCPA,NPA,l.,RA,NRA) 00001165 
I'f I LAN I GO TO 260 00001110 
CALLPOLAOOIPB,NPB,KAN1CNA),RA,NRA,1.,RA,NRA) 00001380 

Z60	 DO 300 NB=I,NAW 00001390 



Table VIU. (Cone luded) 

CALL GPOLCRA.NRA,1. ,RB,NRB)
IFCLBN)GO TO 210 
CALL POLADDCPC,NPC,KAWCNB.,RB,NRB,1.,RB,NRBI 

27~	 IFC.NOT.LJN.AND.LCICALL POLADD(PE,NPE,1.,RB,NRB,1.,RB,NRB' 
DO 300 Nt=I,NWN2 
CALL GPOLCRB,NRB,1.,RC,NRC) 
lFCLCNJGO TO 2BO 
CALL POLADDCPD,NPD,KWN2INCI,RC,NRC,1.,RC,NRCI 

2-ac	 W~ITEC6,290tKAN1INAI,KAWIN8),KWN2INCI 
290	 FDRHATC1HOI12X,'CCNTROL GAINS: KAN1=',GI2.5,', KAW=',G12.5,', 

1=',G12..5. 
IFCLPtCALL WRTPOLIRC,NRC,'CLOSED LOOP DENOMINATOR ',6' 
CALL PRTX CRC,NRC,RR,NRR,CC,NCC,50,1.E6,SF,&101 

0) 300	 CALL WRTCRR,NRR,CC,NCC,'CLOSED LOOP POLES ',5'
o -- WR t tE C6 ,j10) - - . - ..
 

310 FORHATC1HO,4X,'END OF LOOP CLOSURES'.
 
GO TO 10
 
END
 

00001400 
0000141(\
OOOOf4!O ­
('0001430 
00001440 
00001450 
000011t60 
00001410 
00001480 

KWN200001490 
00001500 
00001510 
00001520 
00001525 

··OOOOf530" 
0000151t0 
0001)1550 
00001560 

,\~~~{?J)'/i}~~~~~~~l!'f~~~~~~'?'<i'f;:~9,~m~'~'''!'f'~''!'::~,~'~~~{~~~~~'.\:·"Wr.;~",""~~W!I';~'.~"-~,_.._~""=__",.._..,..<""-__""",,,,,,,,--,,,__••~ ~__~,__• .~_•• ~ ••,_~,,_._,_.__ 



Table IX. IDput Data Format for TFAN 

Q)...
 

DECK N8E_l_.,~ .....DlTE l-ll-fl 

dldafleld locaUoD ID U'11If' F 01 .... pnpoam TFAII 

_l'a"" a.a.l 

Ifam8rator pol;yDumJU ~(.) .. aWl. s/BA 
Decree of mamentor, Ma(8) 

for Corrected Air no. Caab'oL 

GallI at Nut.). __ CIII1Y If ~ 

See ...f!!,.tndlma~...... 

See 8peCla1 m.tnctIoM OIl pNriou ..... 

Decree at ~~~f",-"I,-----~_. 

RameraIDr pciJjDoDdal !fasC.) -b,/A 

..be ant oud oIl'1Dl 

DESCRIPTION 00 NOT KEY PUNCH 

so ~ NQ(.), Ued oaI7 If FLGfIO. 

B. L. LUll 

2 1 

=-:'11: ~=-==:::. 

NO. DATA 

NUMBER 

all1lll 

J?A(l) 

MDA 

'D&Ie oud-­

cIIuIIati8n 

................, 

I'0Il11 1....c..1'7 R!IV. 7·.. 
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.
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.. .. .. 
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JOB NO. 

I_~_I-1I1~;;;~~_
 

~ ~ ::. 1"111~ ;::;~_~~ ,
 
~	 15, &1"­

L TAI'4) 140 I 

~::T:. 1. 1111~ ;;;;p~'_r_C~l	 '
 
~ TM(4)	 . ... • 145 

NUMBER IDENTIFICATION I DESCRIPTION DO NOT KEY PUNCH 

DECK NO. DATA 

M--1f-=t='::L.-.~~~
 
~ IT~K)	 1 1135 -. ­I 

Table IX. (Cont) 

PROGRAMMER Eo L. LUJI DATE 6--10-&8 PAGE_4_of 6 

~ =. 1·._~~ ;~;;;~'_~1~~
 
~ ITB.1/4\	 150 J

~~~:::==~===~=========::===l~~==============' 
FORM ......e.n REV. '-58 



Table IX. (00_...... 

DECK _ DA'l'A B. L. LUll DIlTE .... .,.._1 1_ ..... 

NUMBER DESCRIPTION DO NOr KEY PUNCH 

Q) 
en 

1 1 
&_&- ....Mo. ofti.­

1 I 

1 • 

IIIII8t be OIl 1Mt card of na.L' 
No. of tbM ~__ for 

fIOIIM '~7 11ft. 7... 



Table X. Computer Printout for Example Case Using TFAN 

ROOT LOCUS FOR MULTIPLE LOOP CLOSURES FOR TURBOFAN ENGINE 
------ -~--- --- ~------_. 

EXAMPLE CASE US[NG TFAN. H.P. RaTOR SPEED CChTROL 

NON-IERO INPUT OAlA ,.. 10'" C. DPn MIA)· ----------_.. -"-' _.. 

I FIll I Flit 1 Flit I Flit 
------1.-1-- -2.00Uoo --- ------2- -.- .. 1.80000 3 - H.OOOO. - --10 1.00000 

40 O. 540(, \)0 41 1.00000 42 4.000;)0 50 0. 300000E-Ol 
60 a.l&LOOQE-~1 61 352.1OU 62 5822.20 63 12800.0 
"''''_ .AI Q_ 470 ____ M....-_...l.aQ£DQQ_.. ....•. _.6Jl_~-l• .ooOQ!l .lll.._.._.. 14.0000 

113 O.10ll(OOE-02 114 0.2JOOOOE~2 115 0.300000E-02 116 0.500000E-02 
117 t.l000uUE~OI 118 \).2'JOO~OE-ol 119 O.300000E-Ul 120 O.500000E-Ol 

----I£.4Z....1>---~.100DcbE-~-- - ­ 122 .Oel00000E OQ. .123 .. __0.200000. 124 0.,300000 
125 0.500000 141 1.00000 142 0':2000OQE-Ol 156 1.00000 
157 O.5QOlaOE-1)1 161 1.,)00110 162 0.2COOOOE-Ol 166 1.00000 
11.7 1 _ fI.'lI'.I'" 

OpEN LOOP TRANSFER fUNCTION PCLYNCMIALS GENERATED
 

DAIS'
 
0) POLYNOMIAL OF ORDER 2, COEFFICIENTS l~ DESCENDING ORDER OF VARIABLE 
0) O.396BZ53E-Ol 0 6?69843 _.__n J. )()QoQo__ • 

N541 S t l PolJDoUal. punted
PCLYNONlAL OF CRDER O•..co£f-EILl£1tTS .. IJtDESCEtUlING-OaOER OF VARlA8lE'---'b)-lIl1brout1De GDP 

0.5400000 

"'L.L..I~l 

POLYNOMIAL OF ORDER 1. COEFFICIENTS 
0.7499997E-02 O.3CaOJOOE-01 

IN DESCENDI'NG ORDER OF VARIABLE 

N1'tISI 
POLYNOMIAL OF ORDER 

O.160000oE-Q] ._-----­ - --_..•._--_._..----_._--"--_.._..• _.. -" 

O. COEFFICIENTS IN DESCEhDlNG ORDER OF VARIABLE .. --.-. ­ - ~ .. ­ .. ­

OPEN LOOP DENOMINATOR, PAISt 
PCLVNOM IAL OF C·poER .1.. ­ -C.OUf.lCl.ENT.S -1 N OES£ENnlNGQRDER OFVARlABl E 

O.1936504E-06 0.IC~5114E-03 O.5203962E~2 0.1036072 
1.71f984 I.GOOCOC 0.0 

0.8154953 

OPEN LOOP POLES 
NUMBER OF REAL ROOTS= 1 

-1.799993 -.--­ --.. ""-1.wc.a.02--. --19.99992 --14.0JOI6 --49. 99991 

CClipute 
open-loop 
dBDomutor 



Table X. (Continued) 

-0\9.9Cj986 0.0 

H.P.	 ROTOR SPEED CONTROL LOOP CLOSED 

.t.L~.&TnD_ c...&~ It"'~ 1 _-J\dft" ---------------_. _._- --.­

NUMERATOR ASSOCIATED WITH K~N2, PDISa CClaPlte IIIIMrat01POLYNOMIAL OF ORDER 3-.--eoa;F-1C IENTS-.l-N- DESCENDING DIlOER OF-VAJUA8I.£.· .­ tor rOot locua ­3.150852 193.9365 322.3364 132.1510 

7~Dn~ a~~nrraTcn ~rTU It~U' 

NUMBER OF REAL ROOTS- 3 
-0.99999~9 -0.1J46~93 -5U.00000 

NUMEJtATOR ASSOCIATED WITH P4, PEeS) 
POLYNOMI:AL OF ORDER 4, COEFFICIENTS I N DESCENDING 
-0.6n03l1E-02 - -0.1541 511 -0. 64 37926 

ORDER OF VARIABLE 
-o.49.S..225L .------ __ . 

en 
....::I 

ZEROS ASSOCIATED WITH P4' 
N....BER Of REAL ROOTS­ 4--~--

-~.\)OOO05 -1.0Qa~OO -19.99997 0.0 

:a~1S to M 
to 0,.. ­

loop deDca1Dator 



Table X. (Continued) 

EXAMPLE CASE US£NG TFAN, H.P. ROTOR SPEED CONTROL 

BEGIN LOOP CLOSURES 
tMM p1.Da are _t to sero. / Variable piar -r - I-­

CONTROL GAINS: ]KAN1= 0.0 , KAW= 0.0 r • KWN2= 0.0 
-_.--~------ ---- -----~---------------- ._-----._---------- --_.. _- - ..---_ .. ­------._-------~

CLOSED LOOP DENOMINATOR 
POLYNOHIAL OF ORDER 7. COEFFICIENTS IN DESCENDING ORDER Of VARIABLE 

O.793b5C4E-Q6 C'.li'8SZJ4F-,13 fl. 520396ZE-QZ D.914J68BF-OJ 0.6607316 
1.013191 O.504}14~ ~.O 

-----U.-QSE-O--L-OOP PDl-£-S----- -­ ----~-------- --- ---- -~--_.- ..--- ... 

NUMBER OF REAL ROOTS= 5 
-1.060050 -1.(00012 -19.99988 -10.32411 0.0 

NIWBER OF COMPlEX PAIR~OCIS. J_ -----------------_. 
-52.20195 13.41269 

- ----_._-_.- _. --- --- ---_. 

0) CONTROL GAINS: KAN1= 0.0 , KAW.. 0.0 , KW~" O.10000E-02 
CD 

CLOSED LOOP DENOHINATOR 
POLYN~HIAL OF ORDER 7, COEFFICIENTS IN DESCENDING ORDER Of VARIABLE 

-DeDa-iDator ~or__ 
root 10Clla, P4 
ten a4dH to 

...-OP8-loop 
UDa-iDator 

un ­-------C..1936504E-Ob ".U: 8511..!t£~------~5203<ut2£.,.Q2.- ---D-..91'*-l.bBaE~.ol O..b6..4U8~ t- -J'1r.t ccmtZ'Ol -­
1.267121 0.8l11112 ~.1321510 pda ~, 

~2 - 0.001 
rlnc~n InnD Dnl~C ._-------------- ­

NUMBER Of REAL ROOTS- 5
 
-0.2333'40 -1.230692 -1.01l-J019 -9.326349 -20.56915
 
,.IlNBER OF -C.Wt~t..Ex. PAl R ROOT S~-L
 

-52.19524 13.43S£7 

CONTROL GAINS: KAN1- O.J , KAW- 0.0 , KWN2= O.20000E-02 
--------------- ----- ----- --- --- ----- -- --------- - -- - .-----_._-.- • 

CLOSED LOOP DE~OHINATOR
 
POLYNOMIAL OF ORDER 1. COEFFrCIENTS IN DESCE~DING ORDER Of VARIABLE
 

.1. 79 36 SOleE- 06 c. 1a8 511 4E -sB .o.....5.2fl3.<1ll2E-u Z O~q141688 E-.il.l...--._..Q..b68 2392
 
1.461063 1.149441 0.2643021
 

• 
~S!:u !.-UlW POH S 



Table X. (COIltlnlled) 

NUMIER OF REAL ADO'S­ , 
-&.00000& -o.J9Z.0J1 

NUMIER OF COMPLEX 'AIR R001S­
-'2.1IZ6' 13.1t.566 

1 
- ••JOlt01Q -&.,••It&7 -'&.0••'''-­

"nUT~c..a.IIlC.~ 1t ...1I1. tl_lL _ It...... tl-J't _ .w..,. tl_ WlftlJlft~, 

CLOSED LOOP DENOMINATOR 
- Dill VIIflIIII .... ru: nllD~1I 7_ ,.nl=l=~I"I~IIITC. IN nl=c.r-l=flIitllNC nDDFII ru: V.........ALF 

O.19365O<\E-06 0.1085114E-03 0.5203962E.aZ 0.9741611E-Ol 
1.655000 1.471184 0.3964531

4 _ 

0.6719901 

CLOSED LOOP POLES 
NUMBER OF REAL RooTS­ 5 
-Q••86768 5 -2. 293 9 +1 -1.0000D3 -1.150027 -21.52005 
NUMBER OF COMPLEX PAIR ROOTS­ 1 

-5Z.17001 13.49223 

0)
U) 

CONTRO' GUNS· UNI_ 0.0 • UN. 0.0 • KNN? O.IiOOMF=OZ 

CLOSED LOOP DENOMrNATOR 
POLYNOMIAL OF QR0ER--7. COEFF1CleNtS-~ESCENDING-~~ARI'mE 

0.7936504E-06 0.1085714E-03 0.520396ZE-oZ 0.9741688E-Ol 
Z.042872 Z.116455 0.6607550 

.----­
0.6194911 

CLOSED LOOP POLES 
NUMBER OF REAL ROOTS- ) 
-0.9999929 ~1599Z9 -------~.2.2..3U3Z- _ 
NUMBER OF COMPLEX PAIR ROOTS- Z 
-4.309188 1.9355!5 -5Z.14510 13.54541 

CONTROl GAINS· UNla--a.o----_ .1lAJP-O"O'-----~~-.------------

CLOSED LOOP DENa.u~:TOI} COFFFICfFIIITl; III nFl;CF~nINGunRn.FR OF VaRURl fDOtYNoMr" OF nRn _ 
0.7936504E-06 0.1085114E-03 O.52C396ZE.aZ 0.9741688E-ol 0.691Z461 

).012554 3.1281)1 ·1.321509 



Table X. (Continued) 

CLOSED LOOP POLES 
---IlNM.lLII..ua Of REAt 1001Sa­~--

-0.9~99968 -0.6435101 
NUMBER OF COMPLEX PAIR ROOlS­
-3.53?J)6 '.98 1 8 54 

2 

~---.__._--_._". -­ ._--- _... -----­ - -_. 
-23.92505 

-5Z.0 8 31tD J 3. 6 1 92.!L­

--­

. . . __ . 

-::I 
o 

"-_ .. _---------_._---- ---­ -- ­ -_.- --­ -­ ---­

CONTROL GAINS: KAN1= 0.0 • KAW=.O.O • KWN2= O.20000E-Ol 

rln~~n InnD n~unMrWATnD -----_._--------------_. --_._---­
POL YNOMIAL OF ORDER 7. COEFFICIENTS IN DESCEI\,DING ORDER OF VARIABLE 
0.7936504E-06 O.1085714E-03 O.5203962E-D2 0.9741688E-ol 

4.951920 -­ --lie 951502 --'-­ 2.6It.382L ... __.__ ... uu_. 

0.7357545 

CLOSED LOOP POLES 
WI_8~D n~ D~AI DnnTC= ~ 

-----"'-':ll5..l.1• .96.3.9!t-.-­

-O.67517~9 -O.~999958 

NUMBER OF COMPLEX PAIR ROOTS= 
-2.431242 1.661241 

2 
-26.33"1 

J ~Q.5..~ . .... 

CONTROL GAINS: KAN1= 0.0 • KAW= 0..0 • KWN2- 0.30000E-Ol 

tbOSiD lOOP DiNOMINATOR 
POLYNOMIAL OF ORDER 7. COEFFLCIENTS IN DESCENDING ORDER OF VARIABLE 

0.793650ltE-06 O•.10851l4E-\J3 O.5203962E-cJ2 0.9741688E-Ol 
'.IVll14 10.1749 1 3. 9 64531 

0.7732631 

CLOSED LOOP POLES 
NUMBER ~AL IDDTS-· 3--------.-.--.... 
-0.6852608 -0.9999Q67 -28.20828 
NUMBER OF COMPLEX PAIR ROOlS= 2 
-1.602321 9.3U3Pl -5 

' 
.85096 14.2387..8 .__ _.._..__ __. .. _ __. _ 

CONTROL GAINS: KANia 0.0 • KAW-= 0 •.0 • KWN2= O.50QOCiE-CI 1 

Gle5E9 leep 9EN9MINAlBR---------··-···---·--···...-.- .-.... 
POLYNOMIAL OF ORDER 7. COEF~ICIENTS II\, DESCENDING ORDER OF VARIA8LE 

0.7936504E-06 0.1085114E-03 O.5Z03962E-DZ O.9741688E-Ol 
10.77001 16.6Z1.5..Z.-u-­ b..b.Q755.2. 

0.8482801 



--------

CLOSED Loo, 'DLE-S 
..a.IER DF lEU lDOTS- J 
-D.9999901 -0.6'3.489 
NUNIER DF COM'LEX 'AIR ROOTS­
_iIl-...""~ _ I 1_ t;§1 7ft 

Table X. 

-]1.14155 
Z 
_ -~A'" _ 

(CoatIDued) 

1~"7 

------.---- ­

-01 
~ 

CONJROL GAINS: KAN1- 0.0 

rJnc~n InnD n~unMluaTnD 

• KA'" 0.0 r KWNZ- O.?OOOOE-Ol 

POLYNONtAL OF ORDER 1. COEFFICISNTSIN DESCENDlNG ORDER OF VARIABlE 
0.79365O~-D6 0.1085114E-03 0.520]96ZE-02 0.9141688E-ol 

14.6487 4 23.06830 9.250572---­ ___ 

CLOSED LOOP POLES 
IiII_APR m= RFAI RnnT"a " 

-0.9999911 -O.6~64141 -33.45343 
NUMBER OF COMPLEX PAIR ROOTS­ 2 

0.660021 5 J3eJ+J'2 -5J.48506 J5.4.258 

0.9232911 

CONTROL GADNS: KAN1- 0.0 • KAWe 0.0 • KWN2- 0.100ooE 00 

r.nc~n InnD n~"'MI'''.&rnD ---_.-..._- .--- ------ ----------------- ­

'DLYNOMIAL OF ORDER 1. COEFFICIENTS IN DESCENDING ORDER OF VARIABlE
 
0.1936504E-06 0.1085114E-03 0.5203962E-02 0.9141688E-Ol 1.035822
 
2ft-+A~~1 "2_7"~"Q 1'l_'I~IO 

CLOSED LOOP POLES 
""NBER OF~ ROOTS· 3 . ---- . ----- .------.--­
-0.6989459 -0.~~99989 -36.16368 
NUMBER OF CO"P~EX PAIR ROOTS- 2 

1._8"8982 1+_94120 ....1_'1211.7 I ""_40'l9'" 

-------.--------- -----.__._--_.-----_. --- ----------_.-------_._--._----_._-----­
CONf.ROL GAINS: KAN1- 0.0 • KAW- 0.0 • KWNZ" 0.20000 

~.n~~nLlnnD n~unMrU&TnD

-pOLYNoMiAL OF "ORDER "-i. COEFFICIENTS IN DESCENDING ORDER OF VARIABlE 
0.1936504E-06 0.1095114E-03 0.5203962E-02 0.91~1688E-ol 1.~10908 

39.86046- 64. 1;7203 ~.302-1----- .--- -- -- ---- -__. . _ 



Table X. (Concluded) 

CLOSED LOOP POLES
 
W1WR~D n~ D~A' DnnTC_ ~
 

-0.9999959 -C.7018111 -41.42575
 
NUMBER OF COMPLEX PAIR ROOTSa 2
 

.&._1.77l;i1~ IA..-RI.l;iRn _l;il_l;il~I.Q lQ_.&..&.QQA 

--------------,,--- -------- -_. --_. - --- - -- ­

CONTROL GAINS: KAN1~ e.o • KAW= 0.0 • KWN2= 0.30000 

r.nC~n .nna ncwnM'~ATna 

-POLyNoMIAL of-IiROiR--j. COEFFICIENTS 
O. 793650~-06 O.1085714E-03 

59.l5.10 91.20566 

CLOSED LOOP POLES 
NIMBE' REAlDE DOQTS- 3 
-0.9999958 -0.7027591 
NUMBER OF COMPLEX PAIR ROOTS= 2 

IN OESCENDING ORDER Of VARIABlE 
0.5201962E~2 0.9141688E-Dl 1.185992 

39.64529 ------ ---- --------- ----------- ­

.., . . ._ 

-43.87103 

6.661975 21. 4 4558 - ~2. 27505 --2.l..91l.(lq u u 

~ 
t.) 

CONTROL GAINS: KAN1= 0.0 • KAW= 0.0 • KWN2= 0.50000 

,...• ntJ:ft • nnD nc. ...nM~.. a Tf1D --_._---_ .._----------- ­ - --_.---. ­ ----- ­
POLYNOMIAL OF ORDER 7. COEFFICIENTS IN DESCENDI:NG ORDER OF VARIABLE 

0.7936504E-06 0.1085714E-03 O.5203962E~2 O.9741688E-Ol 
98.04141 161.67 30 66.07 552 

2.536162 

CLOSED LOOP POLES 
NII"BED OF REALJlOllts;; 3-­

-0.9999953 -O.7G35168 
NUMBER OF COHPLEX PAIR ROOTS= 

_"",_nIl 1" '5."'956' 
2 

_ 

-46.07709 

.9.561440 7'i....045ll.7 

END OF LOOP CLOSURES 

IHC2171 

TRAG~8AGK FQllQWS RQl:lTINE-lSN IH;C;. 14 ---------._-------­ -- ­ -- --- ---. - ­ - -.-­ -­ .­
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Figure 7. Root Locus for Example Case Using TFAN 
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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 PI(s) to the form 

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, T l' i = 1, 2, ..• , ntau 

NTAU Number of time constants in array TAU 

P Coefficients of polynomial to be expanded, Pk' k = 1, • • • np 

NPI Initial degree of polynomial PI(s) 

NP Final degree of expanded polynomial Pn(s) 
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L .. NP + 1
 

M .. NPI + 1
 

K-L-I+I 
SHIFT INPUT POLYNOMIAL 
~l~.)' NTAU SPACES TO 1 =K - NTAU 
RIGHT BEFORE EXPANDING 
WITH TIME CONSTANTS 

Figure 8. Flowchart for Subl'Outine XPNTAU 
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DO 40 I =I, NTAU 

ZERO OUT FIRS T NTAU 
1..--.,_..... SPACES OF POLYNOMIAL PI (5) 

DO 50 I =1, NTAU 

00 50 K· 1, NP 

EXPANSION ALGORITHM 

RETURN: COEFFICIENTS AND 
DEGREE OF EXPANDED 
POLYNOMlAL P (.)n 

Figure 8. (Concluded) 
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Table XI. Fortran H Program Listing for Subroutine XPNTAU 

----------- ----- ------ - --o11llaalO
SlllROUl't~xPNTAurTAlJ,NTAU~~N-PT;N~T­ h_ 

c THIS SUBROUTINE EXPANDS A POLYNOMIAl P(SJ TO THE FORM DI000020 
c P( SI *( TAUI 11 .S... 1I *•••• ITAU (~TAU I*S+ 11 D1000030 

--C - DEVELOPED -BY E.l. LUM FEBRUARY -1968 D1GO0040 
C Dl000050 

REll*4 TAUIII,PIIl DI000060
NP=NfiU+NPI ---------- ----	 - ­ 01000010 
{'FI NTAU.EQ. O. OR. NP. EQ.O J ftETURN	 Dl000080 
L:=NP+I	 01000090 

--	 MaNPI+[---­ DIOG0100 
DO 20 l=l,M DI000140 
KaL-I+ I 01000150 
J8K~TAO	 DlOOO160 

20	 PI K,:·PI JI D1000110 
DO	 40 l=l,NTAU 01000180~ 

~ 40	 Pit '-.0.--- ---- - --OTOoo190­
L-NTAU+l DI000200 
00 50 l=l,NTAU D1000210 
L=L~l	 DlO00220 
DO 50 K=L,NP Dl000230 

50 P(KI=PIKI+P(K+I)*TAUIII 01000240----RE TURN--- ---- --- - -- - --­ - ---Ol"l)OOZ50 
END DI000260 



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 PI (s), i. e. , 

where (A)LA means that the poles from Set A are combined with PI(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, 0, 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, 0, or E, 
NO, 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 (ai) 
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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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 Array of first-order lag frequencies, ai, i=l, 2, ..• , na; also 
array in which generated polynomial is returned, a(s) 

NA Number of first-order lags in A 

G Steady state of expanded polynomial a(s) 

T Title to be printed with expanded polynomial a(s) 

NT Length of title T (Number of characters in multiples of 4) 
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EXPAND PICs) by SET A 
F 

T
 

F EXPAND pCl) BY SET B 

T
 

T
 

EXPAND pCl) BY SET C 

F EXPAND pCl) BY SET D 

Figure 9. Flowohart for Subroutine XPNP5 
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T
 

F EXPAND P(I) BY SET E 

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

EXTRACT ROOTS OF POLYNOMIAL P(I) 

PRINT ROOTS OF EXPANDED POLYNOMIAL 
P(I) AND TITLE, TB 

10
 

RETURN: COEFFICIENTS AND DEGREE 
OF EXPANDED POLYNOMIAL, P(I) 

NON-STANDARD RETURN IN CASE OF 
ERROR IN EXTRACTING ROOTS 

Figure 9. (Conoluded) 
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Table XII. Fortran H Program Listing for Subroutine XPNP5 

____-SUlROUTlME_XPIP.5l~.NP.lA.L8.LC~LD.LE.TA.NTA.Ta.NIa,.~1 . _ .XOOOOQ10 
C 
C 

THIS SUBROUTINE EXPANDS A POLYNOMIAl WITH UP 
DYNAMIC LAGS SPECIFIED 8Y TIME CONSTANTS. 

TO FIVE SETS OF )(0000020 
)(0000030 

C - ­ -­

lOGICAL~ LA,L8,LC.lO.LE 
COMPlEX*S CCI101 

___--""R_EnlAL..~~t..lL._'A(11 • 181.11.• AI~l. 8fU. C(~ lLDfo\ t. E(~ t. Rll f 20 1 

)(0000040 
)(0000050 
)(0000060 
X0000010 

COMMON ICM8IA,B,C.O,E.NA,N8,NC.NO,NE 
IFILA.CAll XPNJAUIA.NA,P.NP.NPJ 

)(0000090 
X0000100 

IEILaltAll XPNTAUIB,NB,P,NP.NPI X0000110 
IffLCICALl XPNTAUIC.NC,P,NP,NPI X0000120 

_____ 
(fILDICALL XPNTAUCD.ND,P,NP,NPt 
IfCLE1~_LL_ XP-NT.&UlfJ"E.P.~P.NPt __ . __ 

)(0000130
_XClOO.D11t0 

00 
N 

CALL WRTPOlIP.NP,TA,NTAI 
CALL PRTX IP.NP.RR,NRR,CC,NCC,50,1.E6.1 •• &10J 

.J:All MITI IR.NRR,CC,NCC,r 8.NT 81 
RETURN 

)(0000150 
)(0000160 
)(0000165 
X0000110 

10 RETURN 1 )(0000110 
fftIl . X0000190 



...__....__

F 

CONVERT FREQUENCIES, ai' 

.... INTO TIME CONSTANTS, f 
i 

EXPAND aCI) IN TERMS OF 
TIME CONSTANTS fi 
NA TIMEE, AND MULTIPLY 
BY GAIN,g. 

PRINT COEFFICIENTS OF GENERATED 
POLYNOMIAL aCI). AND TITLE, T 

RETURN: COEFFICIENTS AND DEGREE 
OF GENERATED PLYNOMIAL, aCI) 

Figure 10. Flowchart for Subroutine GENP 
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--------------------

Table XIII. Fortran H Program Listing for Subroutine GENP 

SlBRDUTINE GENPrl.NA.G,T,NTt." ------- xi00ll10 
c nil S SUBROUT I HE GE HE RAT ES A POlY NO" I Al 0 F THE FORM X100GOZO 
t G.C1+S/AIlU Il+S/AI2U••• I1+S/AINAt t X100003ftc------ ------ - - -- - - - - -- ---- -	 X1000040 

REAL*"- AIIJ.TIU.RISt	 XI000050 
I'F CNA.lT. OlRE TURN	 X1000060 
J:F ( NA. HE.CTGUlo-TO -------Xl000010­
AIUS<; X10oo0S0 
GO TO 30 X1oo0090------------_.-- _. ----- . - - -_.- .. _... __ . --­

10	 DO 20 1-=1, NA )(1000100 ­
20	 RIU-l./Allt Xloo0110 

AI 11 31. Xloo0115 
tAll XPNTAUCR.NA.A.O,NAI xtDOM20 
CAll GPOlIA.NA.G.A.NAt Xl000130 

38	 CALL WRTPOlCA.NA.T.NT. X1000140 
~ RE TURNn 

---- --- - - ---.-- ­ xl0001M 
END Xl000160 

~~~~~"fuM:'4'},i!*,_~~OO~.JlJ"~\¥:;;;a;!J4_,s;;tJttM4M\(jLlf!LkLtiiM!!ltt!L.,,,J!It'!M~- f!i~~AJA:i !¢".MRm&I&Ui£&4tt!1t~,Jk_4~,iltj, .• !lJt_~n~LQ~J~L;"· ,,;, __ ~,_,._ .l;,._,;!1,.~ 'is ..~,> 



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.	 Some control loops (the turbojet rotor speed control, and turbofan high 
pressure rotor speed controllQops) have more than one feedback, which 
requires more than one 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. 

2.	 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. 

3.	 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.	 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. 

2.	 Include the capability of analyzing the inlet duct control loops. This 
capabil1ty, when coupled to (1) above, should enable analysis of the 
complete system with cross-coupling (interaction). . 

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

( 
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4.	 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. 

5.	 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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TJET and TFAN developed for the analysis of turbojet and turbofan engine control 
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TJET and TFAN have been valuable in the linear analysis of the propulsion 
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include the capab1l1ty of analyzing coupled control loops and to include a limited 
transient analysis. 
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