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ABSTRACT

This paper deals with an optimal output control for Space Shuttle Main Engine (SSME), a liquid
propellant rocket engine using a staged-combustion cycle. For this purpose, we modeled simplified
mathematical model of SSME using each SSME component divided into 7 major categories and found
trim points called Rated Propulsion Level (RPL). For design the closed-loop system of SSME, we
designed optimal output feedback Linear Quadratic Regulation (LQR) control system using SSME
linearized model under RPL 104% and demonstrated the performance of the controller through
numerical simulation.
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Fig. 4 Non-linear simulation model of SSME[Q].

Table 1. Average of all parameter errors under rated
propulsion level (RPL) respectively[9].

RPL Error Average
104 % (Standard) 6.29 %

65 % 9.51 %

100 % 523 %

109 % 8.22 %

o 28001

a

mbustion Chamber Pressur

2 4 6 8 10 12 14 16 18 20
Time (sec)

Fig. 5 Chamber pressure result of open-loop SSME
simulation[9].
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Fig. 7 Nonlinear response of chamber pressure and
mixed ratio under RPL 104%.
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Fig. 9 Nonlinear response of chamber pressure and
mixed ratio (MR) under HPFTP fault.
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Appendlx A. Space Shuttle Main Engine Dynamic Equations
Table A.1 Equations from Model 1, 4 & 5 (total 8 equations) [8].
no equation no equation
df2, 1 . .
f2 _ ( _
Vol gy =T e 3| Vi s = MM
as, d . .
2 02 dt = Tot2a ™ Tnp? - Tnp3 6 VE Py = 7nf’” -my
a2, . . .
3 [fl dt = Tftl 7Tfp1 7 Ps th SUS = QlS - QZS +7n7mhmx 7n‘/flh’5
s, d . . .
4 o1 dt = Tot1 — 7-01}1 8 Py V SU Q].i Q24 +mfnhfn _m'-'lh-'i
Table A2 Equations from Model 2 (total 12 equations) [8].
no equation no equation
L ) d . )\ ) -2
A _TTL{” Pn - os | o 42 7"’0 L)i : = — — 7/\ 77”7”{
9 (gA dg ers T eds s T 2.9/>MA2 LW v 15 ( oA | ag e = Pra = P2 |5 e P
L\d - _ A -2 L\ d _ 5 A -2
10 (gj)ﬁmnm =Pyp— P — f<A>7mn M mow { 2!]/?(“14 2} ) M or 16 ( gA ) dt Mg = Pm/‘m] P, { 2gﬂfA 2} ) M fn
i pive pipe
-2
L\d - . -2 A 2 L\d . A my
11 (7) M p0 = Prog = Prp= fA) gum g, — { z] ™ fpo 17 (—)—m =P —PFP,— [ - } —
gA | dt 2P A pine gA dat 4 4 5 2gA2 e 0
L\d - A ) L\d - .9
—|=-m,, = P,.— P, A 1= — _ _
12 ( gA ) t M opo pos 0P~ f )Oplm()po { 29/)(“/1 2 L‘i}»:mop{) 18 ( gA ) dt m/nbp merrd P9 f(A)nmrm/nbp
-2
L\d - A -
L\d . A m i e - _ N A
13 (—)—m P, P.,— - } fof 19 ( ) 777405 Pot Pr)s { 2 } m()s
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Table A3 Equations from Model 3, 6 & 7 (total 12 equations) [8].
no equation no equation
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d . . d 1 /- .
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1% d . d 1/ .
23 ( JR 1}1—’ dt FP 7n‘fpf +7n‘fpu 7n‘ft2 29 E ﬂ“25 me, (QQS - Q‘u:ﬁ)
. . . . d .
24 ( JR T ) dt 9 =my +7"’f71 bp _7n‘fpf _"l()[)f 30 E ﬂ“l-’l - me, (er-l Ql-'l)
. . d B
25 Ko Pox th os — Mg +7n‘0t1 7””0[}2 31 E 24 me, <Q24 Qu,’4)
V - - . . . d - 1/- .
26 (M)EPH =My My My — M My 32 P e ?(nlﬂ _7"’F1)
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Appendix B. Steady State Values Comparison between MIT model and KAU model
Table B.1 Steady State Values Comparison with MIT model under RPL 65% & 100% [8].
65% RPL 100% RPL
Variable Description Units

(states) T | Kau | o0 mir | kau |
(%) (%)

13(., X(1) | Main chamber pressure psia 1953.9 2016 3.18 3006 2830.7 5.83
mﬁ X(2) | Main fuel injector flow rate Ibm/sec 128.6 138.6 7.8 214.7 213.2 0.7
mmov X(3) Main oxidizer valve flow rate Ibm/sec 532.6 533.8 0.23 802.4 735.6 8.33
mop?) x(4) | HPOTP boost pump LOX flow rate Ibm/sec 523 475 9.14 96.7 89.1 7.87
Pﬂ X(5) | Fuel injector pressure psia 2064.1 1834.7 | 11.11 3230 3143.4 2.68
N 2 x(6) | HPFTP turbine speed rad/sec 2824.3 2899.9 2.68 3596.6 3563.6 0.92
002 x(7) | HPOTP turbine speed rad/sec 2049.3 2060.1 0.53 2856.6 2658.3 6.94
P, X(8) | LPOTP pump inlet pressure psia 103.5 103.5 0.01 99.9 100.8 0.86
Tﬁos x(9) | LPOTP pump inlet flow rate Ibm/sec 584.9 581.3 0.61 899.1 824.7 8.28
{ 201 x(10) | LPOTP turbine speed rad/sec 419.2 426.2 1.68 527.5 510.1 3.29
m()tl Xx(11) | LPOTP turbine flow rate Ibm/sec 132.8 133.8 0.73 176 166.4 5.44
P, | x(12) | Preburners fuel supply line pressure | psia 3243.4 3015.7 7.02 5499.6 5102.6 7.22
Tﬁ -t x(13) | Nozzle HE bypass fuel flow rate Ibm/sec 31.8 35.2 10.83 61.1 67.2 9.9
SU4 X(14) | Fuel sp. int. energy at nozzle HE Btu/lbm 1003.5 823 17.99 1037.3 963.5 711
Py X(15) | Fuel density at nozzle HE lbm/in3 6.81E-04 | 7.45E-04 943 1.02E-03 1.02E-03 0.81
my X(16) | Nozzle HE outlet fuel flow rate Ibm/sec 40.6 50.9 2543 52.2 53.2 1.96
mop f X(17) | Oxidizer preburner fuel flow rate Ibm/sec 25.3 28.2 1141 349 36.9 5.68
Moo x(18) | Oxidizer preburner LOX flow rate Ibm/sec 11.2 9.5 14.83 233 21.6 712
Pap x(19) | Oxidizer preburner pressure psia 2884.4 2590.1 10.2 5047.5 4610 8.67
pr x(20) | Fuel preburner pressure psia 2956.4 2601.8 | 11.99 4976.9 4522.5 9.13
Tﬁ Iof X(21) | Fuel preburner fuel flow rate Ibm/sec 471 58 2311 78.3 83.5 6.63
Tﬁ o X(22) | Fuel preburner oxidizer flow rate Ibm/sec 36.1 33.3 7.73 66.5 61.7 7.28
mmg X(23) | MCC heat exchanger fuel flow rate Ibm/ sec 18.3 21 15 28.4 27.1 4.62
My, X(24) | Nozzle HE inlet fuel flow rate Ibm/sec 40.6 50.9 2543 52.2 53.2 1.96
N r1 | X(25) | LPFTP turbine speed rad/sec 1491.8 1589.7 6.56 1634.5 1527.5 6.54
Ps X(26) | Fuel density at MCC HE lbm/in’ 5.66E-04 | 6.21E-04 9.83 8.89E-04 8.79E-04 1.48
SUG X(27) | Fuel sp. int. energy at MCC HE Btu/Ibm 1171.8 1021.2 12.85 1042 1012.6 2.83
Twis x(28) | Hot wall temp. at MCC HE R 1228.8 1131.4 7.92 1214.9 1181.1 2.78
Twys| x(29) | Cold wall temp. at MCC HE R 509 4529 | 11.02 466 4532 2.75
TwM x(30) | Hot wall temp. at nozzle HE R 11625 10319 | 11.24 1260.3 1196.3 5.08
Tw24 x(31) | Cold wall temp. at nozzle HE R 449.5 379.2 15.65 465.8 436.6 6.28
APPOS x(32) | OP & FP supply line pressure psia 4087.6 4142.8 1.35 6978.7 62444 | 10.52
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Table B.2 Steady State Values Comparison with MIT model under RPL 104% & 109% [8].
104% RPL 109% RPL
Variable Description Units

(states) MIT | KAU | S0 M | Kau | O
(%) (%)

13(., X(1) | Main chamber pressure psia 3126.2 2867.9 8.26 3599.2 2908.5 | 19.19
mﬁ X(2) | Main fuel injector flow rate Ibm/sec 225.6 218.1 3.33 214.7 223.6 412
mmov X(3) Main oxidizer valve flow rate Ibm/sec 832.3 742.8 10.75 869.5 750.6 13.68
mop?) x(4) | HPOTP boost pump LOX flow rate Ibm/sec 103.1 921 | 10.67 111.6 954 | 14.48
P, fi x(5) Fuel injector pressure psia 3369.1 3237.1 3.92 3545.3 3340.3 5.78
02 2 x(6) HPFTP turbine speed rad/sec 3695.6 3611.6 227 3822.2 3664 4.14
002 x(7) HPOTP turbine speed rad/sec 2947 2683.2 8.95 3059 2710 1141
P, X(8) | LPOTP pump inlet pressure psia 99.5 100.6 115 99 100.5 1.54
Tﬁos x(9) LPOTP pump inlet flow rate Ibm/sec 935.4 834.9 10.74 981 846 13.76
“Qol x(10) | LPOTP turbine speed rad/sec 540.4 513.2 5.02 556.7 516.6 7.2
m()tl Xx(11) | LPOTP turbine flow rate Ibm/sec 180.6 167.7 712 186.3 169.2 9.2
P, | x(12) | Preburners fuel supply line pressure | psia 5793.6 5246.8 9.44 6175.1 5406.7 | 1244
m -t x(13) | Nozzle HE bypass fuel flow rate Ibm/sec 62.1 67.2 8.14 621 67.1 8.01
SU4 X(14) | Fuel sp. int. energy at nozzle HE Btu/lbm 1008.5 943.2 6.48 983.1 919.7 6.44
Py X(15) | Fuel density at nozzle HE lbm/in3 1.09E-03 | 1.05E-03 343 1.16E-03 1.09E-03 6.03
m 4 X(16) | Nozzle HE outlet fuel flow rate Ibm/sec 55.1 54.8 0.48 58.3 56.7 2.67
fnop f X(17) | Oxidizer preburner fuel flow rate Ibm/sec 36.1 37.6 4.05 37.7 384 1.74
’rﬁ()po x(18) | Oxidizer preburner LOX flow rate Ibm/sec 24.8 223 10.01 26.7 23 13.7
Pap x(19) | Oxidizer preburner pressure psia 5326 47444 | 1092 5685.7 48922 | 13.96
pr x(20) | Fuel preburner pressure psia 5251.8 4663.4 11.2 5611.4 4819.7 | 1411
Tﬁ Iof X(21) | Fuel preburner fuel flow rate Ibm/sec 81.1 84.4 41 843 85.5 1.38
Tﬁ o X(22) | Fuel preburner oxidizer flow rate Ibm/sec 71.2 64 10.17 77.4 66.5 14.04
mmg X(23) | MCC heat exchanger fuel flow rate Ibm/sec 30.1 27.8 7.64 324 28.6 11.79
T.n fn X(24) | Nozzle HE inlet fuel flow rate Ibm/sec 55.1 54.8 0.48 58.3 56.7 2.67
02 1 X(25) | LPFTP turbine speed rad/sec 1671.5 1534.5 8.2 1722 1541.8 1047
Ps X(26) | Fuel density at MCC HE lbm/in’ 9.41E-04 | 9.05E-04 3.87 1.01E-03 9.36E-04 7.22
SUG X(27) | Fuel sp. int. energy at MCC HE Btu/Ibm 1012.5 995.8 1.65 974.7 978 0.34
Twis x(28) | Hot wall temp. at MCC HE R 1203.1 11729 2.51 1187.1 1164.1 1.94
Twys| x(29) | Cold wall temp. at MCC HE R 4559 4473 1.9 4431 441 0.47
TwM x(30) | Hot wall temp. at nozzle HE R 1250.4 1185.7 517 1244.5 1173.2 5.73
Tw24 x(31) | Cold wall temp. at nozzle HE R 456.4 429.4 5.92 4481 4211 6.03
APPOS x(32) | OP & FP supply line pressure psia 7308.6 6318.3 | 13.55 7741.8 6396.2 | 17.38
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Appendlx C. SSME Linearized System Matrices
A(32x32)

Columns 1 through 8

-1340.26 7638.994 3450.866 -4188.13 0 0 0 0

0 -50 0 0 1.720689 0 0 0

-25 0 -170.897 -107.189 0 0 103.741 25

0 0 -428.754 -1784.05 0 0 648.1299 100

0 -3258.26 0 0 -215.292 0 0 0

0 0 0 0 -428.292 -220.8 0 0

0 0 -8.44022 -19.1611 -57.9233 0 -50.5537 0

0 0 -149.254 -149.254 0 0 0 0

0 0 0 0 0 0 0 -21.7391

0 0 0 0 0 0 0 0

0 0 -5.14711 -5.14711 0 0 4981561 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0.719353 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 168.0592 0 0 0

0 0 0 0 712.1099 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 17.98382 0 0

0 0 0 0 0 53.9245 0 0

0 0 0 0 -10.9207 0 0 0

0 0 0 0 1.02E-05 0 0 0

0 0 0 0 17.38743 0 0 0

0.86416 -6.34589 0.957611 7.303498 0 0 0 0

0 0 0 0 0 0 0 0

3.366385 -24.7599 3.736329 28.49619 0 0 0 0

0 0 0 0 0 0 0 0

0 0 80.32463 38451.64 0 0 -121.423 0
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Columns 9 through 16
0 0 0 0 0 0 0 0
0 0 0 -000746 2193626  -031673  -11.0591  -2.68621
-6.37295 39.21174 -107.189 0 0 0 0 0
-25.4918 156.8469 -428.754 0 0 0 0 0
0 0 0 -0.83525  245.7605 -35484  -123899  -300.947
0 0 0 0323197  -111219 13.73036 4794211  116.4499
0 0 -8.44022 0.050449  -14.8438 2143209 74.83413 18.17697
149.2537 0 0 0 0 0 0 0
-0.24348 0 0 0 0 0 0 0
-34.7498 -141.409 605.6515 0 0 0 0 0
0 0.030851 -54.1598 0 0 0 0 0
0 0 0 0 10000 0 0 10000
0 0 0 -02  -6.04478 0 0 0
0 0 0 0 0 -764509 -4240839  -707.055
0 0 0 0 0 0 0 -0.0005
0 0 0 -21.1864 0 1046249 143E+08  -73.1984
0 0 0 10 17.55697 0 3268623  -21.4995
0 0 0 0 0 0 0 0
0 0 0 0910336  -267.852  38.67368  1350.364  327.9991
0 0 0 2.981809 -877.35  126.6758 4423123  1074.363
0 0 0 20 40.77086 0 7590410  -49.9261
0 0 0 0 0 0 0 0
0 0 0 0 -64.0234 0 0 0
0 0 0 0 -191974 -57.5101  -7.8E+07 0
0 0 0 0 -17.0308 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 111334  38.87436 0
0 0 0 0 0 5975342  208.6402 0
0 0 80.32463 0 0 0 0 0
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Columns 17 through 24

0 0 0 0 0 0 0 0
19.24898  -97.2801  0.646952 1686061 1843867  -89.2207 0 0
0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0
2156.539 -3629.8  72.48055 188.896 2065756  -2726.88 0 0
0 0 0 3715428  -279.149 3684874 -1017.1 -1017.1
-110.31  185.6688 50.3465 0 0 0 0 0
0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

0 0 0 0 0 0 0 0

-10000 0 0 0 -10000 0 0 0
0 0 0 0 0 0 -256094 -2.56094

0 0 0 0 0 0 0 581.504

0 0 0 0 0 0 0 0.0005

0 0 0 0 0 0 0 0
-267.519 0 -10 0 0 0 0 0
0 -141.057 -1 0 0 0 0 0
2833.089  22063.06  -240.877 0 0 0 0 0
0 0 0 -1003.42 5026.671  30485.22 0 0

0 0 0 -20  -276.387 0 0 0

0 0 0 -2 0 -103497 0 0

0 0 0 0 0 0 -507.678 -64.0234

0 0 0 0 0 0 -191.974  -459.978

0 0 0 0 0 0 -17.0308 -17.0308

0 0 0 0 0 0 0.001 0

0 0 0 0 0 0 1404.079 0

0 0 0 0 0 0 -89.1463 0

0 0 0 0 0 0 -817E-12 0

0 0 0 0 0 0 0 -176.052

0 0 0 0 0 0 0 4.14E-12

0 -381199 0 0 0 -381199 0 0
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Columns 25 through 32

-100

124.2447

242E+08

0

0.065318

90.93848

45.51275

0

-20.2576

-2.5E+07

1.632961
4.896436
-15.8951

41.28102
-4.14E-05

63151142

-80.5949
-1.4E+08
5.177874
4426176

0
0
0
0

114.4053

57.19964
-4.87152

-163.749
0.373877
3.195996

-8.53902

0

-18.3068

0

-15.9397

0
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B(32x2) C7(32x2)
Columns 1 through 2 Columns 1 through 2
0
-0.01562
0.004585
0

7972.81

32104.2

eNeoNoNoNoNoNoNoNoNeol NellolololNoNoNoNoNoNoNoNoNolNolNolNolNolollollolNo)
ecNeoNoNoNoNoNoNoNoNoNoNoNolNolhNNoNoNoNoNoNoNoNoNolNolNolNolNolollollolNo)
oNeoNololNololeoleleleoleleloloNolNolNolNolololololoeloeloelellelelNolNoRNol

[cNeoNeoNeoNoNoNoNoNololNoNoNoNoNoNoNoNoNoNoNolNolNolNolNollollolNo]

@=C"C +diagl4, 4, 4, 0, 4, 5,5, 0,0, 3,3,0,0,3,0,0, 3,3, 3,3, 33 0,0, 3,0, 3, 3, 3, 3, 3, 5]

—0.1196 —0.4241

__ -3
K(2x2)=107"< | (ieme 04460

R(2><2)=10_3><[1'0000 0 ]

0 1.0000



