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A Dynamic Simulation and LQR Control for Performance
Improvement of Small Gas Turbine Engine

Chang-Duk Kong” - Ja-Young Ki * Sog-Kyun Kim (Chosun Univ.)

ABSTRACT

A nonlinear dynamic simulation of a small gas turbine engine was performed by using
DYNGEN program with various environmental conditions. It was observed that the effect of
the bleed air flow rate changed to overall engine performance. The real time linear model
which was a function of engine rotor speed was resulted to be close to nonlinear simulation
results. For optimal LQR controller, it was considered only fuel flow rate or both fuel flow
rate and bleed air rate as inputs. In the comparison of both results, the LQR controller with
multi input had better performance than that with single input.
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NOMENCLATURE F Weighting Matrix of State
Variable
A, B, C, D System Matrix FN Thrust
Bieed Bleed Air from Compressor G Weighting Matrix of Input
BN Bleed Air 0 % Control Gain
B2 Bleed Air 2 % K Control Gain
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MN Mach Number
PR Pressure Ratio
RPM Engine Rotor peed
S Solution of Riccatii Equation
S-S Steady-State
SFC Specific Fuel Consumption
SM Surge Margin
TIT Turbin Inlet Temperature
u Control Input Variable
X State Variable
y Output Variable
WFB Combustor Fuel Flow
WA Air Flow Rate
ZF Ratio of Pressure Ratios of
compressor
LQR Linear Quadratic Regulater
7 ¢ Compressor Efficiency
/N Burner Efficiency
7. Turbine Efficiency
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Table 1. The 'Design Point of Small Gas
Turbine Engine

ltem Case 1 Case 2
MN 0 0.7
Altitude 0 2km(65501t)
WFB 0.0605kg/s 0.0631kg/s
(0.13341b/s) (0.139081b/s)
PR 3.711 3.68
7 0.7732 0.7725
WA 2.711kg/s 2.883kg/s
(5.978Ib/s) (6.3561b/s)
7b 0.992 0.992
TIT 1289K 1277K
(2319.84R) (2297.88R)
7t 0.8311 0.827
RPM 98% 98%
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Table 2-1. The Comparison of Results between
Nonlinear Simulations with Various
Bleed Air Flow Rate

(Case 1)

S-S | Maximum | %over
Value Vaiue -shoot

Bleed 0 | 0.892 1.006 12.8
SM | Bleed 2| 0.860 0.999 16.2
Bleed 4 | 0.827 0.993 20.1
Bleed 0 | 863.072 | 863.072 0
FN | Bleed 2 | 845676 | 845.676 0
Bleed 4 | 827.168 | 827.168 0
Bleed 0 [ 1.316 2.168 64..7
SFC |Bleed 2| 1.343 2.220 65.3
Bleed 4] 1373 2.275 65.7

{Case 2)

S-S | Maximum | %over
Value Value -shoot

Bleed 0 | 0.889 0.959 7.87
SM | Bleed 2| 0.856 0.978 14.3
Bleed 4 | 0.823 0.966 174
Bleed 0 | 759.566 | 759.566 0
FN | Bleed 2 | 737.752 | 737.752 0
Bleed 4 | 716,497 | 716.497 0
Bleed 0| 1.561 3.794 143
SFC | Bleed 2| 1.607 4.498 180
Bleed 4 | 1.655 2.741 65.6
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Case 1 with single input,

A=
-1.1263E+00 1.2321E+04 1.0966E+02 -7.0008E+01 -7.0428E+02
42145E-02 ~6.2520E+02 38947E-01 1.0740E+00 9.0347E-02
L1I526E+00 -4.8121E+04 -5.0346E+02 99076E+01 6.2822E+02
2.7514E+00 -2.2814E+03 4.8758E+03 -55152E+03 -2.0096E+01
1.2899E+00 -3.7940E+(1  4.2479E+00 1.1419E+01 -5.1644E+02
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B =
-49673E+03
1.6460E+02
56273E+05
3.0264E+04
2.3560E+03

C=
-99379E-06 6.0237E-01 15335E-06 1.0639E-06 -7.6344E-05
-5.6550E-04 23333E+01 4.3250E+00 -4.7945E-02 -2.9241E-02
1.4527E-05 -6.0830E-01 4.3564E-04 -1.1918E-03 8.1507E-04
-9.2717E-03  38113E+02 -2.8142E-01 76928E-01 -54029E-01
-1.6506E-06 6.9906E-02 -5.0220E-05 -1.4291E-04 -9.7942E-05

with multi-input,

A=
-1LOB22E+00 1.1978E+04 1.0992E+02 -6.5455E+01 -8.3658E+02
3.8903E-02 -5.6683E+02 -5.4477E-02 13372E+00 7.2781E+00
1O303E+00 -4.8734E+04 -52349E+02 1.1306E+02 6.5800E+02
2.9931E+00 -1.0422E+04 49876E+03 -5.6365E+03 -1.1594E+02
1.3273E+00 -5.1182E+02 -3.3065E+00 1.5730E+01 ~3.8517E+02

B =
3.42T1E+03 -8.7357E+03
-5.5363E+02 -1.8750E+03
5.6045E+05 -7.9258E+03
THITE+04 5.2700E+04
-1.0963E+04 -1.7558E+04

C-=
-2.3025E-05 5.7935E-01 6.7932E-04 -3.0065E-04 ~14992E-02
-5.1979E-04  23147E+01 4.3325E+00 -5.2878E-02 -3.7585E-02
1.3812E-05 -6.1742E-01 2.9222E-04 -1.0498E-03 1.2077E-03
-87298E-03 39286E+02 -1.8785E-01 6.7104E-01 -7.7709E-01
-1.5550E-06  7.0257E-02 -3.3359E-05 -1.6116E-04 -1.3970E-04

x10° Mach=0, Alt.=0km

2 3 4 5 6
Time {sec)

Case 2 with single input,

A=
-2.1009E+00 1.3426E+04 1.3516E+02 -8.1700E+01 -7.9915E+02
84844E-02 -7.0208E+02 4.8455£-01 1.2638E+00 1.0175E+00
LO9SSE+00 -4.2208E+04 -5.0896E+02 G.1120E+01 6.2172E+02
4.2864E+00 -2.8038E+03 4.9906E+03 -5.7516E+03 -3.4086E+01
1.9600E+00 -1.0163E+03 5.3333E+00 1.3097E+01 -55918E+(02

B-=
-3.6480E+03
43190E+01
5.1204E+05
J.7937E+04
1.5958E+03

C=
-T6229E-05 5.7559E-01 4.2579E-06 -2.5220E-06 -5.1491E-05
-50927E-04 1.8739E+01 4.3991E+00 -4.0507E-02 ~1.9930E-02
1.7809E-05 -6.8491E-01 5.9697E-04 -24991E-03 8.4186E-04
-8.1546E-03 3.1683E+02 -2.7822E-01 1.1590E+00 -4.0899E-01
-1.9132E-06 75126E-02 -6.5510E-05 -1.6318E-04 -1.0075E-04

with multi-input,

A=
-L7896E+00  1.2702E+04 1.3477E+02 -8.2412E+01 -8.2698E+02
TO248E-02 -6.7120E+02 4.1349E-01 1.2993E+00 2.3847E+00
1.08%E+00 -4.3508E+04 -5.2103E+02 9.6208E+01 6.3805E+02
4.0838E+00 -2.7243E+03 5.0529E+03 -5.7973E+03 ~4.8251E+01
L7134E+00 -1.6240E+03 5.3310E+00 18067E+01 -7.1843E+02

B:=
-1.5928E+03 -1.6316E+03
-4.5536E+01 -2.2558E+03
S19EHS  4.7372E+02
33292E+04  3.0937E+03
1.6869E+04 -3.1944E+04

x10° Mach=07, Alt.=2km

T

7 3 4 5 b
Time {sec)

Figure 1. The Comparison of Results between Nonlinear Simulation and Real Time Linear
Simulation (-——- Nonlinear Simulation, ocoooo Real Time Linear Simulation)
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C =
-84229E-05 5.6665E-01 1.0828E-04 9.7825E-05 -6.5336E-03
~49188E-04 19030E+01 4.4026E+00 -4.1745E-02 -1.9907E-02
L7600E-05 ~70559E-01 5.7142E-04 -2470E-03 9.3126E-04
~T9950E-03 32320E+02 -26504E-01 1.1374E+00 -4.4514E-01
-1.8I3E-06 7.6676E-02 -6.2428E-(5 -1.6893E-04 -1.0936E-04
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Case 1 with single input,

F = [22000];
o5 O 0 0 0
0 ey O 0 0
G=| o 0 g O 0
0 0. 0 g O
0 0 0 0

with multi~input,

2750 0
1l
0 2750
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175000 0 0 0 0
Gl = 0 0 35000 0 0
0 0 0 25000 0
1
1000000 ‘; ¢ 0 0
0 “E600 0 0 0
R = 0 0 —"1—5000 0 0
0 0 0 000 0
i
¢ 0 0 0 35600
Case 2 with single input,
F = [22500%;
30000 0 0 0 0
0 ——1-*30000 0 ¢ 0
Gl = 0 0 ~—~l—30000 0 0
0 Q 0 35000 (;
0 0 0 0 30000
with_multi~-input,
17000
Fe l ]
0 17000
—_ 0 0 0
25000
0 —4—‘40000 g 0 0
Gl = 0 ] 20000 (; 0
0 0 0 E000 0
0 0 0 0 “1_25000

= © 0 0 0

0 = O 0 0

@=| o 0 =i O 0
0 O mg O

0 0 0 &

00 |

% A2 FF40 ¢98L A=l "ded
AB)AA AAAY KE MATLABYS o]48ld

e 2o gog Fago
Case 1 with single input,

K=[0.0261 0.67 0.0077 -0.0001 -0.0364]
*e-03

with_multi~input,

K1=[0.0261 0.1781 0.0224 0.0007 ~0.0283;
-0.0034 -0.1407 0.0004 0.0001 0.0053]
*e~03

K2={0.0 -0.0017 0.0001 0.0 0.0;
0.0 -0.0001 0.0 0.0 0.0]

Case 2 with single input,

K=[0.0219 0.5646 0.0091 -0.0003 -0.029]

#e-03
with_multi-input,

K1=[0.0281 0.6927 0.0107 -0.0004 -0.0379;
-0.0023 -0.0604 -0.0006 0.0 0.0032]
*e~(3

K2={0.0123 0.2976 0.0051 ~0.0001 -0.0164;
~0.001 -0.0263 -0.0003 0.0 0.0014]
*e-04
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Ble] of7]x3Q) Case 19 disir duind
WFB | BN | 01982 | 0.354 32

3-10 He uie} o] 2 Ao EEl= 7%
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1.87%F ZE B29] 397} BN AR} o u :
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HAskS) AE 48 dfge) 29 zsp | FM| BN | 285 | 0412 | 38

B2 | 28627 | 0278 4.0

she 2714 #= FVBke APl e st

B29) 344 o] BN 2o o AHHA Ae Nom| 086 1 0 | 19 |I16163
% 5 Uk HAGTAAS Huese Aeldd SM| DN | L0 %209 40 L O
o 5o @AYl LR AclE Fol 23| A B2_L 070 | 17l | 3B | I9S
9t A2 A Y5e vehie 339 3 Nonl') 257751 0 | 33 | 2261
M= 4 Aolae mHAS Bt Te A TIT | BN | 24353 | 2414 38 0
2ol o BE 22 WYY Fig. 2 F2) B2 | 2088 | o084 | 33
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Figure 2. The Comparison of the Response with Various Model (---Nonlinear, +++LQR
Control with Single Input, 000LQR Control with Multi-Input) in Case 1
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Table 3-2. The Comparison of Results between
Nonlinear Simulation and LQR
Control with Case 2

s-s $-S | §-s time | % over
value | %error | (sec) | -shoot
Nonli"} 0.243 0 0.01
WFB | BN | 0218 | 10.288 24
B2 0.252 | 3.704 2.2
Nonli’ | 29108.4 0 34
RPM | BN | 29159 | 0.173 3.1
B2 | 29456 | 1.193 32
Nonli’ [ 0.856 0 24 14.252
SM | BN | 0614 | 2826 31 915
B2 0883 | 3.189 25 6.804
Nonli’ | 2301.7 0 29 12.534
TIT | BN | 22876 | 0613 2.1 0
B2 | 24322 | 5670 24 0
Nonli"| 737.7 0 29
FN BN | 7065 | 0423 3.1
B2 790.1 7.103 23
003
0.02
S
0.01 f’

2 3

Time (sec)
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Figure 3. The Comparison of the Response with Various Model (-——-Nonlinear, +++LQR
Control with Single Input, 000LQR Control with Multi-Input) in Case 2
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