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Abstract Gas turbine engines of naval ships operate in various marine environments, and it is important
to control their stable speed. To do this, precise mathematical modeling considering the engine
characteristics and controller design are essential. In this study, nominal plants were represented as a
3rd order linear model for three operating points for LM-2500 engines, which are widely applied in naval
ships. This was done by using sea trial data. For the controller design, the nominal plant was
approximated by a first-order plus time delay (FOPTD) model, and an IMC-LPID controller is proposed
for speed control by combining internal model control (IMC) and a linear PID controller. It is convenient
to tune the parameters of the PID controller because we only adjust the filter time constant. The
proposed controller was applied to a nominal plant and an uncertainty plant, and simulations were
performed to quantitatively evaluate the tracking, disturbance suppression performance, and robustness.
As a result of the simulations, the proposed controller showed excellent performance in both tracking
and disturbance suppression. In particular, it shows excellent control results for an uncertain plant when

considering the actual operating environment of a gas turbine engine.
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Fig. 1. LM-2500 gas turbine engine
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Where, Koo, 766 and Lge denote gain, time
constant and time delay of the GG system,
respectively.

Eq. (1)% Azt Lo wet GG AlAH Q] mtEtn]
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LM- 2500 A7) AA et 24 EE st &
27 6500[rpm], 7500[rpm], 8500[rpm]o.2 4174
sttt ZF B2 dish A4 9] nietulEE S A
HotHA HESEH ARE E8olo] AlEstgloH,

Table 12 °IE A&sto] et Zojot.

Table 1. Parameters of GG system

Operating point Koe Tee Lo
6500[rpml] 9.332 4.375 0.52
7500[rpml] 6.507 2.785 0.30
8500rpml] 2.984 1.400 0.15
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Where, K., Ka, K, Tema, hr and Kp denote

spool constant of FMA, gain of amplifier, gain of
FMA, time constant of FMA, feedback gain of
LVDT and fuel flow rate constant, respectively.

Table 2= A|2A A7 2EE A¥Hst FMU 9] ufefa|
B2 Ye Aol

Table 2. Parameters of FMU

Operating point | Kb K. K Ko | Ton hr
6500[rpml 155
7500[rpm] 158 0.8 2 4 0.1 0.8
8500[rpm] 204
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Fig. 3. Block diagram of LM-2500 engine with FMU
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Where, K,, T; and Ty denote proportional gain,

integral time and derivative time, respectively.

T+ L)/2 B
= K(T,+L/2) "’ L=TrL/2
(13)
_TL
4o+

Where, 75 K, T and Z denote filter time constant,

gain, time constant and time delay, respectively.
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Fig. 5. System identification toolbox for
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Fig. 6. Response comparisons of LM-2500 engine and
FOPTD model at 8500[rpm]

Table 3. Parameters of FOPTD model

Operating point K T L
6500[rpml] 1446.4 4.370 0.69
7500[rpm] 1028.0 2.779 0.47
8500[rpml] 608.7 1.390 0.32
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Where, e(?), tr denote error, sufficient time to be
negligible after this time, respectively.
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Table 4. Controller parameters tuning for LM-2500

engine
Operating Tuning Controller parameters
point methods e 7 7 T
Proposed 0.00354 | 4.7150 | 0.3198 0.575
6500[rpm] Skogestad 0.00219 | 4.3700 - 0.690
Cohen-Coon | 0.00151 | 1.5939 | 0.2439 -




IMC-LPID Al°I71& ol &

3 IM-2500 A9 $= Ao] AT

Proposed | 0.00407 | 3.0140 | 0.2167 | 0.485
7500[rpm] | Skogestad | 0.00287 | 2.7790 | - 0.470
Cohen-Coon | 0.00300 | 1.0811 | 0.1658 | -
Proposed | 0.00490 | 1.5500 | 0.1435 | 0.360
8500[rpm] | Skogestad | 0.00357 | 1.3900 | - 0.320
Cohen-Coon | 0.00726 | 0.7197 | 0.1117 | -
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Table 5. Performance comparisons for nominal plant
Gp

Disturbance
IAEs | Ty | Mok
1194 [19.240| 218
316
317

Tracking
7: T:
0.739 | 7.399
1.299 | 4.057
1.537

Tuning
methods

IAEs
1363
1479
2845

%0S
0.684

Proposed

0.541 19.452

4.540

Skogestad 1789

Cohen-Coon 13.034 1322 |15.822
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Table 6. Performance comparisons for nominal plant
Gy

Disturbance
IAEs | Ty | Mo
1083 [12.627| 281

Tracking
7 T
0.652|5.072
2.694
6.747

Tuning
methods

%0S
0.464
0.440
4.240

IAEs
990
1004

Proposed

1416 [12.429

6.365

Skogestad 0.883 386

1557 | 0.668 672 324

Cohen-Coon

Table 7. Performance comparisons for nominal plant
Gy

Tracking Disturbance

Tuning

methods %08
0.436

0.451

IAEs
663
685

T: Ts
0.493 | 3.212
0.603 | 1.785

IAEs | Ty | Mk
884 | 6.603 | 419
6.413 | 547

Proposed

Skogestad 1088

Cohen-Coon | 781 |0.283(2.349|6.163 | 285 |2.083 | 380
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Ee‘a Table 8. Performance comparisons for 10% uncertainty
%Y plant G»
X,
§ 6r ::LZZ?;:(, Tuning Tracking Disturbance
Q —_—
? Cohen-Coon methods | pps | T | T | %0S | MABs | T | Mu
55 . ‘ ‘
0 10 20 30 40 Proposed | 1420 | 0.565 | 6.263 | 3.040 | 1194 [18.475| 263
Time [s
I Skogestad 1560 | 0.951 | 5.683 | 2.057 | 1789 [18.924| 365
. o . 1
Fig. 10. Step responses for 10% uncertainty plant Gp Cohen-Coon | 2593 | 1.229 |11.366| 4.748 | 1268 [13.280| 356
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Table 9. Performance comparisons for 10% uncertainty

plant G7

Tracking Disturbance

Tuning

methods

IAEs Tr To | %0S | IAEs | Ty | Mpk

Proposed 930 |0.471 | 4.253|1.351| 1083 [12.217| 333

Skogestad 1051 | 0.657 | 3.796 | 1.726 | 1416 |12.108| 444

1450

Cohen-Coon

0.534 | 5.670 | 4.659 | 634 |5.523| 374

Table 10. Performance comparisons for 10% uncertainty

plant G}

Tracking Disturbance

Tuning

methods

IAEs T Te %08 | IAEs | Ty | Mpi

Proposed 629 |0.376|2.327 | 1.128 | 884 | 6.430| 487

Skogestad 715 |0.469 | 2.540| 1.619 | 1088 | 6.269 | 630

Cohen-Coon | 1004 | 0.245 | 4.020 | 8.758 | 336 |3.753| 453
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