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In this paper, modeling of Min-Max controller and evolutionary multi-objective optimization for gain 
tuning controller of turbofan engine are presented. To achieve this purpose, first a turbofan engine is 
modeled in GSP software. Then engine parameters model, by using extracted GSP simulation data and 
based on NARX structure of neural network is developed. For model validation a test fuel signal is 
produced and model performance is assessed. Next, turbofan engines control requirements and 
constraints are described and a fuel controller based on Min-Max strategy is designed and diverse 
control loops in controller are described. Each of these loops has a proportional controller  known as 
control gain of the min-max controller. For determining the gains of the controller, gain tuning process 
is formulated as a Genetic Algorithm Optimization problem in order for GA algorithm to find the best 
solution via its evolutionary generations. In this optimization problem, the settling time during 
acceleration and deceleration, engine fuel consumption and the amount of engine emissions are 
considered as objective functions to be minimized. The obtained results from simulation of optimized 
controller and engine show the final controller not only optimizes objective functions but also satisfies 
all control modes of engine during acceleration and deceleration modes. 
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Fig. 1 General scheme of NARX structure 
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Fig. 2 Fuel signal for training model versus time 

2   

1   
Table 1 Attributes and properties of models 

Regression   NRMSE 
    

1  1.923 0.402  0.0008  (10 10 10 8) 
(0:1,1:2)  

N1 

 1  3.705  0.270  0.0008  (10 10 10 8) 
(0:1,1:2)  

N2 

0.9999  0.054  0.005  0.0015  (15 12 12 10) 
(0:3,1:4)  

Ps3 

0.9999  0.037  0.004  0.0015  (10 10 10 10 8) 
(0:1,1:2)  

NOx 

0.9998  0.006  0.001  0.0023  (10 10 10 10 8 6) 
(0:3,1:4)  

Co 

0.9999  0.027  -0.003  0.0017  (10 10 10 10 8 6) 
(0:2,1:3)  SN 

 

  
Fig. 3 Fuel signal for testing model versus time 
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Fig. 4 Comparison between testing results and GSP outputs 
4   

  
 

 .

 .  

3 -   

]22 [ 
 ]23.[ 

  

 .
]23:[  

1 -   
2 -   
3 -   
4 -   
5 -   

0 50 100 150 200 250
0.2

0.4

0.6

0.8

1

Time [second]

W
F

0 10 20 30 40
0.2

0.4

0.6

0.8

1

Time [second]

W
F

0 10 20 30 40

0.6

0.8

1

Time [second]

N 1

0 10 20 30 40

0.8

1

Time [second]
N 2

 

 

0 10 20 30 40
0

0.2
0.4
0.6
0.8

1

Time [second]

Ps
3

0 10 20 30 40
0

0.2
0.4
0.6
0.8

1

Time [second]

NO
x

0 10 20 30 400
0.2
0.4
0.6
0.8

1

Time [second]

Co

0 10 20 30 400
0.2
0.4
0.6
0.8

1

Time [second]

SN

GSP

Model



    

 -       

  

382  1395165  

6 -   
7 -   
8 -  

 ."
5"   

 -

 . -
  

4 -   
             

      .    
 .       

      

  .

 .

]24.[ 

 .
-    

4-1 - -   

 .

  

  
Fig. 5 Turbofan engine requirements and constraints 
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Fig. 6 Min-Max Fuel controller 
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Fig. 7 Non-dominated sorting of Genetic algorithm steps  
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Fig. 8 Applying genetic algorithm to the problem 
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Table 2 Genetic algorithm parameters 

    
1    50 

2    Rank  

3    Tournament (4)  

4    Uniform  

5    0.8  

6    0.1  

7    Taguchi & Yakota  
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Fig. 9 Pilot command for simulating all modes 
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Fig. 10 Pareto for optimization problem 
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Fig. 11 Best solution of generations 
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Fig. 12 Controller and engine simulation diagram 
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Fig. 13 Emission production diagram during flight 
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Fig. 14 Calculated fuel by loops  
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Fig. 15 Input fuel and acceleration diagrams 
15   

0 10 20 30 40 50
0.4
0.6
0.8

1

Time [second]

PL
A

a

 

 

0 10 20 30 40 50

0.6

0.8

1

Time [second]

N1

 

 

0 10 20 30 40 50
0.7

0.8

0.9

1

Time [second]

N2

0 10 20 30 40 50

0.4

0.6

0.8

1

Time [second]

Ps
3

 

 
Parameter
Uplimit
Downlimit

Pilot
Controller

0 10 20 30 40 50
0

0.5

1

Time [second]

SN

 

 

0 10 20 30 40 50
0.2

0.4

0.6

0.8

1

Time [second]

N
O

x

0 10 20 30 40 50

0.2
0.4
0.6
0.8

1

Time [second]

C
o

0 10 20 30 40 50
0.7

0.8

0.9

1

Time [second]

EG
T

Parameter
Uplimit
Downlimit

0 10 20 30 40 50

-0.6

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

Time [second]

W
F-lo

op
s

 

 
N2max
Ps3max
PLA
Acc
Ps3min
Dec
WF-trnst

0 10 20 30 40 50
0.2

0.4

0.6

0.8

1

Time [second]

W
F

 

 

0 10 20 30 40 50
-1

-0.5

0

0.5

1

Time [second]

A
cc

&
D

ec

Parameter
Uplimit
Downlimit



    

 -       

1395165  387  

   -    . -

 .
 

 .

 .
 .

 .

 .

 .
  

8-   
 i  

    i  
 ) gkg-1(  

 ) K(  
   
   
( )  i     

GA   
   
   
   
   
1 ) rpm(  
2 ) rpm(  

 ) gkg-1(  
NRMSE   

   
   

   
3 ) bar(  

Regression          
   

sim time   
sample time   
 ) s(  

trnst    
   

 ) kgs-1(  
   

  
       
     

  
Transient   
Steady   
PLA   

3   
Acc   
Dec   
Total   

9-   
[1] J. Sjoberg, Q. Zhang, L. Ljung, Nonlinear black-box modeling in 

system identification: a unified overview, Automatica, Vol. 31, No. 
12, pp. 1691-1724, 1995. 

[2] H. Asgari, M. Venturini, X. Chen, R. Sainudin, Modeling and 
simulation of the transient behavior of an industrial power plant 
gas turbine, Journal of Engineering for Gas Turbines and Power, 
Vol. 136, No. 6, pp. 061601-10, 2014. 

[3] N. Yadav, I. Khan, S. Grover, Modeling and analysis of simple 
open-cycle gas turbine using graph networks, International Journal 
of Electronics and Electrical Engineering, Vol. 4, No. 8, pp. 559-
567, 2010. 

[4] A. Lazzaretto, A. Toffolo, Prediction of performance and emissions 
of a two-shaft gas turbine from experimental data, Applied Thermal 
Engineering, Vol. 28, No. 17, pp. 2405-2415, 2008. 

[5] H. Klang, A. Lindholm, Modelling and simulation of a gas turbine, 
Ph.D Thesis, Department of Science and Technology, Linköping 
University, Sweden, 2005. 

[6] R. Romijn, L. ozkan, S. Weiland, J. Ludlage, A grey-box modeling 
approach for the reduction of nonlinear systems, Journal of 
Process Control, Vol. 18, No. 9, pp. 906-914, 2008. 

[7] E. N. Dragoi, C. A. Horoba, I. Mamaliga, S. Curteanu, Grey and 
black-box modelling based on neural networks and artificial 
immune systems applied to solid dissolution by rotating disc 
method, Chemical Engineering and Processing: Process 
Intensification, Vol. 82, No. 73, pp. 173-184, 2014. 

[8] L. Piroddi, M. Farina, M. Lovera, Black box model identification of 
nonlinear input–output models: a Wiener–Hammerstein benchmark, 
Control Engineering Practice, Vol. 20, No. 11, pp. 1109-1118, 
2012. 

[9] A. Lazzaretto, A. Toffolo, Analytical and neural network models for 
gas turbine design and off-design simulation, International Journal 
of Applied Thermodynamics, Vol. 4, No. 4, pp. 173-182, 2001. 

[10] R. Bettocchi, M. Pinelli, P. R. Spina, M. Venturini, Artificial 
intelligence for the diagnostics of gas turbines part II: neuro-fuzzy 
approach, Journal of Engineering for Gas Turbines and Power, 
Vol. 129, No. 3, pp. 720-729, 2007. 

[11] M. Fast, M. Assadi, S. De., Condition based maintenance of gas 
turbines using simulation data and artificial neural network: a 
demonstration of feasibility, Proceedings of the American Society 
Of Mechanical Engineers Turbo Expo Conference, Berlin, 
Germany , June 9-13, pp. 153-161, 2008. 

[12] C. Evans, D. Rees, D. Hill, Frequency-domain identification of gas 
turbine dynamics, Control Systems Technology, Vol. 6, No. 5, pp. 
651-662, 1998. 

[13] N. Chiras, C. Evans, D. Rees, Global nonlinear modeling of gas 
turbine dynamics using NARMAX structures, Journal of 
Engineering for Gas Turbines and Power, Vol. 124, No. 4, pp. 
817-826, 2002. 

[14]  M.  Basso,  L.  Giarre,  S.  Groppi,  G.  Zappa,  NARX  models  of  an  
industrial power plant gas turbine, Control Systems Technology, 
Vol. 13, No. 4, pp. 599-604, 2005. 



    

 -       

  

388  1395165  

[15] M. Fast, T. Palme, M. Genrup, A novel approach for gas turbine 
condition monitoring combining CUSUM technique and artificial 
neural network, ASME Proceedings: Controls, Diagnostics and 
Instrumentation, pp. 567-574, 2009. 

[16] H. Asgari, X. Chen, M. B. Menhaj, R. Sainudiin, Artificial neural 
network–based system identification for a single-shaft gas turbine, 
Journal of Engineering for Gas Turbines and Power, Vol. 135, No. 
9, pp. 092601-7, 2013. 

[17] H. A. Spang, A. H. Brown, Control of jet engines, Control 
Engineering Practice, Vol. 7, No. 9, pp. 1043-1059, 1999. 

[18] H. I. H. Saravanamuttoo, G. F. C. Rogers, H. Cohen, Gas Turbine 
Theory, Fifth Edition, pp. 392-395, Harlow, Prentice Hall, 2001. 

[19]  J.  S.  Litt,  D.  K.  Frederick,  T.  H.  Guo,  The  case  for  intelligent  
propulsion control for fast engine, Infotech and Aerospace 
Conference, Seattle, Washington, April, 2009. 

[20] E. Diaconescu, The use of  NARX neural networks to predict 
chaotic time series, WSEAS Transactions on Computer Research, 
Vol. 3, No. 3, pp. 182-191, 2008. 

[21] G. P. Liu, Nonlinear Identification and Control: A Neural Network 
Approach, First Edition, pp. 78-81, Heidelberg, springer, 2001. 

[22] J. D. Mattingly, Elements of Propulsion: Gas Turbines and 
Rockets, Second Edition, pp. 244-252, Virginia, American Institute 
of Aeronautics and Astronautics, 2006. 

[23] S. Garg, Aircraft turbine engine control research at NASA Glenn 
research center, Journal of Aerospace Engineering, Vol. 26, No. 2, 
pp. 422-438, 2013. 

[24] M. Montazeri-Gh, A. Safari, S. Jafari, Optimization of turbojet 
engine fuel control system for safety consideration, 7th Iranian 
Aerospace Society Conference, Sharif University of technology, 
Tehran, Iran, February 19-21, 2008. 

[25] H. Richter, Advanced Control of Turbofan Engines, First Edition, 
pp. 141-176, New York, Springer, 2012. 

[26] R. D. May, J. Csank, T. M. Lavelle, J. S. Litt, T. H. Guo, A high-
fidelity simulation of a generic commercial aircraft engine and 
controller, Proceedings of The 46th AIAA/ASME/SAE/ASEE Joint 

Propulsion Conference & Exhibit, Nashville, July 25–28,  2010. 
[27] J. A. DeCastro, J. S. Litt, D. K. Frederick, A modular aero-

propulsion system simulation of a large commercial aircraft engine, 
Proceedings of The 44th AIAA/ASME/SAE/ASEE Joint Propulsion 
Conference & Exhibit, Hartford, July 21-23, 2008. 

[28] J. Holland, Adaption in Natural and Arti cial Systems, First 
Edition, Michigan, pp. 1-20, The University of Michigan Press, 
1975. 

[29] M. Mitchell, An Introduction to Genetic Algorithms, First Edition, 
pp. 2-4, Massachusetts, the Massachusetts Institute of Technology 
press, 1998. 

[30] S. Sivanandam, S. Deepa, Introduction to Genetic Algorithms, 
First Edition, pp. 1-10, Heidelberg, Springer, 2008. 

[31] K. Deb, Multi-objective Optimization Using Evolutionary 
Algorithms, First Edition, pp. 227-230, Chichester, Wiley, 2001. 

[32] N. Srinivas, K. Deb, Muiltiobjective optimization using 
nondominated sorting in genetic algorithms, Evolutionary 
Computation, Vol. 2, No. 3, pp. 221-248, 1994. 

[33] K. Deb, S. Agrawal, A. Pratap, T. Meyarivan, A fast elitist non-
dominated sorting genetic algorithm for multi-objective 
optimization: NSGA-II, Lecture notes in computer science, France, 
pp. 849-858, 2000. 

[34] K. Deb, A. Pratap, S. Agarwal, T. Meyarivan, A fast and elitist 
multiobjective genetic algorithm: NSGA-II, Evolutionary 
Computation, Vol. 6, No. 2, pp. 182-197, 2002. 

[35] A. M. Zalzala, P. J. Fleming, Genetic Algorithms in Engineering 
Systems, First Edition, pp. 170-178, London: The Institution of 
Electrical Engineers, 1997. 

[36] M. Montazeri-Gh, A. Safari, Tuning of fuzzy fuel controller for 
aero-engine thrust regulation and safety considerations using 
genetic algorithm, Aerospace Science and Technology, Vol. 15, No. 
3, pp. 183-192, 2011. 

[37] S. Jafari, M. Montazeri-Gh, Evolutionary optimization for gain 
tuning of jet engine min-max fuel controller, Journal of Propulsion 
and Power, Vol. 27, No. 5, pp. 1015-1023, 2011. 


