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Direct design of nonlinear control systems from the real-time simulation model of an 
aircraft engine is discussed. The benefits of the design approach are that it permits rapid 
prototyping, and leverages all the investments made in the engine model development into 
better control system designs.  Nonlinear control system design using a component level 
simulation model of a high-pressure ratio, dual spool, low bypass, variable cycle, military-
type engine is presented. Numerical design methods are used to automatically generate 
controller C-code. Command tracking and mode blending between low and high-power 
operations are illustrated. Monte-Carlo simulations are carried out to investigate the 
robustness of nonlinear engine control systems with respect to parameter variations. 
Robustness comparisons are given with a previous gain scheduled linear control law.  

Nomenclature 
a14: Forward variable area bypass injector actuator 
a16: Aft variable area bypass injector actuator 
a8: Nozzle throat area actuator 
p2: Fan inlet pressure 
p27: High-pressure compressor pressure 
ps3: High-pressure compressor exit static pressure 
ps15: Bypass duct static pressure at mixer 
ps56: Low-pressure turbine exit static pressure 
stp2: Fan variable inlet stator vane actuator 
stp27: High-pressure compressor stator vane actuator 
stp27d: Booster tip stator vane actuator 
t2: Fan inlet temperature 
t27: High-pressure compressor temperature 
t3: High-pressure compressor exit temperature 
t56: Low-pressure turbine exit temperature 
t5b: Low-pressure turbine blade temperature  
w14: Forward duct flow rate 
w2: Fan exit flow rate 
wf36: Burner fuel flow actuator 
wf6: Afterburner fuel flow actuator 
xnh: High-pressure spool speed 
xnl: Low-pressure spool speed  
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I. Introduction 
 
ircraft turbine engine control system designs have traditionally been based on linear control theory1-5. Although 
most early designs employed the classical proportional-plus-integral control architecture6, recent research 

initiatives at NASA and the engine manufacturers have introduced the use of modern robust control theory for the 
design of these control systems1, 3-5, 7. Moreover, the availability of real-time aircraft engine models8, 9 has made it 
feasible to consider the design of sophisticated model-based control systems10-14 to achieve a better control over the 
engine dynamics in the presence of uncertainties such as component deterioration due to aging.  

The present research is motivated by the advances in nonlinear control system design methods over the past 
two decades that exploit the knowledge about the system dynamics to simplify the design process, while delivering 
better control system designs. Additionally, the availability of computer-aided nonlinear control system design 
software15 has made it possible to speed up the design process by allowing the direct use of simulation models of the 
dynamic system. Moreover, the design software can automatically generate C-code for implementing the controllers. 
Both of these capabilities can help accelerate the control system design process by enabling rapid prototyping. The 
control system designs presented in this paper are based on the MAPSS9, 16 (Modular Aero-Propulsion System 
Simulation) engine model developed at the NASA Glenn Research Center.   

Although several nonlinear control systems were designed during the present research, two of them will be 
discussed in this paper.  Theses nonlinear control designs use the MAPSS simulation model to transform the engine 
dynamics using the feedback linearization methodology17, 18 into a globally linearized form.  This transformed model 
is then used for the design of closed-loop control systems. Well known control system design techniques such as 
pole placement, Linear-Quadratic Regulator theory19 (LQR) and sliding mode control20 approaches can be employed 
for the design.  Inverse transformation of the feedback linearized controller produces the actuator commands. 
Alternatively, the nonlinear simulation model can be used directly for the design of predictive controllers. Control 
system designs presented here will be based on the pole placement and LQR methodology, in conjunction with 
feedback linearization. 

The overall architecture of a typical full authority digital engine control system (FADEC) is given in Figure 
1. The control demand input to the FADEC is typically the Power Lever Angle (PLA) or thrust. The FADEC 
employs temperature and pressure sensors at several stations on the engine, together with low-pressure and high-
pressure rotor speed measurements for feedback. These sensor outputs are processed to derive the engine state 
variables and output variables of interest. The FADEC includes demand-dependent scheduling of certain doors in 
the gas path and fan/compressor stators to ensure that the engine is properly configured to deliver the demand. 

The feedback control portion of the FADEC, shown within the dashed box is the design problem of interest 
in the present research. This nonlinear control system uses the processed feedback sensor data, and the PLA/thrust 
demand to regulate the engine states. In dual-spool military type engines, the control system is responsible for 
regulating the speeds of the low pressure and high-pressure stages, and the temperature of the engine hot section. It 
is also responsible for assuring that adequate stall margins are preserved at all times, and also to ensure that the fan 
does not reach over-speed conditions.  

An engine performance demand model is used to translate the PLA/thrust demand into a set of output 
variables that the engine control law must track. Typical tracking variables are thrust, engine pressure ratio at low 
power demand conditions or the engine temperature ratio at high power demand conditions, corrected fan speed and 
the liner pressure ratio.  The engine control laws are required to impart desired dynamic behavior to the engine 
through judicious use of feedback, while tracking the output variables and ensuring that the physical constraints are 
not violated.  

As stated at the beginning of this section, engine control system designs were largely based on linearized 
engine models, in conjunction with linear control theory1 - 7.  Gain scheduling is an integral part of this design 
process. By exploiting the available knowledge about the system dynamics, the nonlinear control techniques 
circumvent the need for gain scheduling required in linear control system designs. Moreover, mode transitions 
required for satisfactory operation of the engine as the inputs and operating conditions change, can be made an 
integral part of the control system design process.  

Several nonlinear control system design methods have emerged over the past two decades17-20.  Nonlinear 
control system designs are derived by manipulating the system dynamics given in symbolic form. However, in 
practical aerospace problems, the system dynamics are often given in the form of computer simulations that may 
contain numerical tables and mode switches. Reference 15 describes computer-aided nonlinear control system 
design software that can employ a simulation model specified in a standard form to carry out numerical design of 
nonlinear control systems. This software is used to derive all the results given in this paper. 

A 
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The computer-aided design software discussed in reference 15 incorporates 9 distinct methods for nonlinear 
control system design. Unlike the linear system designs where the results are in the form of compensator parameters, 
the outputs of nonlinear design processes are complex algorithms. The design software15 provides the control system 
design in the form of a software function that can be incorporated in the simulation model to close the feedback loop 
for further evaluation. Recently, a C-code generation capability has been incorporated in this software package. 
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Figure 1. The Engine Control System Architecture 

A brief description of the MAPSS model used for nonlinear control system designs will be provided in the 
next section.  Two engine control systems designed using this model and their performance will be given in Section 
III. Section III will also discuss an approach for incorporating mode-blending in the design process. 

Since the nonlinear control system designs are based on the model of the dynamic system, it is important to 
assess the robustness of the control system with respect to the expected variations in the model used for the design. 
In linear control systems, robustness with respect to unmodeled dynamics and parameter variations can be 
characterized by examining the singular values of the closed loop system. In nonlinear control systems, however, 
robustness has to be established numerically. Since the combinations of parameter perturbations and disturbances 
that occur in real situations are unknown, Monte-Carlo simulations can be used to establish robustness properties in 
a statistical sense. Section IV discusses the Monte-Carlo simulation study. Section V summarizes the conclusions 
from the present research, and directions for future work. 

II. Engine Model 
Nonlinear engine control system designs developed during the present work are based on the NASA Modular 

Aero-Propulsion System Simulation9, 16 (MAPSS) model.  MAPSS is a component level model (CLM) of a high 
pressure ratio, dual spool, low bypass, variable cycle, military-type turbofan engine. This model incorporates 
dynamic models of the rotating machinery, thermodynamic models21, 22 and fluid flow dynamics. A schematic view 
of the engine configuration modeled in MAPSS, from Reference 16, is given in Figure 2. The variables under the 
control of the engine control system are given along the top of the figure, while the variables along the bottom of the 
figure represent the measured variables. 

MAPSS provides direct access to health, control, and engine parameters through a graphical user interface 
(GUI), and is authored in Simulink®23. It can be used as a platform for developing and testing advanced control 
algorithms. The MAPSS GUI is used to input model parameters such as power lever angle, Mach number, and 
altitude. Additionally, the GUI allows the user to change the engine constants and other parameters that may have to 
be varied during controller development. MAPSS can be trimmed at any desired operating condition to generate 
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linear models, which can be used for dynamic analysis and linear control law design. The transient simulation 
capability of MAPSS is useful for evaluating the performance of controllers over a wide range of inputs and 
operating conditions.  

 
Figure 2. High Pressure Ratio, Dual-Spool, Low Bypass, Variable Cycle, Military-Type Engine Modeled in 

the NASA MAPSS Software 

MAPSS simulates the dynamics of the fan, booster, high-pressure compressor, burner, high-pressure and 
low-pressure turbines, mixer, afterburner, and nozzle. The fan inlet temperature and pressure are user-defined 
operating conditions. MAPSS also models the forward blocker door area positioning, the aft variable area bypass 
injector area positioning, the flow through the bypass duct, and the bleed flows. The bypass duct module determines 
the pressure, temperature, enthalpy, and flow rate up to the mixing plane. The component level model contains 
iterative loops for ensuring mass, energy, and momentum balance.  In addition to these parameters, the compressor 
bleeds and cooling flows are also simulated.  

The three state variables used to describe the engine dynamics in the MAPSS model are the low-pressure 
rotor speed xnl, high-pressure rotor speed xnh, and the average hot section metal temperature tmpc, measured from 
aft of the combustor to the high-pressure turbine.  MAPSS allows the user to choose from a large list of output 
variables. Typically, the controller development employs the engine temperature and pressure ratios, correct fan 
speed, and stall margin. The sensed values such as temperature, pressure, and gas flow related quantities from 
individual engine components are also available. The inputs to the component-level model consist of ambient 
conditions, fan inlet temperature and pressures, and actuator commands.  

MAPSS includes a Controller and Actuator Dynamics (CAD) module, consisting of a sensor processing 
block, a gain scheduled proportional-plus-integral controller, and a performance demand block. The MAPSS 
controller is used as the baseline for performance comparisons in the present work. The sensor processing block and 
the performance demand block in the CAD module are used without any change for the nonlinear control system 
design.   

The CLM module of the MAPSS simulation, together with the actuator models from the CAD module are 
used as the model of the engine to be controlled.  A simplified version of the MAPSS engine model is used for 
nonlinear control system design. This is called the “design model”, discussed in the following section.  

2.1. Design Model for Nonlinear Control System Synthesis 

The numerical methods for nonlinear control system design15 employed in the present research assume that 
the engine dynamics is provided in the form: 

( ) ( )up,xgp,xfx +=&  
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( ) ( )up,xbp,xay +=  
The elements of the state vector x are the low-pressure rotor speed xnl, high-pressure rotor speed xnh, and the 
average hot section metal temperature tmpc. The control vector u consists of fuel flow wf36, nozzle area a8, and the 
bypass area a16. The parameters p consist of variables that are not under the control of the present control system, 
such as stator schedules and gas path door settings.  The vector state-dependent nonlinear functions f(x) and the 3×3 
matrix of nonlinear state-dependent functions g(x) are provided by the design model. The vector y are the outputs to 
be tracked by the control system, and a(.) and b(.) are vector state and parameter-dependent nonlinear functions.  

The main difference between the design model and the original MAPSS model is that the former uses 
simplified actuator dynamics.  In the MAPSS model the actuators contain delays and rate and position limits.  In the 
design model, fuel flow, nozzle area, and bypass actuator dynamics are represented by first-order lags with time 
constants of 25, 16, and 30, respectively.  The MAPSS model also includes bypass gas dynamics between the fuel 
flow actuator and the engine dynamics, along with a combustor delay.  The gas dynamics are modeled as a first-
order lag with a time constant of 25.  In the design model, the delay was removed, and the actuator and gas 
dynamics are represented by a single lag using the slower time constant.  In the MAPSS controller module, the 
actuator signals are passed through a block with acceleration, deceleration, and position limits on wf36, and position 
limits on a8 and a16.  Although these limits are not included in the design model, they are included in the simulation 
model representing the engine dynamics. 

III. Engine Control System Design 
The overall architecture of the engine control system is given in Figure 3. The control system contains 

stator schedules and the Forward Blocker Door positioning logic defined by the engine manufacturer, an engine 
performance model that transforms the sensor outputs into the engine states and output variables, a performance 
demand model that transforms the PLA demand into output commands, and a nonlinear controller that generates 
inputs for fuel flow wf36, nozzle area a8, and the bypass area a16 actuators. This nonlinear controller design is the 
focus of the present research. 

Nonlinear ControllerNonlinear Controller

Performance 
Demand Model
Performance 

Demand Model

Stator SchedulesStator Schedules

Forward Blocker Door
Position Logic

Forward Blocker Door
Position Logic

PLA
Command

Engine Performance ModelEngine Performance Model
Altitude

Mach No.

Nonlinear ControllerNonlinear Controller

Performance 
Demand Model
Performance 

Demand Model

Stator SchedulesStator Schedules

Forward Blocker Door
Position Logic

Forward Blocker Door
Position Logic

PLA
Command

Engine Performance ModelEngine Performance ModelEngine Performance ModelEngine Performance Model
Altitude

Mach No.

 
Figure 3.  Architecture of the Engine Control System 

Two nonlinear control systems based on the feedback linearization methodology will be discussed in this section.  
These designs were obtained using the numerical nonlinear control system design software15 in conjunction with the 
design model described in Section II.   
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3.1.      Nonlinear Control System Design Software 

Starting from a numerical design model, the design software15 allows the users to employ one or more of 
the five different design techniques provided. The five methods implemented in the software are: the feedback 
linearization technique17, 18, recursive backstepping technique24, state-dependent Riccati equation technique25, 26, 
quickest descent technique27 and the predictive control technique28. Nine variations of these techniques are also 
provided. For instance, the sliding mode control method20 is provided as an option under the feedback linearization 
methodology. The feedback linearization methodology and the predictive control technique were used for deriving 
the nonlinear engine control system during the present research.  The nonlinear control system design software has 
been previously used for the design of high-performance aircraft, spacecraft and missile flight control systems; see 
References 29 through 31 for examples.   
 Nonlinear control system designs are carried out using the feedback linearization approach in this paper. The 
feedback linearization approach is based on finding a state dependent transformation that globally linearizes the 
nonlinear engine dynamics. The transformation generally involves repeated differentiation of the desired outputs of 
the engine model, until the control variables appear on the right-hand sides.  The transformed engine dynamics are 
in the form of decoupled chains of integrators, and can be used to formulate the control problem. Sensor and 
actuator nonlinearities such as saturation, deadzone and hysteresis can be included in the feedback linearization 
process with minor modifications15, 32. 
 Although robust linear control techniques such as the H-infinity design technique can be used to design closed-
loop control systems for the transformed problem, present research employed pole placement, Linear Quadratic 
Regulator (LQR) and the sliding mode techniques for control system design.   Note that the transformed control 
variables would be functions of state variables and the actual control variables. The last step in the design process is 
the inverse transformation of the control variables.  A block diagram of the feedback linearization method 
implemented in the nonlinear synthesis tools software is given in Figure 4.  
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Figure 4. Feedback Linearization Method Implemented in the Nonlinear Control System Design Software 

A user-supplied design model in a standard form is the starting point for design. The user is required to 
supply a “control influence matrix” (cfmatrix) that describes the flow of the control variables through the system 
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states. The software uses this information to numerically construct feedback linearizing transformations, and the 
inverse transformations. 

The feedback linearized system is considered to be in the Brunovsky canonical form17, 18. The transformed 
control variables are termed as pseudo-control variables. Control system design requires no more than the classical 
single-input, single-out control theory, although more sophisticated techniques can be used. The software provides 
pole-placement, LQR theory and sliding mode design techniques. If the user prefers, advanced linear control system 
design techniques such as H-infinity control theory or μ-synthesis can be used for the design of control laws for the 
transformed system. Inverse transformation of the pseudo-control law produces the control commands in terms of 
the original nonlinear system. 
 
3.2.  Engine Control System Design Using Feedback Linearization 

 The following sections will illustrate the nonlinear servo design using the feedback linearization 
technique in conjunction with the with pole placement and the LQR methods.  The state vector for the control 
problem consists of the low-pressure rotor speed xnl, high-pressure rotor speed xnh, and the average hot section 
metal temperature tmpc. The control variables are the fuel flow wf36, nozzle area a8, and the bypass area a16.  The 
controlled outputs are the thrust fn, engine pressure ratio eprs, and liner pressure ratio lepr. Since the relationship 
between the state vector and the outputs are highly nonlinear, integral tracking error feedbacks are introduced to 
ensure good tracking performance. The state vector, augmented with integral error states are listed in Table 1.  

 
(1) xnl 

(2) xnh 

(3) tmpc 

(4) wf36act 

(5) a8act 

(6) a16act 

(7) ( )∫ − dtfnfn desired  

(8) ( )∫ − dteprseprs desired  

(9) ( )∫ − dtleprlepr desired  

Table 1. State Variables for the Engine Control Problem 
 
The control flow employed for the feedback linearization process is: 

u1 (wf36): wf36act → xnh → xnl → tmpc → ( )∫ − dtfnfn desired  
u2 (a8): a8act → ( )∫ − dteprseprs desired  

u3 (a16): a16act → ( )∫ − dtleprlepr desired  
The relationships given in the foregoing can be interpreted as follows. The fuel flow wf36, the first control variable 
in the problem directly influences the speed of the high speed rotor, which in turn influences the low-speed rotor 
speed, followed by the metal temperature, leading to the engine thrust. The second control variable a8 influences the 
nozzle actuator state, which in turn influences the engine pressure ratio eprs.  The third control variable a16 
influences the liner pressure ratio through the bypass door actuator state. The control flow indicated in the foregoing 
was arrived at by examining the control matrix of the linearized engine dynamics. 

The qualitative description of the control flow can be expressed in the form of a matrix using the 
numbering of the states and the control variables as follows:  

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−−−
−−−≡

96
85

73124
cfmatrix  

The design software15 uses the cfmatrix to numerically carry out feedback linearization of the system dynamics.   
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The nonlinear control system designs were evaluated using the MAPSS component level model. In each 
case, the control system performance is compared with the MAPSS gain scheduled controller. The following 
sections will discuss the control system designs and the evaluation of their performance in closed-loop simulations. 

  
3.2.1. Pole Placement with Feedback Linearization 
 The pole placement designs were carried out at 35,000 ft altitude, Mach 0.8.  The controlled outputs are the 
thrust fn, engine pressure ratio eprs, and liner pressure ratio lepr.  The pole locations used in this design are: 

poles = 
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

−−−−−
−−−−−

−−−−−

5.01
2.05.0

009.001.02.03.02
 

The spool speed poles were chosen to be slightly faster than at the sea level, static condition, and the poles in the 
other two channels were somewhat slower.   

The initial value of PLA setting for this case was 30 and increased starting at t = 0.1 second to 50 at t = 10 
seconds.  The response of the closed-loop system is shown in Figure 5 through Figure 7.  Good output tracking can 
be observed, although the lepr response is quite slow.  

 
Figure 5. Thust, Engine Pressure Ratio and the Line Pressure Ratio Reponses of the Feedback Linearized 

Pole Placement Controller at 35kft Altitude, Mach 0.8 

Solid Line: Nonlinear Controller        Dashed Line: Demand 
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Figure 6. Low-Pressure Rotor Speed, High-Pressure Rotor Speed and Metal Temperature Time Histories of 

Feedback Linearized Pole Placement Controller at 35kft Altitude, Mach 0.8 

 
Figure 7. Fuel Flow Rate, Nozzle Area and Bypass Area Command Histories of the Feedback Linearized Pole 

Placement Controller at 35kft Altitude, Mach 0.8 



 
Published by the American Institute of Aeronautics and Astronautics with Permission 

 

10

3.2.2. LQR with Feedback Linearization 
 The application of the feedback linearization methodology in conjunction with the Linear-Quadratic 

Regulator design technique is illustrated in this subsection.  In the LQR design technique, the designer is responsible 
for specifying a positive, semi definite state weighting matrix Q and a positive definite control weighting matrix R. 
The weighting matrices used in the present design are: 

Q = 
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

3Q
2Q

1Q
,  R = [R1 R2 R3] 

where 

Q1 = 

⎥
⎥
⎥
⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢
⎢
⎢
⎢

⎣

⎡

×
×

−

−

−

50000
01.0000
001000
0001020
0000102

3

6

10

,  Q2 = ⎥
⎦

⎤
⎢
⎣

⎡
20
01

,  Q3 = ⎥
⎦

⎤
⎢
⎣

⎡
20
01

 

      
R1 = R2 = R3 = [1] 

 
Although Q1(1,1) and Q1(2,2) are relatively small numbers, their effects on the closed-loop poles of the feedback 
linearized system are significant due to relative units of the quantities involved.   

The responses of the feedback linearized LQR controller are shown in Figure 8 through Figure 10.  These 
responses are qualitatively similar to the pole placement controller. As in that case, good command tracking of fn, 
eprs, and lepr may be observed in Figure 8.  The responses of the engine and actuator states are also similar to those 
produced by the pole placement controller.  The peak fuel flow is a little smaller, and there is less fluctuation in 
nozzle area, while bypass area history is similar.   

 
Figure 8. Thust, Engine Pressure Ratio and the Line Pressure Ratio Reponses of the Feedback Linearized 

LQR Controller at Sea Level, Static Condition 

Solid Line: Nonlinear Controller        Dashed Line: Demand 
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Figure 9. Low-Pressure Rotor Speed, High-Pressure Rotor Speed and Metal Temperature Time Histories of 

the Feedback Linearized LQR Controller at Sea Level, Static Condition 

 
Figure 10. Fuel Flow Rate, Nozzle Area and Bypass Area Command Histories of the Feedback Linearized 

LQR Controller at Sea Level, Static Condition 
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3.3. Mode Blending 
High performance engines employ multiple modes of operation to ensure safe and reliable operation. For 

instance, the stall margin must be preserved at all times to ensure that the fan and compressor stages operate in a 
satisfactory manner. Similarly, in order to ensure structural integrity, the engine must be prevented from reaching 
overspeed conditions.  

The gain-scheduled controller included in MAPSS9, 16 uses several different controllers designed to track 
different sets of outputs.  The set of outputs tracked at any time instant depends on the operating condition, or mode, 
of the engine.  The outputs of these controllers are combined to form the inputs to the actuators, and the change in 
the combination of outputs is referred to as mode blending.  Other techniques for mode selection have also been 
described in the literature33, 34. 

The example discussed in this section is that of blending the low-power operational mode with the high-
power operational mode. The difference between the two is that the controller has to track engine temperature ratio 
(etrs) at high power in place of engine pressure ratio (eprs).  This mode blending problem is formulated during the 
present research by using a weighted combination of the engine temperature ratio and engine pressure ratio, with the 
weight being chosen between zero and one based on the PLA demand.  Thus, the second output tracked by the 
engine controller is: 

( ) eprs1etrsy2 αα −+=  
with α specified as a function of PLA, defined as: 

( )
⎪
⎩

⎪
⎨

⎧

>
≤≤−

<
=

5.42PLA1
5.42PLA5.375.37PLA2.0

5.37PLA0
α  

Note that the feedback portion of the controller remains unaltered as the controller transitions between low and high-
power modes. 

The Sea Level/Static feedback linearized pole placement controller design discussed in the previous section 
is adapted for operation as a mode blending controller by replacing the second output by the blended output. The 
closed-loop response is shown in Figure 11through Figure 13.  By comparing with previous responses, it can be 
observed that the responses of fn, eprs, and lepr are nearly the same.  The tracking of etrs is also good.  The engine 
states and actuator states are also similar to the non-blending case.  There is some more activity in a8.  

IV. Estimating the Robustness of Nonlinear Controllers 
Nonlinear control system design methods assume that a relatively accurate model of the engine is available 

for use in control computations. However, unmodeled parameter variations and disturbances are expected to exist in 
the actual engine. Robustness analysis presented in this section illustrates an approach to estimate the probability of 
robust operation of the closed-loop system under realistic operating conditions.  

Robust performance of the closed-loop system can be defined in a variety of ways. For linear time-invariant 
systems, the degradation of gain and phase margins in the presence of uncertainties can be used as the robustness 
metric35.  Defining performance metrics for robustness is more difficult in nonlinear engine control systems. For the 
present research, the performance metrics are defined as the integral squares of the difference between nominal and 
perturbed output/state variables over a fixed time interval.  The magnitude of the integral square difference then 
denotes the robustness of the closed-loop system to the parameter perturbations. For instance, if the integral square 
differences are found to be very small corresponding to a particular parameter perturbation, one may conclude that 
the system is robust with respect to the expected variations in that parameter.  

While such an analysis is valuable, it is difficult to use it in the case of multiple parameter variations and 
disturbances. This is due to the fact that that it is difficult to determine the particular combinations of parameters that 
may lead to the most degradation of the system. One of the approaches adopted by linear robust control theory36 to 
handle this problem is the use of game theory to determine the “worst case” combinations of parameters that lead to 
degradation of stability margins. Although such an approach has been previously proposed for nonlinear control 
systems37 it has not been employed for control system design to any large degree. Additional methods for robust 
nonlinear control system design are beginning to emerge in the literature40.  

An alternative approach is employ stochastic simulations to assess the robustness of the closed-loop 
system. Uncertain parameters in the closed-loop system are randomized within their specified ranges about their 
nominal values using assumed probability distributions.  These randomized parameters are then used to evaluate the 
state-output time histories of the closed-loop system. Integral squares of the differences between the nominal and 
perturbed trajectories are then recorded. This experiment is repeated for a certain number of trials to obtain the 
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stochastic distribution of the performance metrics.  These distributions can then be used to estimate the probability 
of satisfactory operation of the closed-loop system in the presence of unknown parameter variations and 
disturbances.   

 
Figure 11. Thust, Engine Pressure Ratio, Line Pressure Ratio and Engine Temperature Ratio Reponses of the 

Power Mode Blending Controller at Sea Level, Static Condition 

Solid Line: Nonlinear Controller        Dashed Line: Demand 

Note that if the engine dynamics were linear, or if the investigations are confined to a small region around a 
nominal operating condition, covariance analysis42 can be used to assess the impact of uncertain system parameter 
variations and disturbances on the closed-loop system.  

For the present Monte-Carlo simulations, five engine health parameters are assumed to be uncertain. These 
are: fan flow efficiency sedm2, booster tip efficiency sedm7d, booster hub efficiency sedm27, high pressure turbine 
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efficiency zse41, and low pressure turbine efficiency zse49.  These parameters normally have a value of 1, with a 
smaller value representing a decrease in efficiency for the various engine components due to wear or damage.   

 
Figure 12. Low-Pressure Rotor Speed, High-Pressure Rotor Speed and Metal Temperature Time Histories of 

the Power Mode Blending Controller at Sea Level, Static Condition 

 
Figure 13. Fuel Flow Rate, Nozzle Area and Bypass Area Command Histories of the Power Mode Blending 

Controller at Sea Level, Static Condition 
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These five parameters are randomized using exponential distributions in the Monte-Carlo simulations. The 
exponential distributions employed in the present research are of the form: 

( ) ( )y110e10ypdf −−=  
The variable y is the efficiency parameter. The probability that the efficiency parameter has a value in a 

given range can be determined by integrating the function between these ranges. For instance, the probability that 
the efficiency parameter lies between 0.8 and 1 can be found as 0.86466. 

The following will discuss sample robustness results obtained from the Monte-Carlo simulation study using 
the feedback linearized pole placement mode-blended nonlinear controller. The flight condition for the simulations 
are sea level, static, and the PLA demand is a ramp from 21 to 50 starting at 0.1 seconds and ending at 15 seconds.  
The total simulated time is 20 seconds. At the end of each simulation run, integral squares of the difference between 
nominal and perturbed time histories of the output and state variables are recorded.  In order to serve as a standard 
for comparisons, the Monte-Carlo simulation is carried out using the MAPSS closed system also. In each case, 500 
trials are run.   

The results for the three output variables are presented in the form of histograms in Figure 14 through 
Figure 16.  There are seven bins in each histogram, whose values are listed on the right hand side of the figures.  A 
value of “Inf” indicates that the closed-loop system became unstable or some variables went out of bounds. The 
range of health parameter values in the Monte-Carlo simulation is quite large, perhaps larger than would normally 
be encountered, but both controllers produced roughly similar results.  It may be observed that the robustness of the 
nonlinear controller is about the same as the MAPSS gain scheduled linear controller.   

If desired, the results given in Figure 14 through Figure 16 could be transformed into probability densities 
by computing the probability associated with each bin in the histogram. This would yield meaningful results if a 
large number of trials of the Monte-Carlo simulation are available. 

The results given in this section indicates that the feedback linearized pole placement controller exhibits the 
same degree of robustness as the MAPSS controller with respect to the variations in the five health parameters. 
While this study was limited to five parameters, the present Monte-Carlo simulations provide some confidence in 
the robustness of nonlinear engine controller.  More exhaustive Monte-Carlo simulation investigations will be of 
future interest.  

 
Figure 14. Integral-Squared-Difference Distribution for Thrust Tracking 
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Figure 15. Integral-Squared- Difference Distribution for Engine Pressure/Engine Temperature Ratio 

Tracking 

 
Figure 16. Integral-Squared-Difference Distribution for Liner Pressure Ratio Tracking 
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V. Conclusions 
This paper described the design of nonlinear control systems for a high-performance aircraft turbofan 

engine. The main benefit of the nonlinear design approach is that it allows the designer to leverage the investments 
made in developing the simulation model into better engine control systems, while avoiding the need for gain 
scheduling or special treatment of the mode-blending process.  A nonlinear control system design software was used 
for the controller design.    

The Modular Aero-Propulsion System Simulation developed by NASA Glenn Research Center was used as 
the basis for the present designs.  The MAPSS is a generic component level model of a turbofan engine with a gain 
scheduled digital controller and is implemented in the graphical simulation environment Simulink.  The MAPSS 
controller is designed to track outputs such as thrust, engine pressure/temperature ratios and liner pressure ratio. 

Nonlinear controllers were designed using feedback linearization technique.  The feedback linearization 
technique was used in conjunction with pole placement and linear-quadratic regulator theory for controller design. 
Performance of these controllers for large command inputs was demonstrated.  

A mode-blended nonlinear controller for low and high power operations of the engine was demonstrated as 
well.  The approach used in the present research was to use a single controller to track a blended output.  Although 
this method was shown only for the blending of the low-power and high-power modes in this paper, it is expected 
that this approach will work equally well for other engine modes such as the stall margin or overspeed modes.   

The robustness of the feedback linearized pole placement controller was assessed using a Monte-Carlo 
simulation approach.  The MAPSS engine model incorporates a variety of user-defined health parameters.  Five 
exponentially distributed efficiency scalars were selected for Monte-Carlo robustness estimation.  The integral 
square of the differences between the state/output responses of the system with the off-nominal parameters and with 
nominal parameters were computed during each simulation, and used as the metrics of robustness.  The distribution 
of the robustness metrics can be used to compute the probability of the nonlinear controller delivering a satisfactory 
performance when subjected to unknown parameter variations. Monte-Carlo robustness estimation procedure was 
applied to closed-loop system with both the feedback linearized controller and the MAPSS controller.  The results of 
500 trials showed that the robustness metrics were roughly the same for both controllers. 

Future research will investigate the use of techniques such as the state-dependent Riccati equation method 
and the recursive backstepping technique for nonlinear engine control system design. 
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