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AbstrACt

Flight envelope protection for a high-performance aircraft poses a challenge to the designers and involves a 
time-consuming procedure to verify the protection. This paper presents a design approach to protect the aircraft 
from departure by a command path limiter for a rate command attitude hold controller in both the pitch and roll 
axes. In this approach, the maximum and minimum rates are scheduled as a function of the dynamic pressure on 
the basis of the open loop aircraft capabilities. This is then augmented with a novel angle of attack protection that 
comes into play only when the pilot inputs cause the aircraft to exceed the incidence on the positive or negative side 
(one sided protection), while maintaining the rate command attitude hold behavior within the normal operational 
bounds of angle of attack. Traditional methods of piloted simulation with a representative cohort of pilots can be 
time consuming to set up and may not give sufficient confidence whether a departure protection scheme is effective. 
To address this, a unique multi-modal search using genetic algorithm is developed to verify that this command path 
protection is able to achieve carefree maneuvering of a fighter aircraft in its entire flight envelope. The sequence 
of rapid pilot control inputs is coded into a chromosome. The multi-modal genetic algorithm then uses operators 
like cross-over and mutation on a starting population of chromosomes to evolve new inputs sequences which are 
then run to obtain the aircraft response. The cost function of the genetic algorithm which is constructed from the 
aircraft time response is designed to favor the search for multiple maxima which drive the aircraft to departure. The 
open domain ADMIRE model has been used to demonstrate the approach. Results indicate that the command path 
design proposed in this paper can be used to protect against departure and the novel multi-modal genetic algorithm 
helps to verify the departure protection.
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1. INtrODUCtION
Modern high-performance aircrafts have to operate in 

high angle-of-attack (AoA) regions of the flight envelope for 
providing enhanced maneuverability and tactical reasons. An 
aircraft with a “carefree maneuvering” capability is one which 
does not exhibit loss of control throughout its entire flight 
envelope. Departure of an aircraft is normally characterized 
by an un-commanded motion about any single or multiple 
axes depending upon the aerodynamic phenomena like 
flow separation or inertial coupling. Departure is normally 
precipitated by high rates of rotation or high angles of attack 
or both. The departure of an aircraft is initiated due to the 
exceedance of aircraft flight variables like angle of attack or 
rate of rotation. These regimes are often referred to as “critical 
flight regimes”. Typical critical flight regimes of a fighter 
aircraft are shown in Fig. 11. 

Critical regimes can be broadly divided into three major 
groups based on the aircraft characteristics in these regions 

Figure 1. Critical regimes of flight.

namely, region of stall, region of roll coupled rotations and 
steady state flight regimes like spin (high AoA and roll rates).

During the early years of flight controller design, 
aircraft designers have developed algebraic criteria based on 
decoupled, longitudinal and lateral-directional linear dynamic 
models to indicate the onset of ‘departures’2-6 in terms of the 
stability and control derivatives. Departure prevention and 
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recovery is a real challenge to a flight controller designer. 
Many control design solutions have emerged to protect from 
departure7. The directional divergence parameter (Cnbdyn) and 
the lateral Control Divergence Parameter (lCDP) are the 
popular algebraic criteria that indicates the lateral / directional 
divergence. The cross plot of lCDP and Cnbdyn called Bihrle-
Weissman’s criteria can predict the departure susceptibility 
based on the regions demarcated in the cross plot.

2. tHe PrObleM IDeNtIFICAtION
The cross plot of lCDP and Cnbdyn for the ADMIRE aircraft 

used in this study has been plotted in Fig. 2 and it is seen that the 
aircraft shows a tendency for mild rolling departures (Region 
2) at high angles of attack.

As part of further developments, more rigorous tools like 
Bifurcation theory and Continuation methods were developed 
to give a deeper in-sight of the flight dynamics problems 
associated with high AoA and rapid rolls8-9. In a real operational 
environment, for an aircraft with carefree maneuvering 
capability, large excursions or variations in control input 
parameters are unavoidable. For fast parameter variations, 
the aircraft’s transient behavior becomes very different from 
the steady state solutions, as derivatives depending on rates 
become dominant. Extensive non-linear offline simulations 
are widely used10-12 in aerospace research and industry, to test 
the departure susceptibility of closed loop aircraft dynamics, 
including all the elements of Flight Control System (FCS). 

Modern fighter aircraft are open loop unstable in the 
pitch axis to enhance agility and performance. This means 
that their flight control system is highly augmented by closed 
loop feedback. This can result in adverse interactions between 
the human pilot and the aircraft dynamics, known as Pilot-

In-the-loop Oscillations (PIO). Many aircraft incidents/
accidents revealed that severe PIO are sudden and unexpected. 
Generally, before the onset of severe PIO, the aircraft is docile 
and easily controllable13. The main three elements of a PIO 
are the aircraft, the pilot and the trigger. The trigger could be a 
non-linear effect in the FCS, a pilot behavioral pattern change, 
or atmospheric turbulence.   

2.1  A Novel Design solution for Departure  
Prediction & Protection
A novel Command path limiting scheme suitable for an 

angle of attack demand system in the pitch axis of a high-
performance aircraft has been presented earlier14-15. In this 
research work, the design of the command path for a Rate 
Command Attitude Hold (RCAH) controller is presented for 
protection against departure. Numerous dynamic simulations 
of the aircraft are carried out to test the designed control law 
effectiveness as well as departure susceptibility of the aircraft. 
Two existing methods followed are non-linear simulation and 
Real Time Simulation.

In a nutshell, it would take a large number of simulations 
to assess completely the departure characteristics of a fighter 
aircraft in its entire envelope using only the above-mentioned 
analysis / simulations / PIO analysis. In this paper, we propose 
an alternate scheme to carry out this evaluation in a shorter time. 
The proposed method is based on using a Genetic Algorithm 
(GA)16-17 to search for possible pilot input sequences which 
will create departure conditions in the entire flight envelope. 
The pilot input sequence is discretized into a set of genes. 
The genes for pitch inputs and roll inputs are then assembled 
into a chromosome. The genetic algorithm applies operators 
like cross-over and mutation on the chromosomes to create 

Figure 2. Integrated bihrle-Weissman’s criteria.
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another set of pilot input sequences. These sequences are then 
applied to the flight model of the aircraft and the tendency to 
depart is calculated based on the time response of the states 
participating in the short period and Dutch roll modes. GA 
has been applied to numerous optimization problems related 
to aeronautical applications18–22. A Multi-strategy Adaptive 
Global Optimization (MAGO) methodology is based on 
the cooperative sequential gaming between independent 
players, where the strategies are adopted in each game turn to 
maximize the cost function. The main objective of this study 
by Air Defence and Space SAu is to find the global optimum 
solution23-26. 

in this paper, the conventional gA has been modified to 
search for multiple departure conditions (multi-modal GA) 
due to pilot inputs. A novel command path design for a Rate 
Command Attitude Hold (RCAH) controller against departure 
and its verification using multi modal genetic Algorithm (gA) 
has been presented here. The study has been performed with 
an open domain aircraft model (complete 6-DoF Simulink 
model) known as ADMIRE (Aero-Data Model In a Research 
Environment) simulation model27. It is shown that the novel 
multi-modal GA presented in this paper is able to detect 
oscillatory departure tendencies which may not be apparent by 
the use of standard pilot inputs like doublets in pitch and roll 
axes. The root cause for this oscillatory departure is found to be 
in the sign of the aileron to rudder interconnect in the original 
controller in the ADMIRE model. It is shown that once this 
sign is corrected and the sideslip and its rate feedback gains 
are tuned to prevent control surface saturation, the ADMIRE 
aircraft model can be made departure free in the entire flight 
envelope.

Section 3 presents the departure protection scheme 
designed for the original ADMIRE simulation model (circa 
2006). Section presents the design of a novel multi-modal 
Genetic search Algorithm. The results of the multi-modal GA 
based search on the ADMiRE simulation model within its flight 
envelope are presented in Section 5. Section 6 summarizes the 
conclusions from the study.

3. DesIgN OF CAreFree MANeUVerINg 
PrOteCtION sCHeMe
in this Section, first, the aircraft simulation model used in 

the studies is described. The departure protection features of the 
original controller were found to be weak. The modifications of 
command path to achieve departure protection is explained in 
the following sub-sections.

3.1  Candidate Aircraft Used in the study
The aircraft model used for the present study is the 

ADMIRE (Aero-Data Model In a Research Environment) 
simulation model27. ADMIRE is a nonlinear, 6-DoF simulation 
model developed by the Swedish Aeronautical Research 
Institute using the aero data of a generic single seater, single 
engine fighter aircraft with a delta-canard configuration. This 
single seat fighter aircraft has multiple pairs of control surfaces. 
on the wing leading edge, it has flaps on either side. The control 
surfaces used for the pitch and roll control are called as Elevons 
and are located at the trailing edge of the wing. Two elevons 

on either side are provided to increase the redundancy. The 
forward located canards are all moving type. These control 
surface pairs can be used together or in a differential mode. The 
aircraft also has a vertical tail with Rudder (Fig. 3). Though the 
control surface deflection alters the lift distribution over wing / 
fin, this effect on aircraft resultant force coefficients is relatively 
small compare to the moments. Hence these surfaces are used 
primarily as moment creating devices. The aircraft is equipped 
with the pitch and yaw control thrust vectoring nozzles which 
are not considered in this study.

Canards

leading Edge Flaps

Elevons

Rudder

Figure 3. the ADMIre configuration.

The augmented ADMIRE 6-DoF Simulink model is 
available with the scheduled gain controller over the entire 
flight envelope to ensure the robust stability and handling 
performance27. The model also contains saturation and rate 
limiting blocks along with a nonlinear stick shaping component 
in the forward path. The controller design has the variables α, 
β for feedback as the outer loop and pitch rate, stability axis 
roll rate and yaw rate as the inner loop feedback parameters. 
The ADMIRE model also includes the engine dynamics and 
detailed nonlinear actuator models. The baseline controller of 
the ADMIRE is designed for a velocity vector roll rate of about 
180 deg/sec and the maximum operational angle of attack of 
about 20°.

The original ADMIRE controller (version 4.1, circa 2006) 
is designed to give RCAH behavior in both pitch and roll axes. 
It scales the maximum pilot control inputs in the pitch and roll 
channels of the FCS to the pitch rate demand of 22.8 deg/sec 
and 180deg/sec respectively. It is possible for the aircraft model 
to achieve these values at higher speeds (typically the corner 
speed) in the flight envelope. it was found that the aircraft 
simulation model is not capable of 1g flight below an equivalent 
speed of about 90 knots. Thus, at this speed, one expects the 
maximum commanded pitch rate to drop to zero. Similarly, 
simulations with maximum roll rate inputs at this speed showed 
that a roll rate of about 60 deg/sec was possible at low speed 
while remaining within the control surface limits. Therefore, 
the first task was to design a command path limiter which 
correctly captured the open loop limitations of the ADMIRE 
simulation model. This was then augmented in the pitch channel 
with an angle of attack limiter to protect against departure while 
providing the original Rate Command Attitude Hold behavior 
of the original ADMIRE controller. The original angle of attack 
protection which came along with the model was found to be 
inadequate to protect against departures in angle of attack. The 
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Figure 4.  Command path filtering and rate limiting.

modifications in the ADMiRE model to achieve α-Nz demand 
in the pitch axis has been presented in earlier research work14-

15. The next section of this paper concentrates on the design of 
the command path for the original RCAH controller to prevent 
flight envelope exceedance due to large amplitude rapid pilot 
inputs.

3.2  Design of the Command Path for Departure 
Protection
Figure 4 presents the command path scaling for both pitch 

and roll rates as a function of the dynamic pressure. In case of 
the pitch axis, the maximum and minimum normal acceleration 
values in the positive and negative direction respectively are 
used for computing the respective pitch rates. Similarly, the 
maximum positive and negative angle of attack is computed 
and applied via one sided feedback loop, so that a correction 
is applied only when the angle of attack is exceeded above or 
below the design values respectively. Further, when combined 
pitch stick and roll stick inputs are given, a cross channel 
stick input shaper reduces the peak roll rate demand to half at 
maximum pitch stick. Finally, a first order filter is applied to the 
RCAH command in both axes.

In Fig. 5, the response of the aircraft simulation model to 
simultaneous pitch and roll doublet inputs is shown at a Mach 
number of 0.7 and altitude of 3000m. This flight condition 
is chosen as it is approximately at the mid-point of the flight 
envelope for the ADMIRE and is very close to the corner point 

where the maximum performance can be expected. It is seen that 
the response appears to be typical with the aircraft responding 
to the control inputs in both axes.

The assessment of the FCS is carried out in a similar 
manner in its flight envelope from Mach number 0.2 to 1.2 and 
altitude from sea level up to 6000m. In the following section a 
more efficient multi-model gA search technique is described 
which is designed to uncover any departure tendencies.

4. DesIgN OF MUltI-MODAl geNetIC 
AlgOrItHM
This section describes the generation of possible short 

period inputs which can be applied by a pilot to activate the 
departure conditions by the use of a multi-model Genetic 
Algorithm search. The initial search is started with a randomly 
generated set of pilot inputs in pitch, roll and rudder pedals 
over a period of time (say 10 second). The specific sequence of 
inputs is stored in the form of a ‘chromosome’. One such set of 
inputs becomes an ‘individual’ member of a ‘population’. 

4.1  Chromosome Definition 
Pilot activity involves change or deflection of any or 

all of the three available control input variables namely, Pstk, 
Rstk and Rped. Here Pstk corresponds to the deflection of pitch 
stick, Rstk corresponds to the deflection of roll stick, and Rped 
is the deflection of rudder pedal. Each control input variable is 
bounded between minimum and maximum value of the pilot 
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inceptor deflections in the cockpit. The stick and pedal limits 
are given as:

maxmin stkstkstk PPP ≤≤

maxmin stkstkstk RRR ≤≤

maxmin pedpedped RRR ≤≤

An arbitrary maneuver is represented by a sequence 
of deflections of control input variables. The sequence of 
deflections of each control variable is referred as a ‘gene’. Thus, 
any maneuver can be represented by three ‘genes’ – one gene 
representing the sequence of pitch stick deflections, second 
gene representing the sequence of roll stick deflections and the 
third gene corresponding to rudder pedal. The search is for a 
sequence of rapid pilot inputs that results in a departure from 
controlled flight. The chromosome is an element consisting of 
three genes. The chromosome will also be referred as ‘individual 
/ population’.

The short period mode of fighter aircraft is known to 
occur in the range of 0.6 to 11 rad/sec15and can be excited by 
the fast-varying pitch stick input with a pulse width of about 
one second. The sequence of one second pulses is assumed to 
last over about a time period of 5 seconds representing a high 
gain pilot exercising the flight control system. Similarly, inputs 
to the roll axis are applied to excite the Dutch roll mode of a 
typical high-performance fighter which is also in the range 
of 0.4 to 10.rad/sec15. It is expected that this duration of rapid 
inputs in quick succession in pitch and roll axis of the flight 
control system is adequate to detect any tendencies for PIO as 
well as loss of stability or control inherent in the closed loop 
system. To account for realistic inputs and piloting, a 125 mille 
sec rise time is taken for changing from the current input level 

to the next level.  Also, the magnitude of the control inputs is 
limited to half or full of the maximum or minimum possible 
amplitude. 

The bounded space of each of the control input variable 
is discretized into five levels. Table 1 shows the five levels of 
discretization of the bounded space of control input variable. The 
control input variable can have any of the 5-levels during every 
second in the fixed duration of 5 sec. The levels are represented 
by integers ranging from 0 to 4. An individual, or gene is 
represented by a sequence of five integers and a chromosome, 
consisting 3 genes is represented by a sequence of 15 integers, 
integers falling in the range 0-4. Figure 6 shows representation 
of a typical chromosome ‘C1’. First five integers represent the 
‘gene1’ –the sequence of pitch stick deflection levels, next five 
integers for ‘gene2’, corresponding to roll stick and the last five 
for ‘gene3’, corresponding to rudder pedal.

A ‘gene’ of ‘Chromosome-C’ can have 3125 (55) possible 
combinations in 5-second period of time.  Thus, the search 
space is very large. it has been widely accepted in different 

Figure 5. Aircraft parameters for roll doublet input with initial M=0.7, H=3,000.

table 1.  Discretization of bounded control input space for 
chromosome ‘C’

level
 Pitch stick  roll stick rudder pedal

range-1 to1 range-1 to1 range-1 to1

0 Full negative Full negative Full negative

1 Half negative Half negative Half negative

2 0 0 0

3 Half positive Half positive Half positive

4 Full positive Full positive Full positive
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engineering fields that gA is a robust and global technique that 
can optimize on a large search space. 

Figure 7 shows the chromosome C1 in the form of 
deflections with respect to time. in the figure, the chromosome 
information part is only for the first 5-second and next five 
seconds does not contain any chromosome information (all the 
inputs are brought to ‘0’).

The chromosome is converted to the sequence of control 
input deflections in real units by and applied to the aircraft 
simulation model. The non-linear aircraft simulation model 
with control law is developed in Simulink. The aircraft is 
level trimmed at an altitude ‘h’ meter and an AoA‘α’ degree. 
Immediately after the level trim the sequence of control inputs 
variables are applied for a 5 sec time. 

Though the chromosome represents only 5 sec pilot 
activity, the simulation is continued for another five second 
with pilot pitch and roll input at neutral, to verify the tendency 
to depart. The total simulation time is thus for a period of 10 
sec. 

To begin with at least 10 such ‘individuals’ are created 
using a random number generator and this group forms the 
population for the first ‘generation’. Simulations are performed 
for each member of the first ‘generation’ to obtain the Fitness 
function. Here the objective is to find the input which drives 
the aircraft to departure. The composition and the basis of the 
‘fitness function’ are explained in the subsequent section in 
more detail.

4.2  Fitness Function
A Fitness function is defined to consolidate the departure 

information contained in the 10 sec time history. The function 
is defined as follows:
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Where, 
Clδa, Cmδe and Cnδr ate the rolling, pitching and yawing control derivatives respectively. 
q  - Dynamic pressure 

S   -  Wing reference area  

b   -  Wing reference length  

C   -  Mean Aerodynamic Chord 

n   -  Acceleration due to gravity 

Ixx, Iyy and Izz are the moment of inertia about x, y and z axis respectively 

α0, θ0, and ϕ0  - Trim angle of attack, pitch angle and roll angle respectively 
From the equations (2) to (9), the maximum values have been arrived at and the results are 

given below. 
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Figure 6.  representation of ‘Chromosome C1’.

Figure 7. graphical representation of ‘Chromosome C1’.



JEBAKuMAR, et al.: DESign AnD VERiFiCATion oF CAREFREE MAnEuVERing PRoTECTion FoR A HigH-PERFoRMAnCE FigHTER 

269

The simulation is carried out for the randomly generated 
population size of 10. The first generation is then operated 
upon by the multi-modal GA resulting in the next generation. 
The populations for the next generation are computed by the 
process of Crossover and Mutation. The crossover has been 
done between four pairs randomly chosen from the population 
in each generation. The crossover operator takes divides each 
gene at a randomly selected point for each of the parents and 
crosses then to create a pair of offspring. Mutation is the process 
of altering the particular gene of a population. Application 
of these operations on the first ‘generation’ results in the 
second ‘generation’. The new ‘chromosomes’ of ‘individuals’ 
thus computed are used to construct the Fitness function by 
simulating the pilot inputs represented by them. Conventional 
GA algorithms always try to converge to the global optima. In 
this particular case all of the possible departure solutions are of 
interest. As opposed to a global optimum, we are searching for 
the multiple optima. Therefore, it is required to conduct a multi-
modal search. The modification to conventional gA to enable 
multi-modal search is either to have a stable subpopulation and 
do a local selection in a restricted way, or to have diversity in 
population by reducing fitness or modifying the fitness landscape 
(e.g., by de-rating the cost around an existing maxima). In this 
paper we have avoided the selection process while using cross-
over and mutation to create new individuals from the previous 
population. All the members of each predecessor generation 
are retained in the final population mix, thereby retaining the 
population diversity.The process of propagating the generations 
is continued up to the generation where the maximum value of 
the Fitness function within the population does not increase 
significantly and appears to converge asymptotically to a 
value.

For a particular generation, the minimum and maximum 
fitness function value has been calculated. The simulation is 
continued till the maximum fitness converges to a value. From 
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Figure 8.  typical ADMIre flight envelope with the simulation 
flight conditions.

Figure 9. Variation of aircraft parameters with initial M=1.2, H= 6,000 m.

the study it is observed that around 50 generations of propagation 
are adequate to reach a best fitness function. The number of 
generations can be increased in case the convergence is not 
achieved within 50 generations. The simulation is repeated for 
each Mach number to detect departures in the flight envelope.

5. VerIFICAtION OF DePArtUre 
PrOteCtION
in this Section, the results of scanning the entire flight 

envelope using multi-modal gA are discussed first. This is 
followed by an analysis of the reasons for the departure seen 
in the original ADMIRE controller. Finally, once the controller 
is re-tuned correctly, the GA is run again and the resulting 
controller is shown to be departure free in the entire flight 
envelope.



DEF. SCI. J., VOl. 73, NO. 3, MAy 2023

270

Since the ADMIRE controller is designed to create velocity 
vector roll by feeding back estimates of sideslip and its rate of 
change to the rudder, the rudder pedal inputs are not considered 
as pilot inputs for the simulation. The pitch and roll axis inputs 
are used simultaneously to test the closed loop controller. The 
ADMiRE flight envelope is shown in the Fig. 8. 

The flight envelope spans Mach numbers from 0.2 to 
1.2 and altitude from 1000m to 6000m.For all the conditions 
marked by a square in Fig. 8, departure characteristics have 

been studied and are given in the supplementary material. The 
results of the flight condition given below are discussed further 
here.

M= 1.2; H=6000m  
The aircraft response for the input history generated by 

the multi-modal gA which gives the maximum fitness value 
and the respective fitness function plot for the above case are 
given in Fig. 9 and Fig. 10 respectively. 

Figure 10. Variation of fitness function with initial M=1.2, H= 6,000 m.

Figure 11. Aircraft parameters for roll doublet input with initial M=1.2, H=6,000 m.
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Figure 9 presents the simulation results for the maximum 
fitness condition at the right-hand corner of the flight envelope. 
Results show that there is an oscillatory marginally unstable 
mode which has got excited and the aircraft is being driven to 
departure. Though the values of α and β are low, the values of 
p, q and rare high. The maximum Fitness function is around 
12 due to the oscillatory trend of the parameters p, q and r as 
shown in Fig. 10.

These oscillatory conditions were found to occur in the 
upper right-hand quadrant, namely for altitudes more than 
3000 m and Mach>0.6. 

As we seen from Eqn. (1), the Fitness function is the 
algebraic some of the squares of the normalized
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For low Mach number (M<0.7) cases the fitness values are 
low due to its low manoeuvring potentials (low p, q, r). On 
the other hand, at the flight conditions of M>0.9, though the 
manoeuvring capability is relatively high, the values of α and 
β are low. The flight condition M=0.7 and H=3000 m, which 
is around the centre of the flight envelope shows the maximum 
manoeuvring capability with the reasonably high value of α 
and β. Thus, the Fitness function is high in the middle part of 
the flight envelope when compared to other flight conditions.  

In order to verify the plant characteristics for standard 
inputs, the roll doublet and combined roll and pitch doublet 
inputs were given and the aircraft parameters are verified. The 
Fig. 11 shows results for M=1.2 & H= 6000 m. it is observed that 
although oscillatory behaviour is seen in the rudder response, 
it does damp out within a few oscillations. Thus, those non-

linear simulations where only the specific synthetic inputs like, 
step, doublet, 3-2-1-1 etc. are applied, could not completely 
bring out the divergent nature of the plant. In the other hand 
subjecting the simulation model to the multi-modal GA did 
result in highlighting these tendencies mainly because, the GA 
created a series of multiple rapid inputs which maximized the 
tendency for departure.

The highly oscillatory tendency of the lateral / directional 
parameters could be due to the surface rate saturation or due to 
improper tuning of the control law gains. Since the oscillations 
are in the β and rudder surface, the gains in the β-path and 
the Aileron Rudder Interconnect (ARI) gain in the original 
ADMIRE FCS model were examined. The initial ARI gain is 
-1. This value has been varied and found that at the value of ‘+1’ 
the oscillation is stopped and the side slip developed at various 
flight conditions are <5 deg for doublet inputs. At low mach 
numbers and altitudes (M=0.2, H= 1000 m), it is observed that 
the rudder is saturating for a short duration for the roll doublet 
input. Hence the gain in the β- path (both sideslip and its rate) 
has been reduced by half.

 To confirm the effect of the change in the control gains, 
the GA simulations have been carried out for all the critical 
points of the ADMiRE flight envelope. it is confirmed that 
there are no oscillations found in the entire flight envelope. 
The gA results for M=1.2, H=6000 m is shown in Fig. 12 and 
Fig. 13.

From Fig. 12 it is seen that the aircraft response parameters 
α, β, p, q and r and control surfaces show a stable tendency and 
the rate of reduction is low. Though the value of roll rate is high, 

Figure 12. Variation of Aircraft Parameters with initial M=1.2, H=6,000 m.
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Figure 13. Variation of fitness function with initial M=1.2, H=6,000 m.

the α, q, r and β values are low. The maximum Fitness function 
is around 0.05 as shown in Fig. 13.

The results conclusively prove that the multi-modal 
GA designed in this paper is able to search for and bring out 
any latent tendencies within a control system to depart from 
controlled flight.

6. CONClUsIONs
A command path design for the RCAH controller of the 

ADMIRE aircraft simulation model is proposed to prevent 
departure from controlled flight. A specially designed multi-
modal GA based search is employed to verify whether the 
command path protection is able to prevent any departure 
tendency. At some of the flight conditions the aircraft parameters 
are oscillatory which could not be predicted by the simulations 
using standard inputs like simultaneous doublets in pitch and 
roll axis. Thus, the results establish the value of the proposed 
multi-modal GA to successfully detect departure tendencies.

The root cause for the oscillation of the lateral / directional 
parameters have been found to be linked to the β-path and ARi 
gains (yaw axis). The ARI gain and gains for the sideslip and 
slideslip rate feedback for the ADMIRE controller were tuned 
and the multi-modal GA search was run again. The proposed 
design solution for the command path was found to be effective 
in protecting the aircraft from the departure.

This methodology of analyzing the departure characteristics 
of a multirole fighter aircraft for a numerous pilot inputs are 
humanly impossible. The GA based algorithm can be used 
effectively for the prediction of latent departure tendencies for 
any fighter aircraft. Subsequently, detailed analysis can be used 
for the clearance of flight control law for the flight testing.

reFereNCes
1. Goman, M.G.; Zagainov, G.I. & Khramtsovsky, A.V.  

Application of bifurcation methods to nonlinear flight 
dynamics problems. Progress in Aerospace Sci., 1997, 33 

(9), 539-586.
2. Moul, M.T. & Paulson, J.W. Dynamic lateral behavior 

of high-performance aircraft. NACA RM-L58E16, Aug. 
1958 

3. Weissman, R. Preliminary criteria for predicting departure 
characteristics/spin susceptibility of fighter type aircraft, 
J. Aircraft, 1973, 10(4), 214-219.

 doi:10.2514/3.60216
4. Weissman, R. Status of design criteria for predicting 

departure characteristics and spin susceptibility. J. 
Aircraft, 1975, 12(12), 989-993.

 doi: 10.2514/3.59904
5. Calico, R.A. Jr., A New Look at

 
Cnbdyn. J. Aircraft, 1979, 

16(12), 895-896.
 doi: 10.2514/3.44646
6. Lutze, F.H.; Durham, W.C. & Mason, W.H. unified 

development of lateral directional departure criteria. J. 
Guidance, Control and Dynamics, 1996, 19(2), 1996, 
489-493. 

7. David, J. Park. Development of F/A-18 spin departure 
demonstration procedure with departure resistant flight 
control computer version 10.7. Master of Science Degree, 
The university of Tennessee, Knoxville.

8. Jhanke, C.C. & Culick, F.E.C. Application 
of bifurcation theory to the high  
angle of attack dynamics of the F-14. J. Aircraft, 1994, 
31(1), 26-34. 

 doi: 10.2514/3.46451
9. Saraf. A. A methodology to recover unstable aircraft from 

post stall regimes: design and analysis. Indian Institute of 
Science, Bangalore, India, 2000. (PhD Thesis).

10. Evangelou, D.l.; Self, A. & Allen, J. The F-16 departure 
phenomena. Aircr. Eng., 2000, 72(2), 102-107. 

 doi:10.1108/00022660010325201.
11. Chetty, S.; Deodhare, G. & Misra, B.B. Design, 

development and flight-testing control laws for the 



JEBAKuMAR, et al.: DESign AnD VERiFiCATion oF CAREFREE MAnEuVERing PRoTECTion FoR A HigH-PERFoRMAnCE FigHTER 

273

Indian light Combat aircraft. In Proceedings of the 
AIAA Guidance, Navigation and Control Conference and 
Exhibit, Monterey, CA, 2002. 

 doi:10.2514/6.2002-4649.
12. Chetty, S. & Madhuranath, P. Aircraft flight control and 

simulation. NAl – uNI lecture Series #10, 1997.
13. Moorhouse, D.J. Flight control design – best practices. 

NATO Research and Technology Organisation, RTO 
Technical Report 29. December 2000.

14. Jebakumar, S.K.; Pashilkar, A. & Sundararajan, N. A 
novel design approach for low-speed recovery of high-
performance fighter aircrafts. Def. Sci. J., 2022, 72(4), 
505-515. 

 doi:10.14429/dsj.72.17821.
15. Jebakumar, S.K.; Navendu, K. & Pashilkar, A.A. Flight 

envelope protection for a fighter aircraft. Sixth indian 
Control Conference, iiT Hyderabad, india, 2019.

16. Goldberg, D.E. Genetic algorithms in search, optimization 
and machine learning. Addison-Wesley, Second Indian 
Reprint, 2000.

17. Deb, K. Optimization for engineering design algorithms 
and examples. PHi india, Second print, 1996.

18. Mulgund, S.; Harper, K.; Krishnakumar, K. & Zacharias, 
G. Air combat tactics optimization using stochastic genetic 
algorithms. IEEE International conference on Systems, 
Man, and Cybernetics, la Jolla., CA, 1998. 

 doi: 10.1109/ICSMC.1998.726484.
19. Bos, A.H.W. Aircraft conceptual design by genetic / 

gradient – guided optimization. Eng. Appl. Artif. Intell., 
1998, 11(3), 377-382. 

 doi:10.1016/S0952-1976(98)00009-8.
20. Mekki, B.S.; langer, J. & lynch, S. Genetic 

algorithm based topology optimization of heat exchanger 
fins used in aerospace applications. Int. J. Heat Mass 
Transfer, 2021, 170. 

 doi:10.1016/ j.ijheatmasstransfer. 2021.121002.
21. Dyer, J.D.; Hartfield, R.J.; Dozier, G.V. & Burkhalter, J.E. 

Aerospace design optimization using a steady state real-
coded genetic algorithm. Appl. Mathematics Comput., 
2012, 218(9), 4710-473. 

 doi:10.1016/j.amc.2011.07.038.
22. Zainuddin, F.A. & Samad, M.F.A. A review of crossover 

methods and problem representation of genetic algorithm 
in recent engineering applications. Int. J. Adv. Sci. 
Technol., 2020, 29(6s), 759-769.

23. Robles, R.R.; Boullosa, M.S. & Nieto, F.A. Flight control 
laws carefree handling clearance of a highly manoeuvrable 
aircraft using multi-strategy adaptive global optimization. 

In 7th European Conference for Aeronautics and Space 
Sciences (EuCASS), Milan, Italy, 2017. 

 doi: 10.13009/EuCASS2017-204.
24. Fielding, C.; Varga, A.; Bennani, S. & Selier, M. Advanced 

techniques for clearance of flight control laws. Lecture 
Notes in control and information sciences, Vol 283, 
Berlin: Springer, 2002.

25. Menon, P.P.; Kim, J.; Bates, D.G. & Postlethwaite, I. 
Clearance of nonlinear flight control laws using hybrid 
evolutionary optimization. IEEE Trans. Evol. Comp., 
2006, 10(6), 689- 699. 

 doi: 10.1109/TEVC.2006.873220.
26. guo, S.M.; Tsai, J.S.H.; Yang, C.C & Hsu, P.H. A self-

optimization approach for L-SHADE incorporated with 
eigenvector-based crossover and successful-parent-
selecting framework on CEC 2015 benchmark set. In 
IEEE Congress on Evolutionary Computation, Sendai, 
Japan, 2015, 1003-1010. 

 doi: 10.1109/CEC.2015.7256999.
27. Forssell, L.S.; Hovmark, g.; Hyden, A. & Johansson, F. 

The aero-data model in a research environment (ADMIRE) 
for flight control robustness evaluation.  gARTuER/TP-
119-7, August 2001.

CONtrIbUtOrs

Mr s.K. Jebakumar is working as a Scientist at DRDO-
CEMiLAC, Bangalore. He is involved in the certification of 
military aircraft and unmanned aerial vehicle, majorly in the 
area of aerodynamic clearance of various configurations of 
air systems and ClAW / Auto pilot ClAW/ Air data systems 
airworthiness clearances. 
He conducted the research and prepared the manuscript.

Dr Abhay Pashilkar obtained his PhD in Aerospace Engineering 
from IISc and he is working as Director, CSIR-NAl, Bangalore. 
His areas of interest are in modeling, simulation, control and 
parameter estimation of aerospace systems. 
In the current study, he worked on the presentation of results 
and reviewed the manuscript.

Dr Narasimhan sundararajan obtained his PhD in Electrical 
Engineering from the university of illinois, urbana-Champaign. He 
worked in the Indian Space Research Organization, Trivandrum, 
india. His research interests are in the areas of aerospace 
control, machine learning, neural networks and applications 
and computational intelligence.
His contribution is this study is that he worked on results and 
overall reviewed the manuscript.  


