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ABSTRACT: This paper deals with the behavior of state variables in the high-performance jet fighter at stall-spin 

phenomenon. A stall-spin phenomenon represented by set of equations of motion is solved in order to illustrate 

the nonlinear dynamic behavior for jet fighter. Statistical research has presents that an enough minus slope of lift 

could restrict the motion of cycle oscillations. The observed acts relay on operation produced by the decrease in 

lift coefficient rising which indicates the limit of period behavior. A computational model designed for a high-

performance F-16 jet fighter solves and shows the outcomes. The impacts of important variables like ∆𝐶𝐿, mass

and propulsion on periodic motion in the stall-spin zone are also taken into consideration in this study. 

Additionally, the outcomes showed in the situation of a 10 percent lessening in mass, a 20 percent rise in 

propulsion and ∆𝐶𝐿 = 0.2, the chaotic behavior occurs clearly. The study concludes that the mathematical

outcomes of the system were lightly damped at high angles of attack with an improvement in the amplitude of the 

limit period of jet fighter state variables. 
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INTRODUCTION 

This research tackles an important phenomenon in the aerodynamics of high-performance jet fighter, namely the 

dynamic stall-spin. When the flight is close to the full lift coefficient, a jet fighter stall occurs. It changes the 

requirement for a minimum flight speed in this situation. Since there is no straightforward explanation for the 

mechanics behind the dynamic stall-spin, this phenomenon challenges many aerodynamicists [1, 2]. Due to the 

instability of the air-flow and the growth containing drag as the critical AOA is reached, the entire drag is raised 

and the jet fighter is slow down when the optimum lift coefficient is achieved. After transit the critical AOA, the 

rapid reduction in airspeed suggests that the wing is incapable to supplying adequate lift to completely balance 

load, resulting in a sinking jet fighter [3]. This research focuses (numerically) on improving stall-spin dynamics 

modeling methods to understand the mechanics of motion experimentally. Gad-el-Hak, M. and Ho, Co. carried 

out the mechanism to specify vertical flow during large-amplitude motion using triangle wings through pitching 

and plunging oscillation [4]. In addition, some tests are recorded by David, M. for Half-span patterns with a lot 

of flap sweeps [5].  

Brandon, J. M. and Shah, G. H.  expanded the three-dimensional configuration, these are measured at zero sideslip 

and without deflection of energy, showing a substantial increase in power and moment because the influences of 

dynamic stall-spin [6]. Jet fighter movement characteristics flight dynamic in the stall-spin zone. The mixture of 

so little velocity and so large flight pitch angle is taken into consideration as a criterion. The criterion for 

optimization implies the minimization of maximum altitude loss during the recovery from the drop. In a particular 

situation, where the ideal trajectory begins at a so little velocity and a so large angle of flight direction, the super 

maneuver section is headed by a drop start section [7]. Brandon, J. M. presents low-flow wind tunnel tests with 

the latest version of a fighter with wide range of capacity pitching behaviors through a high AOA [8]. Investigating 

jet fighter dynamic and measuring stability at different AOA involves a statistical form of turbulent flow forces. 

It plays a significant role in jet fighter dynamics. The flight envelope has been expanded beyond conventional 

limits by jet fighter maneuvering capabilities. Conventional models of aerodynamic modeling have become 

increasingly defective as the flight envelope has been stretched beyond conventional limits by jet fighter 

maneuvering capabilities.  

Nonlinear unstable aerodynamic effects associated with rigid body responses have been well established in these 

new flights, in particular cases where jet fighter maneuver at a high angular rate or high angle of attack [9, 10]. 
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The aerodynamic forces and moments were considered in expressions of aerodynamic forces and moments. The 

first representation results in integral-differential motion equations for jet fighter and the second confines the 

model equations to state-space shape. For the analysis of unstable aerodynamic, there are two implementation 

approaches. The two approaches to unstable aerodynamic modeling lead to congruous simulations [11]. In 

addition, the jet fighter of aerodynamic properties with unstable effects was calculated [12]. The first aim of this 

research is to explain the non-linear behavior of high-performance jet fighter wing level stall-spin, to demonstrate 

the influence of the slowdown rate on the least flight velocity and to show the jet fighter's status parameters at the 

stall-spin zone. Second aim for this research is explaining the maximum period of motion with functioning 

assigned to sequence activity produced by decrease of the lift coefficient that’s increase at the stalling. The current 

paper adopts three main aspects: 

1. -Non-linear mathematical models are solved to show the jet fighter's status variables at stall-spin dynamic. The 

initial specifications for specifying are stated. In numerical methods, the elimination of unwanted phugoid phase 

oscillations is achieved by using appropriate state trajectory input terminology in the elevator power algorithm. 

2. With the activity endorsed to the relay activity triggered by the reduction of the lift coefficient increase in the 

stall-spin, the activity of the stall limit duration is illustrated. Period-history of variables in the system and the 

impact on limit-cycle amplitudes of the decrease in lift coefficient are accomplished. 

3. The influences of important aspects like mass, propulsion and ∆𝐶𝐿 on the stall-spin zone limit cycle behavior 

are done at this paper. 

MODEL AERODYNAMICS  

This research studies the baseline of the fighter jet F-16, with Mach No. = 0.4 and H = 4000 m in height. The 

Hybrids references are the structure of jet fighter fixed-coordinate, geometric composition, inertia characteristics, 

and model aerodynamics [13] and [14]. Table [1] demonstrates these values. Figures 1, 2 and 3 respectively 

display the description of the calculation, lift coefficient 𝐶𝐿 , drag coefficient 𝐶𝐷 and pitching moment coefficient 

𝐶𝑚. The experimental of wind tunnel and flight data test is used to build the aerodynamics model [14]. An 

appropriate polynomial fitting is utilized to achieve correct amounts of the aerodynamics properties of the chosen 

F-16 jet fighter. The behaviors of aerodynamic coefficients are given in Appendix 2. 𝐶𝐿, 𝐶𝐷, and 𝐶𝑚 . 

Table 1.  Mass, Dimensional Characteristics and parameters of the F-16 Jet fighter. 

 

Parameters Symbols Values 

Weight (kg) m 9188 

Reference wing area (m 2) 𝑾𝒔𝒂 27.87 

propulsion (kg) P 12150 

Reference span (m) 𝑹𝒔 9.144 

Roll inertia (kgm2) 𝑰𝒙𝒙 12875 

Pitch inertia (kgm2) 𝑰𝒚𝒚 75674 

Yaw inertia (kgm2) 𝑰𝒛𝒛 85552 

Main aerodynamic chord (m) �̅� 3.45 

Gravity-center location (as a fraction of �̅�) 𝒙𝒄𝒈 0.3�̅� 

Reference center-of-gravity location for aerodynamic data (as a fraction of �̅�) 𝒙𝒄𝒈𝒓𝒆𝒇
 0.35�̅� 

 Max. lift coefficient (per rad) 𝑪𝑳𝜶 𝒎𝒂𝒙 1.57 

Max. drag coefficient (per rad) 𝑪𝑫𝜶 𝒎𝒂𝒙 1.21 

Max. moment coefficient (per rad) 𝑪𝒎𝜶 𝒎𝒂𝒙 1.05 

Elevator  𝜹𝒂 ±𝟐𝟏. 𝟓° 

Elevator  𝜹𝒆 ±𝟐𝟓° 

Rudder  𝜹𝒓 ±𝟑𝟎° 
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STALL-SPIN DYNAMICS' NON-LINEAR STATE EQUATIONS OF MOTION: 

Stall-spin occurs while the jet fighter is close to the ultimate lift coefficient. In this case, it develops the 

requirement for a lowest possible flight velocity. It is a briefly longitudinal motion. The force balance on the jet 

fighter stall-spin model involves a Propulsion expression limited to the fixed center of the body; while the velocity 

trajectory focused lift and drag are shown in Fig. 4. Stability and control derivatives are checked by the reference 

[15] set out in Appendix (3). The movement of the longitudinal regime in jet fighter is expressed in the non-linear 

state equations set: 

ẏ1 = −
P

m∗V
∗ sin(y1) −

𝐷𝑝∗𝑊𝑠𝑎

m∗V
∗ Cl +

𝑔

V
∗ cos(y3 − y1) + y2                                   (1) 

ẏ2 =
𝐷𝑝∗𝑊𝑠𝑎∗𝐶

Iy
∗ [Cm +

C

2V
∗ (Cmq ∗ y2 + Cmα ∗ �̇�1)]                                    (2) 

ẏ3 = y2                                         (3) 

�̇�4 =
𝑃

𝑚
+

𝐷𝑃∗𝑊𝑠𝑎

𝑚
[𝐶𝐿 sin(𝑦1) − 𝐶𝐷 cos(𝑦1)] − 𝑔 ∗ sin(𝑦3) − 𝑦2𝑦5                                  (4)

  

�̇�5 = −
𝑊𝑠𝑎∗𝐷𝑝

𝑚
[𝐶𝐿 cos(𝑦1) + 𝐶𝐷 sin(𝑦1)] + 𝑔 ∗ cos(𝑦3) + 𝑦2𝑦4                                  (5) 

 

So that, the state-space equation for the set is; 

𝑦 = [𝛼 𝑃𝑟 𝜃 𝑉𝐴 𝑉𝑁]𝑇                                        (6) 

 

Figure 1. Lift coefficient as a function of angle of attack 
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Figure 2. Drag coefficient as a function of angle of attack 

 

Figure 3. Moment coefficient as a function of AOA 
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Figure 4. F-16 Jet fighter stall-spin model 

DETERMINATION OF REQUIREMENTS FOR FLIGHTS 

It is very important to find the initial circumstances to calculate the set equations of motion for stall-spin dynamics. 

The initial conditions define a propulsion environment such that at the velocity of V = 1.3VS, level-flight specify 

occurs 𝛼 = 𝜃. In current work, the following procedures have been used to measure the initial conditions. The 

first lift coefficient calculation is: 

(CL)1 =
𝑉𝑁

𝑊𝑠𝑎∗𝐷𝑝
=

(CL)MAX

(1.3)2                                                                   (7) 

From (CL)1, it is possible to estimate the value of 𝛼1 when it is δ1 = 0.0. The linear range expression for the lift 

coefficient is: 

(𝐶𝐿)1 = 𝐶𝐿𝑂
+ 𝐶𝐿𝛼

𝛼1 + 𝐶𝐿𝛿
𝛿1                                                                 (8) 

The expression for the drag coefficient is: 

(𝐶𝐷)1 = 𝐶𝐷𝑂
+ 𝐾(𝐶𝐿𝑂

+ 𝐶𝐿𝛼
𝛼1)

2
                                                                 (9) 

To evaluate the necessary propulsion value for longitudinal equilibrium, the status envelope at flight mode can be 

utilized; i.e. for �̇� = 0.0 

(
𝑃

𝑊𝑠𝑎∗𝐷𝑝
)

1

cos 𝛼1 + (𝐶𝐷)1 = 0.0                                                               (10) 

For level flight, lift equilibrium means that 𝑉�̇� = 0.0, and assume that 𝑆𝛼 ≅ 𝛼; hence 

(
𝑃

𝑊𝑠𝑎∗𝐷𝑝
)

1

𝛼2 + (𝐶𝐿𝑂
+ 𝐶𝐿𝛼

𝛼2 + 𝐶𝐿𝛿
𝛿2) =

𝑉𝐴

𝑊𝑠𝑎∗𝐷𝑝
                                                (11) 

Moment balance introduces a second relation: 

𝐶𝑀𝑂
+ 𝐶𝑀𝛼

𝛼2 + 𝐶𝑀𝛿
𝛿2                                                                (12) 

From the relations (9) to (10), the amounts of α2 and δ2 can be accomplished. At flight mode case, the dynamic 

pressure is discovered by taking into consideration the 𝑉�̇� = 0.0 relation (4) that is: 
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𝑉�̇� = 0.0 = − (
𝑄𝑆

𝑚
) [𝐶𝐿𝐶𝛼 + 𝐶𝐷𝑆𝛼] + 𝑔𝐶𝜃                                                              (13) 

As a result, the jet fighter's dynamic pressure and velocity at altitude can be calculated. The initial circumstances 

for flight mode specifying can be accomplished according to the state trajectory relation (6) based on the previous 

processes. Note that α(0) = θ(0) and 𝑃𝑟(0) = 0.0, so that; y4 = y5 = 0 which were represented at Eq.4 and Eq.5 

neglected. These are valid to Ref.[16]. Thus; the equation (1, 2 and 3) are solved to determine the limit cycle 

oscillation of stall-spin mode by using MATLAB. 

RESULTS AND DISCUSSION 

This research studies the F-16 jet fighter with Mach No. = 0.4 and altitude H= 4000 m to illustrate the stall and 

trajectory spin phenomenon. *The regular considerations of the establishments of specified flight for wing mode 

stall-spin dynamics requires the use of longitudinal control to the jet fighter in hysteresis loops involving 

application of control without turning in the path of recovery of the spin. As part of the stall-spin recovery, the jet 

fighter must pitch it’s downwards after the stall-spin. The velocity reduced until there was a minimum at t =

19 sec. This effect is shown in Fig. 5. Continued use of the negative elevator angle after the stall, which occurs 

in Fig. 6 raised the attack angle beyond the stall, although through a marked Neck-drop trend, the speed increases. 

Longitudinal perturbation happens when, at the wing-level stall-spin position, the jet fighter is restricted to fly. 

During the oscillation, the jet fighter propulsion remains unchanged and the jet fighter is specified to stall attitude 

at a 𝐶𝐿 prior to the achievement of a 𝐶𝐿  leap. The period of the stall-spin limit leads to a longitudinal oscillation 

build-up. The stall-spin attack angle's time of limit duration history as seen in Fig. 7. As seen in Fig.8, the direction 

corresponds to the amplitude ratio of 𝜃 to 𝛼, which is 8.92 for the entire unstable phase and 3.2 phase lag of pitch 

angle relative to AOA. It indicates that oscillatory existence of the map is at constant amplitude in the final critical 

region. 

 

Figure 5. Velocity history during the stall 
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Figure 6. Elvetor angle through stall-spin demonstration 

 

Figure 7. Limit cycle oscillation due to max. lift 

The ∆𝐶𝐿 cruise at the stall-spin may be displayed as a variable to vary this value; an effective analysis was 

conducted. The effect of ∆𝐶𝐿 on the strength of the limit-cycle as seen in Fig.9. In this study, the effects of 

important variables like mass, propulsion on periodic motion activity in the stall-spin zone are viewed at Fig.10 

and 11. In the case of a triple reaction, fig.12 indicates the chaotic behavior of the angle of attack which exist; a 

10 percent reduction in mass and a 20 percent rise in velocity at ∆𝐶𝐿 = 0.2. The multi-point attractor is expected 

to vary the angle of attack values. To validate the observations, a contrast is made between the analytical models 

and comparisons [16] and [17].in the presence of limit-cycle oscillation at various values of the field of stall-

spin dynamics. In other words, if the jet fighter is restricted to fly at the wing levels stall-spin state, the longitudinal 
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oscillation occurs. During the oscillation, the planes speed stays constant and the jet fighter is specified prior to 

the operation of a𝐶𝐿  leap to stall-spin attitude at a lift coefficient. 

 

Figure 8. Phase trajectory due to max. lift 

 

Figure 9. Effect of Delta lift coefficient on limit cycle amplitude 
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Figure 10. Effect of propulsion variation on limit cycle amplitude 

 

Figure 11. Effects of mass variation on limit-cycl amplitude 
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Figure 12. Chaotic behavior due to variation both of mass, velocity and lift 

CONCLUSION 

Jet fighter stall-spin, which happens when all lift limits and control are exhausted by the jet fighter, determines 

the minimum air speed requirements. In order to illustrate the set variables for jet fighter in stall-spin mechanics, 

the mathematical model of jet fighter is solved. Statistical analysis has indicated that a suitably minus lift 

deflection could restrict the motion of cycle oscillations. The growth in the periodic motion amplitude of the set 

variables is directly connected to the growth in the 𝐶𝐿 decrease. The study concludes the following: 

1. As the mass and propulsion reduce, the status of stall-spin dynamic has become very critical, this is meaning 

the diverging is increase between the angle of attack and the pitch angle. 

2. The outcomes show that chaos activity occurs in the event of a 10 % reduction in mass, a 20 % rise in propulsion 

and ∆𝐶𝐿 = 0.2. 

3. In unstable behavior, the numerical result indicates that the system became lightly damped at high angle of 

attack with increasing the amplitude of jet fighter state variables limit cycle. 

4. For the limit cycle oscillation, a strong agreement between the numerical outcome and published work is 

obtained from [16] and [17]. 
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APPENDIX 1 

Notation 

 

C   Wing chord 

CD0, CD   Initial drag coefficient and drag coefficient respectively 

CL0, CL   Zero lift coefficient and lift coefficient, respectively 

Cm0, Cm   Zero pitching moment and moment coefficient respectively 

(Cm)c.g    Pitching moment coefficient around the gravity center 

Cmq    Pitch damping coefficient 

Cmα̇   Moment coefficient of pitching due to attack rate angle 

g   Constant of gravitational 

H   Altitude 

∆𝐶𝐿   Lift coefficient variations 

Iy    Moment of inertia about body x-axis 

m   Mass of jet fighter 

Mq   Pitch damping derivative 

Mα   Derivative of longitudinal stability 

Mδ   Pitching moment due to elevator 

𝑃𝑟     Pitch rate 

𝐷𝑝   Dynamic pressure 
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𝑊𝑠𝑎    Wing surface area 

𝑃    Propulsion 

𝑉𝐴   Axial velocity 

V   Jet fighter velocity 

Vs   Stall velocity 

𝑉𝑁   Normal velocity 

α   Angle of attack 

AOA   Angle of attack 

t   time in seconds 

δe   Elevator angle 

θ    Pitch angle 

APPENDIX 2 

Jet fighter aerodynamics (𝛿𝑒 = 0.0) 

 

Lift coefficient equations: 

 

𝐶𝐿 = 0.390 +  4.80 ∗ α +  0.43 ∗ DE          0 ≤ α ≤ 15 

 

𝐶𝐿 = 1.410 −  I3.427 ∗ (𝑥 − 0.309)2  +  0.43 ∗ DE            15 ≤ α ≤ 25 

 

𝐶𝐿 = 1.520 −  I3.427 ∗ (𝑥 − 0.309)2  +  0.43 ∗ DE            15 ≤ α ≤ 25 

 

𝐶𝐿 = 1.50 −  81 ∗ (𝑥 − 0.309)2  +  0.43 ∗ DE                       25 ≤ α ≤ 32 

 

𝐶𝐿 = 1.201 −  0.76 ∗ (𝑥 − 0.39) +  0.43 ∗ DE                     32 ≤ α ≤ 40 

 

Drag coefficient equations: 

 

𝐶𝐷 = 0.385 −  0.0934 ∗ (4.7 ∗ 𝑥 + 0.38)2          0.0 ≤ α ≤ 20 

 

𝐶𝐷 = 0.3 + 1.89 ∗ (𝑥 − 0.25)2                                20 ≤ α ≤ 40 

 

Pitching moment coefficient equations: 

 

𝐶𝑚 = 0.084 −  0.28 ∗ (𝑥 + 0.44)3 − 0.95 ∗ DE                       0.0 ≤ α ≤ 40 

 

𝐶𝑚 = −0.055 − (𝑥 − 0.409) − 0.95 ∗ DE                                   40 ≤ α ≤ 80 

 

APPENDIX 3 

The elements of velocity trajectory 𝑉𝐴and 𝑉𝑁 can be written as: 

𝑉𝐴 = 𝑉𝐶𝛼     𝑎𝑛𝑑      𝑉𝑁 = 𝑉𝑆𝛼     (i) 

Where; 𝐶𝛼 = cos 𝛼, 𝑆𝛼 = sin 𝛼 which in unnamed flight provides 

𝑉 = [𝑉𝐴 + 𝑉𝑁]
1

2⁄  

In equation (i), the time derivatives of 𝑢 and 𝑤 paired to yield: 

�̇� = −
𝑉�̇�

𝑉
𝑆𝛼 +

𝑉�̇�

𝑉
𝐶𝛼     (ii) 
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Force balance using the acceleration components of the axis of the airframe body regarded in a rotating reference 

frame can be represented as [15] 

𝑉�̇� =
𝑃

𝑚
+

𝑊𝑠𝑎∗𝐷𝑝

𝑚
[𝐶𝐿𝑆𝛼 − 𝐶𝐷𝐶𝛼] − 𝑔 ∗ 𝑆𝜃 − �̇�𝑁�̇�    (iii) 

𝑉�̇� = −
𝑊𝑠𝑎∗𝐷𝑝

𝑚
[𝐶𝐿𝐶𝛼 + 𝐶𝐷𝑆𝛼] + 𝑔 ∗ 𝐶𝜃 + �̇�𝐴�̇�     (iv) 

Combining equations (iii) and (iv) into equation (ii) Simplifies the dα/dt relation to 

�̇� = −
𝑃

𝑚∗𝑉
∗ 𝑆𝛼 −

𝑄𝑆𝑊𝑠𝑎∗𝐷𝑝

𝑚𝑉
∗ 𝐶𝐿 +

𝑔

𝑉
∗ 𝐶(𝜃−𝛼) + �̇�    (v) 

 

The pitch angular acceleration is 

�̈� =
𝑊𝑠𝑎∗𝐷𝑝∗𝐶

𝐼𝑦
[𝐶𝑚𝑐𝑔 +

𝑔

2𝑉
(𝐶𝑚𝑞�̇� + 𝐶𝑚�̇��̇�)]     (vi)  

Consider that in equation (vi) the Cmcg concept involves the input attributable to elevator control Cmδδe. 

Relationships due to terms likeCL, CD and gives terms like −𝑉𝑁θ̇ ̇, equations (iii) to (vi) are non-linear. For the 

intent of future tests, the state trajectory should be regarded as: 

𝑦 = [𝛼 𝑃𝑟 𝜃 𝑉𝐴 𝑉𝑁]𝑇        (vii) 

The non-linear state equations are: 

ẏ1 = −
P

m∗V
∗ sin(y1) −

QS

m∗V
∗ Cl +

𝑔

V
∗ cos(y3 − y1) + y2 (viii)   

ẏ2 =
𝑊𝑠𝑎∗𝐷𝑝∗𝐶

Iy
∗ [Cm +

C

2V
∗ (Cmq ∗ y + Cmα ∗ �̇�1)]  (ix)  

ẏ3 = 𝑦2        (x)   

�̇�4 =
𝑃

𝑚
+

𝑊𝑠𝑎∗𝐷𝑝

𝑚
[𝐶𝐿 sin(𝑦1) − 𝐶𝐷 cos(𝑦1)] − 𝑔 ∗ sin(𝑦3) − 𝑦2𝑦5 (xi)   

�̇�5 = −
𝑊𝑠𝑎∗𝐷𝑝

𝑚
[𝐶𝐿 cos(𝑦1) + 𝐶𝐷 sin(𝑦1)] + 𝑔 ∗ cos(𝑦3) + 𝑦2𝑦4 (xii)   

 

 

 


