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Abstract. Aircraft systems are nonlinear in nature and this will force the designer to use many linear 

controllers, thereafter gain scheduling them depending on the aircraft's operating system. The dynamic 

inversion controller is characterized by its non-linear handling of aircraft, so it is appropriate for a variety 

of operating conditions such as sharp angles of launch, swoop, and high speed. In this paper a design of a 

nonlinear dynamic inversion controller has analyzed for aircraft dynamics. The performance verification 

of this controller has employed by MATLAB toolbox as simulation systems. A discussion of a dynamic 

inversion model, which produces a controller with two loops; the inner feedback as linearization loop and 

the second loop as outer tracking, has been presented. One of the most important features of this method 

is that it makes the feedback closed simultaneously, which enhances the specifications of the controller 

and reaches the desired results. The results have shown when increasing in the gain, the time needed to 

enter steady state and stability dynamics will be less. On the other hand the amplitude of un-stability and 

curve distortion in the beginning dynamics curve will be stronger as gain increased. There is a need of 

tradeoff between two cases to get reasonable performance of aircraft control model. 

Keywords: aircraft control model, controlled variables, linearization loop, nonlinear dynamic inversion 

controller, proportional controller gain, stability 

Introduction 

Given the importance of the control system in the movement of aircrafts during their 

flights, the controller is the heart of the aircraft's dynamic system. In order to reach an 

acceptable control, it is necessary to achieve matching the shape of the input and output 

signals (Almalah and Al-Tayyar, 2020). As the operating points extend, the gain 

scheduling used in linear control techniques will be cumbersome and useless. To 

overcome the problem of linear control techniques, non-linear techniques are usually 

applied as a suitable and effective alternative (Laxman et al., 2020). The best way to 

deal with nonlinear model is to use a nonlinear controller based mainly on a 

linearization feedback scheme. Thus, the issue of gain scheduling will be overcome. 

Depending on this method, the feedback loops have closed simultaneously, which 

results in the desired performance of the system. This is in contrast to classic techniques 

that depend on trial and error to successfully close the loop and get gain individually 

(Stevens et al., 2015). The NDI method is widely used in highly flexible aviation 

applications where an exact model of the aircraft is required in addition to specific 

system inputs (Bhardwaj et al., 2019). It can be list the important advantages of 

choosing this method as follows (Lombaerts et al., 2020): (1) complete isolation 

between steering commands, which in turn will facilitate the steering task effectively; 

(2) to achieve the absence of the need for scheduling the gain, the controller will be 

dependent and independent within the same model; and (3) the total controller includes 

references signals for comparison, command formation, and other functions. 
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In Di Francesco and Mattei (2016), the control system has installed in the aircraft 

based on incremental nonlinear dynamic inversion (INDI). The principle of time 

separation has adopted and the controller has divided into two circuits: the external 

control for slow movement and the internal control for the faster movement. The 

controller has been tested on hover and forward-flight dynamics and trying to access 

commonality operating points. The incremental method in nonlinear dynamic inversion 

control is useful in the applications presented in the two papers by Sieberling et al. 

(2010) and Smeur et al. (2018), because this method does not require complex modeling 

as well as it is computationally efficient. This method studies issues related to the 

stability and performance of the system, such as the analytical stability analysis, as far 

as the gain of the controller is concerned, and simulation using the real-time time delay 

algorithm to get rid of the oscillator behavior of the system (van’t Veld et al., 2018). In 

fact INDI needs many analyzes in addition to the problem of unsatisfactory stability, so 

the paper (Wang et al., 2019) has used the INDI controller but without the concept of 

time separation. The closed loop control system has analyzed using Lypunov's method 

and nonlinear system disturbance theory. In addition, it can also be used to analyzing 

the power of the closed loop system against jammers. 

Another well-known issue in NDI is saturation of actuator. The paper (Matamoros 

and de Vissery, 2018) has used the Incremental Nonlinear Control Allocation method to 

overcome this problem for tailless airplanes with robust effectors. However, when the 

aircraft's system and data are inaccurate, it will cause the controller's performance to 

degrade and the carrier landing failure. So in the paper (Lu and Liu, 2019) the design of 

the L1 adaptive controller taking into consideration matched and unmatched model 

suspicions which shows the effect of the controller depending on nonlinear dynamic 

inversion (NDI). The NDI designed in vehicles has discussed in the paper (Lombaerts et 

al., 2020). Due to the specifications of this method, it has been applied in VTOL 

vehicles and under various conditions. 

Materials and Methods 

The development of communications and air traffic around the world has increased 

the interest of researchers in this field to improve the performance of the system, track 

the movement of aircraft and control their path (Al-Tayyar and Almalah, 2020). It is 

necessary to discuss a dynamic inversion model, which produces a controller with two 

loops; the inner feedback as linearization loop and the second loop as outer tracking. 

 

Choosing controlled variables 

To ensure the success of dynamic inversion, the control variables must be chosen to 

the output of the system, y(t). The importance of choosing the control variables lies in 

maintaining the stability of the so-called zero dynamics. This is done by checking the 

poles of the output matrix, C. If the poles p is unstable, a new output matrix must be 

chosen until a suitable matrix C is found, then p will be chosen as the error dynamic 

(Stevens et al., 2015). The airplane dynamics can be converted into space control form, 

so the outer loop of dynamics can be written in state space equations as: 

 

x   t    f  x , t       x, t     t      Eq. (1) 

y   t      x t        Eq. (2) 
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where, Co is an output measurement matrix. Actually, The outputs to be controlled in 

aircraft have usually selected as: 

 

Pitch axis controlled variable = q+Nzp/VCO   Eq. (3) 

roll axis controlled variable    p αr    Eq. (4) 

yaw axis controlled variable = r-αp-(g sin∅ cosθ /V kβ  Eq. (5) 

 

where p, q, r is an equivalent body rates, or inputs to inner loop controller; α, β, φ 

refer to slow variables of outer loop; Nzp is normal acceleration at pilot station; V is an 

air speed; θ refer as pitch attitude  rad ; and V O is the crossover velocity. All these 

parameters have not be suitable for neither high rates of angle of launch and swoop nor 

slow velocity (Figure 1). 

 

 
Figure 1. Axes of aircraft body rotation. 

 

Dynamic inversion controller DI 

To treat with the nonlinear properties of aircraft, there are many techniques that take 

advantage of the nonlinearity of the controller in order to improve the performance of 

the system. A dynamic inversion is one of these techniques. This technique requires 

knowledge of the nonlinear aircraft model, and this requires high-powered computers. 

As known in square control systems particularly, the tracked and controlled output y(t) 

must follow the desired reference r(t). According to the dynamic inversion technique, 

the output of the system y(t) is derived until the controlling signal u(t) will found in the 

derivation equation. This is the input/output feedback for linearization. Taking the first 

derivative results in: 

 

y       x      CAx + Cbu      Eq. (6) 

v = Ke        Eq. (7) 

        Eq. (8) 

 

Eq. (7) represents an outer feedback as proportional tracking loop. While Eq. (8) 

represents the closed-loop for error dynamics. The gain values should be positive and 

diagonal to achieve aircraft stability and achieve flying requirements. The gain K values 
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must be chosen to suit the requirements of the flight. As shown in Figure 2, the total 

input of dynamic inversion controller as in Eq (9). 

 

     Eq. (9) 
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Figure 2. Dynamic inversion controller DI. 

 

Feedback linearization is an inner control which use full state variable. The 

importance of this circuit lies in making the system appear linear. It is make the system 

between v(t) to y(t) look like a linear system with origin poles. Hence, this will lead to 

simple outer tracking loop design. The function of in Figure 2 is to improve the tracking 

of closed loop. MATLAB software has used to simulate this controller. To represent the 

nonlinear properties of the aircraft model dynamics, the very important MATLAB 

M_file has required. The DI controller has designed as indicated in Eq. (9) first, which 

is the part that represents the real code of the aircraft controller. After that, state 

equations derivatives are calculated for the aircraft model. As mentioned earlier, it is 

important to know the dynamics of the plane by the controller represented by the input 

and output matrices of the system. The r(t) desired trajectory has chosen as a unity step 

form. If the aircraft step response close enough to the shape of the input signal, then the 

controller considered acceptable and for a pilot's orders upon entry. 

 

Nonlinear dynamic inversion controller NDI 

As mentioned previously in this paper, the designed controller has divided into two 

parts, one of them uses Nonlinear dynamic inversion NDI and the other is Dynamic 

inversion DI. That is, the system has used two external and internal loops for this 

purpose. The external loop commands have generated by a special algorithm, and these 

commands have also converted into equivalent body rates (p, q, r). These rates will be 

the input to the controller for the internal loop. Whereas the internal loop will produce 

the required deflection commands at each entry profile coming from the external loop. 

This deflection will push the mission to the model plant (Laxman et al., 2020). A 

longitudinal model of an aircraft (Figure 3): 
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Figure 3. Nonlinear dynamic inversion controller NDI. 

 

      Eq. (10) 

 

The states variables are: 

 

      Eq. (11) 

 

VT=true air speed  rad/second , α angle of thrust  rad , θ pitch attitude  rad , 

q=pitch rate  rad/second , and δ elevator actuator θ – α. It is noticeable that when the 

value of θ   α, then δ  0 for level flight, and q =0 for steady state, as well as ue is the 

elevator actuator input. The normal acceleration at the center of gravity of the aircraft is 

given by Eq. (12). 

 

   Eq. (12) 

 

Linear lift curve representation, and Parabolic drag. The normal acceleration 

at the pilot’s station is given by Eq. (13). 

 

 
         Eq. (13)

 

 

It can assumed that the model system has be square, so, the number m of inputs will 

be equal to the number p of outputs. This lead to vectors u(t) and y(t) will have identical 

dimension moment of inertia, m is mass=weight/g, where g: gravitational constant. 

Added pitch damping M represents the pitching moment (MOM). The output is selected 

as: 

 

    Eq. (14) 

 

The states are r is yaw rate, β is sideslip angle, p is roll rate, ɸ is bank angle,  is 

actuator states, and S is wing reference area. From Figure 3, the overall dynamic 

inversion controller is given by: 

 

    Eq. (15) 

 

So the aim is to apply Eq. (15) to determine the dynamic inversion controller. So, 

one should find F(x) and G(x): 
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 and    Eq. (16) 

 

Finally, one has: 

 

     Eq. (17)
 

 

The gain k must be chosen in order the zero dynamics will be stable. The 

determination of matrices of controller has used MATLAB simulation consisting of 

both controller and aircraft dynamics model. It is clear that the Figure 3 contains a 

dynamic model of the aircraft and for this it has required F(x) and G(x). The Eq. (18) 

represents the Figure 3 where it is shown that the nonlinear attributes are converted to 

linear to enable easy handling. 

 

.x= f(x) + g(x) G
-1

(x) [-F(x) +  + v]    Eq. (18) 

Results and Discussion 

Simulation 

The performance verification of this controller has employed by MATLAB toolbox 

as simulation systems. The effect of proportional controller gain will be explained in 

this section. It is important to review the definition of some variables used in simulation 

of the aircraft dynamics model: weight=2300 (lbs), g=32 (ft/s2), iyy=2000 (slug ft2), 

S=175 (ft2). 

 

Simulation of uncontrolled aircraft at proportional linear gain K=10 

Figure 4 represents the simulation of state variables as in Eq. (11). These results for 

uncontrolled aircraft which will retain their values when the controller is applied to the 

aircraft model as shown next results. 
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Figure 4. Simulation of aircraft state variables: a-  (rad),  (rad),  (rad/second); 

b- (rad/second). 

 

Simulation of controlled aircraft at proportional linear gain K=10 

Figure 5 represents the angle of thrust in rad with respect to time, which increases 

from 0.24 to 0.4 within 5 seconds. Figure 6 represents the fifth column of Eq. (11), 

which is the elevation angle that decreases sharply in the reverse direction at the 

beginning of time, and then gradually increases until it enters the stabilization phase 

after only 1.5 seconds. 
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Figure 5. Angle of thrust (rad) with time at K=10. 

 

 
Figure 6. Elevator deflection (rad) with time at K=10. 

 

Figure 7 represents theta angle, which is the angle of ascent of the aircraft during 5 

seconds, as it ascends at about 0.24 rad. This is a stable linear increasing, and this is 

desirable in controlling of aircraft. Figure 8 represents the output of the control system. 

It shows the dynamic response to the movement of the aircraft in harmony with the 

required input commands, which are directed to both the aircraft and the controller 

system. Note that the input has been selected as the unit step function. It turns out that 

the output reaches the steady state after 0.4 seconds, and this is called the delay time. It 
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is obvious from the curve that no overshoot or distortion appears, and this is what 

discriminate the design here as will be shown later in this section. 

 

 
Figure 7. Pitch angle (rad) with time at K=10. 

 

 
Figure 8. Output Controlled Variable (Y) with time at K=10. 

 

The pitch rate of the aircraft has shown in Figure 9. The time of the aircraft flight 

stability is approximately 1.6 seconds, so its ascent remains balanced at 0.07 rad/s. This 

figure shows that the aircraft ascent angular rate increases at the beginning to reach the 

highest rate of approximately 0.075 rad/s and this is considered an acceptable pitch rate. 

Pitch rate or the variable ‘q’ is the fourth column in the aircraft state matrix as in Eq. 

(11). The Figure 10 represents the heights reached by the aircraft in this design, 
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according to the aforementioned equations. As for Figure 11, it represents the DRAG of 

the aircraft, which depends on the quantities shown above and according to the 

aforementioned equations. Figure 12 represents how the pitch will dampen ‘MOM’ 

during the ascent movement of the aircraft, which is concentrated at the beginning of 

the movement. This pitch damping has been at the first 500 seconds, where the damping 

peak reaches 900/rad and then falls back to zero and stabilizes at that value. 

 

 
Figure 9. Pitch rate (rad) with time at K=10. 

 

 
Figure 10. Aircraft heights simulation (lbs) with time at K=10. 
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Figure 11. Aircraft drag simulation (lbs) with time at K=10. 

 

 
Figure 12. Aircraft pitch damping (/rad) with Time at K=10. 

 

Figure 13 represents one of the outputs of the controlled model, which is the normal 

acceleration at the center of gravity of the aircraft. It increases to reach its peak of 0.155 

at approximately one second and then gradually decreases till stable movement of the 

aircraft. The normal acceleration has represented at another location of the aircraft to 

further clarify the dynamic stability of the aircraft during its ascent. Figure 14 

represents the normal acceleration at the location of the pilot's station, which alternates 

in the period up to two seconds and then the curve tends to stability to reach Nzp=0.11. 
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Figure 13. Normal acceleration at the center of gravity of the aircraft at K=10. 

 

 
Figure 14. Normal acceleration at the pilot station of the aircraft at K=10. 

 

Effect of proportional controller on the dynamic stability of aircraft 

In this section, the effect of proportional controller gain is clarified. After all 

presented results of controlled aircraft model which considered gain K=10, the results 

would be altered when K=20. So, the next figures will explain the case of increasing 

gain of those differ results only. This means that results have appeared same as first 

case will not be presented here to avoid recurrent results. It is obvious from Figure 15 

here a sharp decrease in the elevator deflection angle of -0.38 which is less than 

elevation angle at the gain of 10. The curve enters the stabilization state at a time less 

than it was in the previous case of gain. The output here in Figure 16 is very close to the 
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input form, and this is the preferred one, and it reaches the steady state at 0.25 seconds, 

which is less time than it was in the previous case (0.5 seconds), and this shows the 

advantages of increasing gain here particularly. 

 

 
Figure 15. Elevator Deflection (rad) with Time at K=20. 

 

 
Figure 16. Output Controlled Variable (Y) with Time at K=20. 

 

In pitch rate result as Figure 17, the highest value reaches at a faster time of 0.28 

seconds and then enters the steady state at a faster time than in the previous gain. A 

clear difference is in the greatest value reached by the pitch damping (Figure 18). This 

value increases significantly when increasing the gain, but on the other hand, stability 

could be at a time less than that in the previous case of the gain. It is noticed from 

Figure 19 that the acceleration peak increased to reach 0.32 compared to the previous 

case of the gain, which had reached 0.21. The stability of acceleration will be at 0.11 as 

well as before. 
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Figure 17. Pitch rate (rad) with time at K=20. 

 

 
Figure 18. Aircraft pitch damping (/rad) with time at K=20. 
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Figure 19. Normal acceleration at the pilot station of the aircraft at K=20. 

 

The dynamic stability of aircraft model without proportional controller 

Figure 20 and Figure 21 have shown the instability of the movement of the aircraft 

during its ascent, and this is caused by the absence of the proportional controller. Hence, 

it is evident the great influence of the proportional controller on all the results. 

 

 
Figure 20. Normal acceleration at center of gravity of the Aircraft at K=0. 
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Figure 21. Normal acceleration at pilot station of the aircraft at K=0. 

Conclusion 

This work has resulted in effect and importance of existence the proportional 

controller with nonlinear dynamic inversion controller on the aircraft dynamic model. 

The aim of design controller is to achieve a best response in output based on the input 

command. This exactly presented in the output controlled variable especially when 

increase the gain of proportional controller in the outer loop of aircraft control system. 

The results have shown when increasing the gain , the time needed to enter steady state 

and stability dynamics will be less. On the other hand, the amplitude of un-stability and 

curve distortion in the beginning dynamics curve will be stronger as gain increased. 

There is a need of tradeoff between two cases to get reasonable performance of aircraft 

control model. 
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