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Abstract. Tandem wings aerodynamics is a good 
decision for autonomous UAV or guided munitions. 
The widely varying flight conditions in which, 
tandem wing vehicle operates and certain aspects 
unique to tandem flight, make the development of 
control architectures for these vehicles a challenge. 
Previous work on control design for inverse 
dynamics often has involved linearized or 
simplified nonlinear dynamical models of the 
aircraft. This article retains the nonlinear “inverse 
inverse” dynamics in the design of the controller 
for a generic autonomous vehicle model and 
develops nonlinear adaptive dynamic inversion 
control architecture with a control allocation 
scheme. A novel approach is proposed to determine 
in a more precise and real-time manner the 
complex inverse dynamics of the vehicle. The 
approach is numerical and gives complete solution 
of the problem without any assumptions. The 
results obtained from inverse dynamics flight 
dynamics could be used in attitude heading 
reference system as reference. On the base of 
proposed inverse dynamics model is designed 
inverse controller. Two of problems of attitude 
determination are resolved, measurement of 
angular velocity (pitch angular velocity) and the 
computing of attitude of the vehicle. 

Keywords: inverse dynamic control, flight 
dynamics, tandem wings aerodynamics, numerical 
solution, simulation 

I. INTRODUCTION  

A. Background 
Autonomous Tandem Wings UAV is primarily 

designed to fly autonomously, detect, and track the 
moving objects. The system is a small size fixed wing 
platform, which is hand held launched. The 
introduction of system equipped with two cameras 

daylight and infrared into the modern husbandry has 
given veterinarians the ability remotely find a 
physiology state of cattle. The operating range is 
about 15 km and flight time is about an hour.  Once 
the target field is identified into the map, the vehicle 
will fly autonomously to the field and will start 
loitering to identify the target. By its nature, system 
should use precision sensors (tactical grade) and 
guidance, but it was decided to use low-cost sensors 
and try to achieve best performance from them. It 
was one of the goals of the research to investigate 
low-cost attitude reference heading system to meet 
the requirement for high precision guidance. 

The work reported here develops a specific real-
time six degree-of-freedom (DoF) model [1,2,3,4,8] of 
the platform. The so-called inverse dynamics flight 
model will be used in guidance algorithm, which is 
developed to control the platform during autonomous 
ground vehicle tracking. The aerodynamics of the 
airframe and control surfaces are modeled separately 
to isolate possible changes from interaction and 
demonstrate their effects in simulation. The platform 
is roll controlled and it is demonstrated that the 
orientation of the strapped-down seeker around the 
airframe is a significant factor in its response to 
damage and proposed control can solve the problem. 
The control surfaces are chosen to be ailerons, 
elevators, flaps and rudder. The set of control 
surfaces could be reduced to elevons on the forward 
wing only without loss of controllability and precision. 
Elevons or tailerons are aircraft control surfaces that 
combine the functions of the elevator and the aileron. 

Attitude Heading Reference System (AHRS) 
calculates the orientation of the vehicle. The visual 
tracking system (VTS) or strapped-down seeker 
module consists of two cameras daylight and IR. Both 
cameras have their own processor who process the 
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video stream and feed the autopilot with coordinates 
of displacement of target to LoS and additional 
information. The two processors are responsible for 
detection and segmentations of the target and on this 
stage; they exchange the information about the 
detected “blobs”. Flight Control System (FLCS) 
generates control surface commands. The GCS shows 
video streams from both on-board cameras is a 
control unit used by the operator to lock the target or 
manually detect and identify targets. Guidance is 
based on an infrared and daylight seeker requiring the 
target to remain in the squared area of interest 
around the line of sight (LOS). Moreover, to a LOS 
view the seeker must have limited roll with respect to 
the target to maintain a lock with the target. The first 
problem occurs when the seeker maintains view of 
the target but the guidance responds poorly to 
moving target. The second type of failure occurs when 
excessive yaw, pitch or roll causes seeker failure. The 
third problem is the   accuracy of attitude 
determination and it is of primary importance. Of 
course, the requirement for low cost AHRS plays 
significant role. This research uses simulation to 
predict the response of a CATLTR to both types of 
trajectories midcourse and terminal stage and 
estimate the probability of failure in both cases. 

B. Why the Inverse Dynamics is Choosen 
The design of control architectures for tandem 

wings unmanned vehicles is a current area of 
research. Flight control is challenging due to the wide 
range of operating conditions encountered and 
certain aspects unique to relatively low speed flight 
and requirements for extended stability.  

The designed control law should perform well over 
the complete flight envelope defined by speed, 
altitude, and aircraft configurations. Using classical 
design techniques, this means that several linear 
control laws have to be designed at specific points in 
the flight envelope, which are then scheduled as a 
function of, for example, air velocity, height and 
aileron settings. This method requires a considerable 
effort, and usually results in complex control laws. 
Dynamic inversion provides attractive substitute and 
automatically solves the scheduling problem. By using 
the available nonlinear aircraft model, a nonlinear 
inverting control law is computed. One of the 
decisions is to determine closed loop as a set of 
integrators with the derivatives of the tracking 

variables as the new system inputs. The so obtained 
linearization provides the starting point for the design 
of a linear controller to impose the desired dynamic 
system behavior. The process is nonlinear, 
multivariable, avoids any gain scheduling, and works 
in an intuitive manner. It is well known that pure 
analytical solution of inversed model control is hard to 
be solved.  

Analytical design of inverse dynamics controller 
causes reduced robustness to uncertainties, because 
of required assumptions. From a lack of global results, 
the deficiencies could be overcome in the linear part 
of the design. Particularly suitable is to work in μ-
framework in which we can explicitly make the trade-
off between the robustness against structured 
uncertainties and multiple performance 
specifications. In [7,8] a more detailed overview of the 
features of dynamic inversion is presented. An 
important issue in model inversion is stability of the 
zero dynamics. This problem is immediately 
encountered for non-minimum phase systems. 

Aircraft dynamics that show non-minimum phase 
behavior, as control surfaces like the elevator produce 
small forces in opposite direction to the intended 
resulting acceleration direction. The starting point 
with inverse control is the inherent lack of robustness. 
Preliminary robustness studies can be found in [7,10]. 
First, inversion-based control laws are designed with a 
classical linear outer loop controller. Via simulations it 
is shown how good the robustness properties are if 
uncertainty is neglected in the design of simplified 
flight model.  

II. INVERSE DYNAMICS CONTROL 
The general nonlinear dynamics of the aircraft 

[7,11,12] can be written as 

�̇�𝑥(𝑡𝑡) = 𝑓𝑓(𝑥𝑥(𝑡𝑡), 𝛿𝛿(𝑡𝑡)),      (1) 

where, the function f(.) is assumed to be sufficiently 
smooth. The control input 𝛿𝛿(𝑡𝑡) is assumed to be 
bounded and piecewise continuous.  

The initial form of inverse model could be written 
as follows and of course, the model (1) should be 
invertible with respect to 𝛿𝛿(𝑡𝑡) 

𝛿𝛿(𝑡𝑡) = 𝑓𝑓−1(𝑥𝑥(𝑡𝑡), 𝑣𝑣(𝑡𝑡))     (2) 

𝑣𝑣(𝑡𝑡) =  𝑓𝑓(𝑥𝑥(𝑡𝑡), 𝛿𝛿(𝑡𝑡)) - Artificial control input  (3) 



19

 
№ 1 (4),  2022 

 
 
 

ISSN: 2682 – 9517 (print)         ISSN: 2683 – 0930 (online) 
 

 
 

              JOURNAL  OF  INFORMATICS  AND  INNOVATIVE  TECHNOLOGIES  (JIIT)    
 

An algorithm for calculating inverse dynamics and 
meeting the above requirements, could be developed 
by using an artificial control input described in Eq.(3): 

 
�̇�𝑥(𝑡𝑡) = 𝑣𝑣(𝑥𝑥(𝑡𝑡), 𝛿𝛿(𝑡𝑡)) + ∆(𝑥𝑥(𝑡𝑡), 𝛿𝛿(𝑡𝑡)). (4) 
 
Equation (6) is pseudo-inverse version of (5) and 

the next equation is the real one 

𝛿𝛿(𝑡𝑡) = 𝑔𝑔(𝑥𝑥(𝑡𝑡), �̇�𝑥(𝑡𝑡));   (5) 

𝛿𝛿(𝑡𝑡) = 𝑔𝑔 (𝑥𝑥(𝑡𝑡), 𝑓𝑓(𝑥𝑥(𝑡𝑡), 𝛿𝛿(𝑡𝑡))).  (6) 

Equation (6) is good for pure analytical solution, 
which is somewhat unexpected. The Eq.5 is much 
more practical and could be used for pure numerical 
solution or semi-analytical. Combining the Eq.5 and 
Eq.6 is the best solution - which means that Eq.2 
must be simplified enough without lack of precession 
to have ability to find analytical type solution of Eq.5. 
 

Inverse Flight Dynamics

Stabilization Control Flight Dynamics- +

 
Fig.1. General Control Strategy for Inverse 

Dynamic Control 

III. MATHEMATICAL MODEL OF THE TANDEM 
FIXED-WING UAV - 2 

Two flight dynamics models have been developed 
[1,2]. The first one was precisely describing behavior 
model or proposed aerodynamics configuration. The 
second one is real time one, which does not allow lost 
in performance during the defined flight envelope. 
The core of the simulation model is a non-linear 
model of the aircraft dynamics, consisting of twelve 
Ordinary Differential Equations (ODE’s or state 
equations), and a large number of output equations. 
This model can be broken down into a number of 
different modules, most of which are independent of 
the kind of moving vehicle under consideration. 

u, v, w  - body fixed linear velocity components in 
forward, side, and vertical directions, m/s; 
�̇�𝑢, �̇�𝑣, �̇̇�𝑤 - linear accelerations, m/s2; 
Xa, Ya, Za - body forces per unit mass, N/kg; 
p, q, r - body fixed roll, pitch, and yaw rates, degree/s; 

g - acceleration due to gravity, m/s2; 
a) Linear accelerations 
�̇�𝑢  =  𝑟𝑟𝑣𝑣 −  𝑞𝑞𝑤𝑤 −  𝑔𝑔 sin 𝜃𝜃  +  𝑋𝑋𝑎𝑎;  (7) 
�̇�𝑣  =  𝑝𝑝𝑤𝑤 −  𝑟𝑟𝑢𝑢 +  𝑔𝑔 sin 𝜑𝜑 cos 𝜃𝜃  +  𝑌𝑌𝑎𝑎; (8) 
�̇�𝑤  =  𝑞𝑞𝑢𝑢 −  𝑝𝑝𝑣𝑣 +  𝑔𝑔 cos 𝜑𝜑 cos 𝜃𝜃  +  𝑍𝑍𝑎𝑎  . (9) 

b) Angular accelerations 

   �̇�𝑝  =  𝐶𝐶3𝐿𝐿 + 𝐶𝐶4𝑁𝑁 +  𝐶𝐶2𝑝𝑝𝑞𝑞 +  𝐶𝐶1𝑞𝑞𝑟𝑟; 
         �̇�𝑞  =  𝐶𝐶7𝑀𝑀 +  𝐶𝐶6(𝑝𝑝2  −  𝑟𝑟2)  +  𝐶𝐶5𝑝𝑝𝑟𝑟; 

       �̇�𝑟  =  𝐶𝐶4𝐿𝐿 + 𝐶𝐶9𝑁𝑁 + 𝐶𝐶8𝑝𝑝𝑞𝑞 −  𝐶𝐶2𝑟𝑟𝑞𝑞, 
where,  

𝐶𝐶1 =  ((𝐼𝐼𝑦𝑦𝑦𝑦  − 𝐼𝐼𝑧𝑧𝑧𝑧)𝐼𝐼𝑧𝑧𝑧𝑧  − 𝐼𝐼𝑥𝑥𝑧𝑧
2 ) / (𝐼𝐼𝑥𝑥𝑥𝑥𝐼𝐼𝑧𝑧𝑧𝑧  −  𝐼𝐼𝑥𝑥𝑧𝑧

2 ) 
𝐶𝐶2 =  (𝐼𝐼𝑥𝑥𝑥𝑥 − 𝐼𝐼𝑦𝑦𝑦𝑦  +  𝐼𝐼𝑧𝑧𝑧𝑧)𝐼𝐼𝑧𝑧𝑧𝑧 / (𝐼𝐼𝑥𝑥𝑥𝑥𝐼𝐼𝑧𝑧𝑧𝑧  − 𝐼𝐼𝑥𝑥𝑧𝑧

2 )  
𝐶𝐶3 =  𝐼𝐼𝑧𝑧𝑧𝑧 / (𝐼𝐼𝑥𝑥𝑥𝑥𝐼𝐼𝑧𝑧𝑧𝑧  −  𝐼𝐼𝑥𝑥𝑧𝑧

2 ) 
𝐶𝐶4 =  𝐼𝐼𝑥𝑥𝑧𝑧 / (𝐼𝐼𝑥𝑥𝑥𝑥𝐼𝐼𝑧𝑧𝑧𝑧  −  𝐼𝐼𝑥𝑥𝑧𝑧

2 ) 
𝐶𝐶5 =  (𝐼𝐼𝑧𝑧𝑧𝑧  − 𝐼𝐼𝑥𝑥𝑥𝑥) / 𝐼𝐼𝑦𝑦𝑦𝑦 
𝐶𝐶6 =    𝐼𝐼𝑥𝑥𝑧𝑧 / 𝐼𝐼𝑦𝑦𝑦𝑦 
𝐶𝐶7 =   1 / 𝐼𝐼𝑦𝑦𝑦𝑦 
𝐶𝐶8 =  (𝐼𝐼𝑥𝑥𝑥𝑥 − 𝐼𝐼𝑦𝑦𝑦𝑦)1𝑥𝑥𝑥𝑥 + 𝐼𝐼𝑥𝑥𝑧𝑧

2 / (𝐼𝐼𝑥𝑥𝑥𝑥𝐼𝐼𝑧𝑧𝑧𝑧  −  𝐼𝐼𝑥𝑥𝑧𝑧
2 ) 

𝐶𝐶9 =  𝐼𝐼𝑥𝑥𝑥𝑥 / (𝐼𝐼𝑥𝑥𝑥𝑥𝐼𝐼𝑧𝑧𝑧𝑧  − 𝐼𝐼𝑥𝑥𝑧𝑧
2 ) 

�̇�𝑝, �̇�𝑞, �̇�𝑟 - roll, pitch and yaw angular acceleration 

𝐼𝐼𝑥𝑥𝑥𝑥, 𝐼𝐼𝑦𝑦𝑦𝑦, 𝐼𝐼𝑧𝑧𝑧𝑧 - Moments of inertia about x, y, and z axis, 
kg.m2 

L, M, N - Roll, pitch, and yaw moments about body 
axis, N. m; 

First derivatives of roll, pitch and yaw are listed 
below: 

�̇�𝜃  =  𝑞𝑞 cos 𝜑𝜑  −  𝑟𝑟 sin 𝜑𝜑 

�̇�𝜑  =  𝑝𝑝 +  𝑞𝑞 sin 𝜑𝜑 tan 𝜃𝜃  +  𝑟𝑟 cos 𝜑𝜑 tan 𝜃𝜃 

�̇�𝜓  =  𝑞𝑞 sin 𝜑𝜑 sec 𝜃𝜃  +  𝑟𝑟 cos 𝜑𝜑 sec 𝜓𝜓 𝜃𝜃 

[𝑋𝑋𝑎𝑎𝑌𝑌𝑎𝑎𝑍𝑍𝑎𝑎]  =  𝑞𝑞 𝑆𝑆
𝑚𝑚 [ XC YC ZC ] 

[𝐿𝐿 𝑀𝑀 𝑁𝑁]  =  𝑞𝑞 𝑆𝑆 [𝑏𝑏 lC 𝑐𝑐 mC 𝑏𝑏 nC ] 
 

IV. SIMPLIFIED FLIGHT DYNAMICS 
Simplified flight dynamics [1,2] originate from the 

standard flight dynamics equations and it is used in  
Inverse flight dynamics block. Basically, the equations 
are the same as with the standard ones, but look-up 
tables are replaced by gains. That is done to reduce 
the required time of calculation and extend the 
robustness.  
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The general set of aerodynamics coefficients 
equations could be rewritten in specific way of terms 
of ANSYS FLUENT 

CXq
qc̅
V

CYp
pc̅
V CYr

rc̅
V

CZq
qc̅
V

Clp
qc̅
V Clr

qc̅
V

Cmq
qc̅
V

Cnp
qc̅
V Cnr

qc̅
V

 

The aerodynamic force and moment coefficients are 
in (10) 

𝐶𝐶𝑋𝑋 = 𝐶𝐶𝑋𝑋(𝛼𝛼, 𝛽𝛽, 𝛿𝛿𝑎𝑎, 𝛿𝛿𝑒𝑒, 𝛿𝛿𝑓𝑓, 𝛿𝛿𝑟𝑟); 𝐶𝐶𝑙𝑙𝑎𝑎 = 𝐶𝐶𝑙𝑙(𝛼𝛼, 𝛽𝛽, 𝑝𝑝, 𝑟𝑟, 𝛿𝛿𝑢𝑢, 𝛿𝛿𝑟𝑟)
𝐶𝐶𝑌𝑌 = 𝐶𝐶𝑌𝑌(𝛼𝛼, 𝛽𝛽, 𝑝𝑝, 𝑟𝑟, 𝛿𝛿𝑟𝑟) 𝐶𝐶𝑚𝑚 = 𝐶𝐶𝑚𝑚(𝛼𝛼, 𝑞𝑞, 𝛿𝛿𝑒𝑒);
𝐶𝐶𝑍𝑍 = 𝐶𝐶𝑍𝑍(𝛼𝛼, 𝑞𝑞, 𝛿𝛿𝑒𝑒); 𝐶𝐶𝑛𝑛 = 𝐶𝐶𝑛𝑛(𝛼𝛼, 𝛽𝛽, 𝑝𝑝, 𝑟𝑟, 𝛿𝛿𝑢𝑢, 𝛿𝛿𝑟𝑟)

The result of calculation of aerodynamic 
coefficients is split in three standard categories:  

 Datum coefficients,  
 Damping coefficients  
 Control surface deflection coefficients 

A. Datum Coefficients 

Datum coefficients describe very basic behavior if 
the airframe. The Aerodynamic Coefficients 
subsystem contains aerodynamic data and equations 
for calculating the six aerodynamic coefficients, which 
are implemented as in reference [1,2]. The six basic 
aerodynamic coefficients are described in Table I.  

TABLE I. BASIC AERODYNAMIC COEFFICIENTS 

Used notification Standard Notification 

CX: force coefficient in body-
fixed longitudinal direction 

Cx Axial-force coefficient 

CY: force coefficient in body-
fixed lateral direction 

Cy Side-force coefficient 

CZ: force coefficient 
perpendicular 
to CX, CY (body-fixed 'lift') 

Cz Normal-force 
coefficient 

Cl: roll moment coefficient Cl Rolling-moment 
coefficient 

Cm: pitch moment 
coefficient 

Cm Pitching-moment 
coefficient 

Cn: yaw moment coefficient Cn Yawing-moment 
coefficient 

B. Damping Coefficients 
For each force and moment coefficient, a damping 

coefficient is computed. These coefficients specify 
how each coefficient changes when the aircraft rolls 
(P), pitches (Q), or yaws (R). 

The resulting 3D look-up tables or gains are 
determined in Table II. The same notifications are 
used in Simulink model.  
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TABLE II. DAMPING LOOK-UP TABLES 

damping along Xb 
damping along Yb 
damping along Zb 
moments around Xb 
moments around Yb 
moments around Zb 

 

C. Control Surface Deflection Coefficients 
Coefficient derivatives are computed for each 

control surface. They determine how much the 
respective coefficient changes when the respective 
surface is deflected.  

 

 

TABLE III. CONTROL SURFACES DEFLECTION 

Ailerons 
Flaps(neg) 
Elevator 
Rudder 

The flight dynamics model of the tandem UAV 
contains five subsystems, which model the typical 
airframe components: 

 Alpha, Beta, Mach Subsystem 
 Forces and Moments Subsystem  
 Equations of motion 
 Environmental models 
 Calculation of aerodynamic coefficients, 

forces, and moments 
The block diagram of flight dynamics is shown in 

Fig.2. 

 

 
 

Fig.2. Flight dynamics 
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Fig. 3. Simulation model. 

 
Fig.4. Inverse flight dynamics controller.
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 In your paper title, if the words “that uses” can 
accurately replace the word “using”, capitalize 
the “u”; if not, keep using lower-cased. 

V. INVERSE INVERSE FLIGHT DYNAMICS CONTROL 
The idea of proposed ”inverse inverse” dynamics 

control is to use simplified flight dynamics model 
described in Chapter III in recursive procedure to 
calculate forces, moments and flight parameters need 
for control. Because of that, double inverse is used to 
describe proposed approach 

Let say the acceleration demand 𝑋𝑋𝑎𝑎
𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑑𝑑𝑑𝑑 along 

the vertical axe z in body frame is somehow 
determined. The deflection of control surface should 
be determined according to simplified flight dynamics. 
The ranges of control surfaces deflections are  defined 
in the following way 

𝛿𝛿𝑑𝑑  = (𝛿𝛿𝑑𝑑min, 𝛿𝛿𝑑𝑑max); 𝛿𝛿𝑎𝑎  = (𝛿𝛿𝑎𝑎min, 𝛿𝛿𝑎𝑎max);  
𝛿𝛿𝑟𝑟  = (𝛿𝛿𝑟𝑟min, 𝛿𝛿𝑟𝑟max); 𝛿𝛿𝑓𝑓  = (𝛿𝛿𝑓𝑓min, 𝛿𝛿𝑓𝑓max) 

and for each range is defined a step d. Three  nested 
loops which move the current values of the deflections 
with appropriate step determines the simple algorithm 
doing full scale search through the ranges. After 
completing the procedure, the appropriate values for 
control surfaces (𝛿𝛿𝑎𝑎

𝑙𝑙, 𝛿𝛿𝑑𝑑
𝑖𝑖, 𝛿𝛿𝑓𝑓

𝑗𝑗, 𝛿𝛿𝑟𝑟
𝑘𝑘)  will be found   

𝑋𝑋𝑎𝑎
𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑑𝑑𝑑𝑑 = 𝑞𝑞 𝑆𝑆

𝑚𝑚 𝐶𝐶𝑋𝑋𝑛𝑛(𝛼𝛼𝑑𝑑, 𝛽𝛽𝑑𝑑, 𝛿𝛿𝑎𝑎
𝑙𝑙, 𝛿𝛿𝑑𝑑

𝑖𝑖, 𝛿𝛿𝑓𝑓
𝑗𝑗, 𝛿𝛿𝑟𝑟

𝑘𝑘, 𝑉𝑉, ℎ) 

So equation could be rewritten in the following way 

  [𝑋𝑋𝑎𝑎𝑌𝑌𝑎𝑎𝑍𝑍𝑎𝑎]  =  𝑞𝑞 𝑆𝑆
𝑑𝑑 [𝐶𝐶𝑋𝑋𝑛𝑛, 𝐶𝐶𝑌𝑌𝑛𝑛, 𝐶𝐶𝑍𝑍𝑛𝑛] 

[𝐿𝐿 𝑀𝑀 𝑁𝑁]  =  𝑞𝑞 𝑆𝑆 [𝑏𝑏𝐶𝐶𝑙𝑙𝑛𝑛 , 𝑐𝑐𝐶𝐶𝑑𝑑𝑛𝑛, 𝑏𝑏𝐶𝐶𝑑𝑑𝑛𝑛].  (11) 

Subscript n means iteration in Searching 
procedure. Parameters 𝛼𝛼𝑑𝑑, 𝛽𝛽𝑑𝑑 are optional and they 
could be values measured by sensors of platform. If 
the complete flight dynamics is used they will be 
included in (12) and (13), which are rewritten (10). 

𝐶𝐶𝑋𝑋𝑛𝑛 = 𝐶𝐶𝑋𝑋𝑛𝑛(𝛼𝛼𝑑𝑑, 𝛽𝛽𝑑𝑑, 𝛿𝛿𝑎𝑎
𝑙𝑙, 𝛿𝛿𝑑𝑑

𝑖𝑖, 𝛿𝛿𝑓𝑓
𝑗𝑗, 𝛿𝛿𝑟𝑟

𝑘𝑘, 𝑉𝑉, ℎ);
𝐶𝐶𝑌𝑌𝑛𝑛 = 𝐶𝐶𝑌𝑌𝑛𝑛(𝛼𝛼𝑑𝑑, 𝛽𝛽𝑑𝑑, 𝛿𝛿𝑎𝑎

𝑙𝑙, 𝛿𝛿𝑑𝑑
𝑖𝑖, 𝛿𝛿𝑓𝑓

𝑗𝑗, 𝛿𝛿𝑟𝑟
𝑘𝑘, 𝑉𝑉, ℎ)

𝐶𝐶𝑍𝑍𝑛𝑛 = 𝐶𝐶𝑍𝑍𝑎𝑎(𝛼𝛼𝑑𝑑, 𝛽𝛽𝑑𝑑, 𝛿𝛿𝑎𝑎
𝑙𝑙, 𝛿𝛿𝑑𝑑

𝑖𝑖, 𝛿𝛿𝑓𝑓
𝑗𝑗, 𝛿𝛿𝑟𝑟

𝑘𝑘, 𝑉𝑉, ℎ);

𝐶𝐶𝑙𝑙𝑛𝑛 = 𝐶𝐶𝑙𝑙𝑛𝑛(𝛼𝛼𝑑𝑑, 𝛽𝛽𝑑𝑑, 𝛿𝛿𝑎𝑎
𝑙𝑙, 𝛿𝛿𝑑𝑑

𝑖𝑖, 𝛿𝛿𝑓𝑓
𝑗𝑗, 𝛿𝛿𝑟𝑟

𝑘𝑘, 𝑉𝑉, ℎ)
𝐶𝐶𝑑𝑑𝑛𝑛 = 𝐶𝐶𝑑𝑑𝑛𝑛(𝛼𝛼𝑑𝑑, 𝛽𝛽𝑑𝑑, 𝛿𝛿𝑎𝑎

𝑙𝑙, 𝛿𝛿𝑑𝑑
𝑖𝑖, 𝛿𝛿𝑓𝑓

𝑗𝑗, 𝛿𝛿𝑟𝑟
𝑘𝑘, 𝑉𝑉, ℎ);

𝐶𝐶𝑑𝑑𝑛𝑛 = 𝐶𝐶𝑑𝑑𝑛𝑛(𝛼𝛼𝑑𝑑, 𝛽𝛽𝑑𝑑, 𝛿𝛿𝑎𝑎
𝑙𝑙, 𝛿𝛿𝑑𝑑

𝑖𝑖, 𝛿𝛿𝑓𝑓
𝑗𝑗, 𝛿𝛿𝑟𝑟

𝑘𝑘, 𝑉𝑉, ℎ)
 

The real-time algorithm of calculation the inverse 
flight dynamics consists of three steps.  

Step 1: Find solution through full search  Demands  
�̇�𝑥(𝑡𝑡) = 𝑓𝑓(𝑥𝑥(𝑡𝑡), 𝛿𝛿(𝑡𝑡)) = 𝑋𝑋𝑎𝑎

𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑑𝑑𝑑𝑑

= 𝑞𝑞 𝑆𝑆
𝑚𝑚 𝐶𝐶𝑋𝑋𝑛𝑛(𝛼𝛼𝑑𝑑, 𝛽𝛽𝑑𝑑, 𝛿𝛿𝑎𝑎

𝑙𝑙, 𝛿𝛿𝑑𝑑
𝑖𝑖, 𝛿𝛿𝑓𝑓

𝑗𝑗, 𝛿𝛿𝑟𝑟
𝑘𝑘, 𝑉𝑉, ℎ) 

[𝛿𝛿𝑎𝑎
𝑙𝑙, 𝛿𝛿𝑑𝑑

𝑖𝑖, 𝛿𝛿𝑓𝑓
𝑗𝑗, 𝛿𝛿𝑟𝑟

𝑘𝑘, 𝑉𝑉, ℎ]
= 𝐶𝐶𝑋𝑋𝑛𝑛

𝑑𝑑𝑛𝑛𝑑𝑑𝑑𝑑𝑟𝑟𝑖𝑖𝑛𝑛𝑎𝑎𝑙𝑙 (𝛼𝛼𝑑𝑑, 𝛽𝛽𝑑𝑑, 𝛿𝛿𝑎𝑎
𝑙𝑙, 𝛿𝛿𝑑𝑑

𝑖𝑖, 𝛿𝛿𝑓𝑓
𝑗𝑗, 𝛿𝛿𝑟𝑟

𝑘𝑘, 𝑉𝑉, ℎ, �̃�𝑋𝑎𝑎
𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑑𝑑𝑑𝑑) 

Step 2: Calculate Equation of Motion, next 
equation is one of the possible solutions. 

[𝛿𝛿𝑎𝑎
𝑙𝑙, 𝛿𝛿𝑑𝑑

𝑖𝑖, 𝛿𝛿𝑓𝑓
𝑗𝑗, 𝛿𝛿𝑟𝑟

𝑘𝑘, 𝑝𝑝, 𝑞𝑞, 𝑟𝑟, 𝛾𝛾, 𝜑𝜑, 𝜃𝜃, 𝜓𝜓, 𝑉𝑉, ℎ]
= 𝐹𝐹 (𝛼𝛼𝑑𝑑, 𝛽𝛽𝑑𝑑, 𝛿𝛿𝑎𝑎

𝑙𝑙, 𝛿𝛿𝑑𝑑
𝑖𝑖, 𝛿𝛿𝑓𝑓

𝑗𝑗, 𝛿𝛿𝑟𝑟
𝑘𝑘, 𝑉𝑉, ℎ, �̃�𝑋𝑎𝑎

𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑑𝑑𝑑𝑑) 

Step 3: Calculate inverse dynamics controller.  

In our case that is three loop controller for flight 
path angle 𝛾𝛾 shown in Fig.4. 

During Step1 it will not be always, possible to find 
exact solution [𝛿𝛿𝑎𝑎

𝑙𝑙, 𝛿𝛿𝑑𝑑
𝑖𝑖, 𝛿𝛿𝑓𝑓

𝑗𝑗, 𝛿𝛿𝑟𝑟
𝑘𝑘, 𝑉𝑉, ℎ] so the decision 

will be the nearest to 𝑋𝑋𝑎𝑎
𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑑𝑑𝑑𝑑 or �̃�𝑋𝑎𝑎

𝑑𝑑𝑑𝑑𝑑𝑑𝑎𝑎𝑑𝑑𝑑𝑑 
according to smallest error of amplitude. 

The inverse dynamics approach could be used with 
complete nonlinear flight model; of course, if power 
enough processor is available.  The full nonlinear 
model with look-up tables has been tested on Esp32 
microprocessor and run time was 1.2 ms. That is 
extreme value, and sometimes the accelerations are 
not properly estimated. 

The process of Step 1 is the fastest and requires 0.2 
μs, which is not bad when the normal control loop 
takes 20ms. The second core of ESP32  is used only for 
calculation of algorithm. AHRS is run on the second 
core at 3 ms. 

VI.   SIMULATION AND RESULTS 
Overall simulation model is shown in Fig.3 and Fig.9 

Fig.9 will be discussed at the end of the chapter. The 
input flight path angle or ϒ is a complex one and it is 
generated during experiments with visual homing 
system, which passes deflections of the target in 
azimuth and elevation from line of sight. Elevataion 
error is sent to flight path angle channel, when the 
azimuth error is sent to azimuth channel. Elevation 
error is similar to first order system response with a 
smooth glitch in the beginning. The autonomous 
platform descent from about 90m to about 3m with 
average air speed 118 km/h. 
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Fig.5. Attitude responses. 

 
Fig.6. Guidance responses. 

 
Fig.7. Attitude responses with turbulence. 

 
Fig.8. Guidance responses with turbulence. 
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Fig.9. Inverse Flight dynamics used in AHRS 

 

The rudder control is used just to keep the sideslip 
angle β equal to zero. The absolute elevation above 
the see level is 600 m. 

The two sets of graphics are presented. The first 
one is attitude flight parameters: roll, pitch, yaw, total 
accelerations along body axes x, y and z and angle of 
attack – Fig.5. and Fig.7. The second one includes 
relative height, flight path angle, velocity in km/h, 
vertical velocity, velocity in m/s – Fig.6 and Fig.8. For 
each set responses are simulated respectively with 
turbulence and no turbulence. There are no big 
differences between those two conditions. In the 
second experiment, the ground target additional to 
elevation motion in the field of view of visual homing 
system has some lateral motion. That is shown in 
graphics of attitude (with turbulence) – azimuth is 
changing along the time. At the final time, it is about 
1°. 

Fig. 10 and Fig.11 illustrate roll, pitch, yaw and 
body frame accelerations calculated by “inverse 
inverse” flight dynamics. The above flight parameters 
could be compared to those in Fig.5 to Fig.8. 

 In the last, experiment shown in Fig.9. parameters 
developed in inverse flight dynamics were used as 
reference values in complete model of Attitude 
Heading Reference Systems (AHRS). That approach 
significantly increased the accuracy of guidance 
system in steep turns and dives. A new subsystem 
called “AHRS,GPS,Altitude” describes this feature, of 
course the inverse control is slightly different in this 
case. 

 

Fig.10. Accelerations from inverse flight dynamics 



26

 
№ 1 (4),  2022 

 
 
 

ISSN: 2682 – 9517 (print)         ISSN: 2683 – 0930 (online) 
 

 
 

              JOURNAL  OF  INFORMATICS  AND  INNOVATIVE  TECHNOLOGIES  (JIIT)    
 

 
Fig.11. Attitude from inverse flight dynamics 

Headings, or heads, are organizational devices that 
guide the reader through your paper. There are two 
types: component heads and text heads. 

The research will continue with investigation of 
simulated flight as well as real test flights. 
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