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Abstract—Hexacopter is a type of multicopter that can be 
used to lift a heavy load, hence very convinient to be utilised in 
agricultural fields. As the consequence, however, the attitude 
control of this hexacopter is rather difficult compare with that of 
a quadcopter with four motors, due to gyroscopic effet of the 
additional motors and in its combination with the heavy loads. In 
this paper, we have developed a direct inverse controller system 
using an Elman neural networks for the attitude and altitude 
control of the hexacopter. Experiments are conductet using a 
flight data taken from a test-bed system. Results show that the 
attitude characteritics of the heavy-lift hexacopter can be 
controlled successfully, especially when an optimized Elman 
neural networks as the direct inverse controller system is utilized. 

Keywords—heavy-lift hexacopter; direct inverse control 
scheme; artificial neural networks; DIC optimization 

I.  INTRODUCTION  

The development of an unmanned aerial vehicles (UAV) 
system and its performance improvement has been rapidly 
studied in this decade, due to its application in surveillance, 
search and rescue mission, law enforcement, and others. 
Today, the design and control of multi-copters with higher 
than four rotors, i.e., hexacopter and octocopter [1-5], is a 
chalenging research topics because of using more motors the 
total payload [2] and the additional flying time or the distance 
coverage could be extended. However, as controlling the 
hexacopter is not as easy the ussualy used quadcopter, the 
attitude control of the dynamical movement of the hexacopter 
is more difficult to develop. 

Various type of control approaches are widely studied and 
utlized, including PID [3], PID-LQR [4], input-output 
feedback linearization [5], and Back Stepping control 
algorithms [6]. However, these controller system show 
limitation when it is applied to a nonlinear system such as the 
hexacopter, due to its difficulty to response the dynamic 
change of the flight environment. Recently, there has been a 
significant increase in the number of control system methods 
that are developed based on nonlinear concepts. The nonlinear 
inverse model based control is one of availability of the 
inverse of the plant model. As the neural networks has the 
ability to model any nonlinear system, including their inverse, 

neural networks based direct inverse controller system the 
such methods, which is depended on the has been applied in 
various flight control applications [7,8]. 

A neural networks is a parallel distributed processor made 
up of a simple neuron, with the main function is to memorize 
the knowledge of the system by mimicking the mathematical 
model of the nonlinear system after training. A simple but 
powerful neural networks is a multi-layer perceptron (MLP) 
with one hidden layer, trined by a back-propagation learning 
methodfor updating the neural networks parameters. However, 
back-propagation neural networks (BPNN) has shown 
disadvantages such as lower speed of convergence, easy to fall 
in local minima, which degrades the performance accuracy of 
the memorized mathematical model of the system. 

In order to improve the characteristics of the usually used 
BPNN based control system for a hexacopter’s 
manueverability, in this paper, an Elman reccurent neural 
networks (ERNN) [9] based direct inverse controller system is 
developed. Theoretically, the ERNN is more appropiate to 
model any complex models and nonlinear system [10], as in 
the ERNN, a delay operator is structurally added to the back 
propagation learning mechanism, which increasing the 
dynamic time-varying capability and global stability of the 
networks. 

This paper is organized as follows. Section 2 describes the 
platform of the hexacopter dynamic and the kinematics model. 
Section 3 describes the direct inverse control neural networks 
using the Elman recurrent learning algorithm. Experiments on 
our developed hexacopter is conducted and presented in 
Section 4, followed by analysis of the ERNN based control 
system. Finally, the summary is presented in the last section. 

II. HEAVY-LIFT HEXACOPTER AND ITS DYNAMIC MODELLING 

AND CONTROL SYSTEM 

The hexacopter is an under-actuated and unstable system 
that many works used a simplified model in order to ignore the 
nonlinear effect of the system [11]. Hexacopter has two types 
of frame configurations, Plus (+) and X configuration, and 
moving within six degree of freedom (6 DOF) system. In its 
movement, hexacopter utilized the thrust generated by the 



combination of the rotation of the six-propellers at each motors 
in the end of the axes. As different frame configuration has 
different dynamic movement model, in this research, we 
developed a heavy-lift hexacopter with a Plus (+) frame 
configuration and derive the dynamic movement of the model 
accordingly.  

The hexacopter forces and moments are generated by the 
angular velocity of each rotor. Rotation of the rotor generated 
three kinds of forces and moments which are the thrust force, 
the horizontal force and the moment drag. As the hexacopter 
modeling poses gyroscopic effect generated by the rigid body 
rotation, eliminating this effect is conducted by providing an 
opposite rotation on each pair of the rotors. 

Describing the dynamic modelling of a hexacopter, two 
reference frame systems are necessary, as shown in Fig. 1. 
Reference E frame (E, XE, YE, ZE) defines the position of the 
linear and angular position of the hexacopter with respect to the 
earth, while reference B frame (B, XB,YB, ZB) is lied in the axis 
of the hexacopter body. The angular position of the B frame 
with respect to the E frame is usually defined by Euler angles, 
i.e., the roll (ϕ), the pitch (ϕ), and the yaw (ψ); and the 
transformation from the B frame to the E frame is realized by a 
rotation orthogonal matrix R as follows: 
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The dynamic basic movement equations of the hexacopter 
in E frame can be written as: 
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while the relations of those basic movements to the squared of 
the propeller velocity can be written as: 

( )
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where the hexacopter linear acceleration with respect to 
the E frame,  the hexacopter angular acceleration around 
with respect to the B frame,  the mass of the hexacopter, g 
the acceleration due to gravity, IXX, IYY, IZZ the body moment of 
inertia around the xyz-axis, p, q, r the hexacopter angular 
velocity with respect to the B frame, U1 the vertical thrust, U2 

the roll torque, U3 the pitch torque, U4 the yaw torque,  the 
propeller speed, b the thrust factor, d the drag factor, and l the 
distance between the center of hexacopter and the center of the 
propeller. 
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Fig. 1. Relationship of two frames reference 
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Fig. 2. Block Diagram Block of the Hexacopter Control 
system 

 

 Block diagram of the control system for a hexacopter in 
general is depicted in Fig. 2. The attitude control, which the 
main function is to control the roll (ϕ), pitch (θ) and yaw (ψ) of 
the hexacopter to be as close as the input reference, is called 
the inner loop control. While the position control, which action 
is to move the hexacopter in the vertical plane (attitude control) 
and in the horizontal plane (maneuvering control), is then 
called the outer loop control. 

III. NEURAL NETWORKS BASED DIRECT INVERSE CONTROL 

SYSTEM 

The nonlinear inverse model based control strategy is one 
of the promising methods within various nonlinear conceps that 
are being developed recently [12], and an artificial neural 
networks has been studied as one of the most accurate 
controller system for a nonlinear dynamical system [13, 14]. 
The controller system is implemented by training the inverse of 
the of the nonlinear plant using a neural network, and by 
cascading this neural network inverse model with the 
hexacopter, an identity mapping between the signal reference 
of the system and the output of the plant is obtained. Block 
diagram of the neural networks based direct inverse controller 
scheme (NN-DIC) is presented in Fig. 3. 



As can be seen in this figure, NN-DIC scheme can be 
experimentally simulated by using a system identification and 
an inverse model. For the system identification of the 
hexacopter, a neural networks with backpropagation learning 
method is utilized through an identification learning 
mechanism as depicted in Fig. 4a. While for the inverse 
control system, an Elman recurrent neural networks is utilized 
through an inverse model learning mechanism as depicted in 
Fig. 4b. The output of inverse model are PWM signals that 
used to control the speed of BLDC motors in the hexacopter. 

 

 

Fig. 3. Block diagram of DIC 
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Fig. 4. The block diagram of a) identification training, b) 
Inverse model 

 

A. Elman Recurrent Neural Networks based Inverse Model  

Elman Recurrent Neural Network (ERNN) [8,9,15] is a 
class of a neural network that consists of four layers, i.e., an 
input layer and a context layer, a hidden layer and an output 
layer. The neural networks system, usually Backpropagation 
based learning mechanism, has been widely researched for the 
purpose of system identification, predicting, fault diagnosis 
and forecasting [10,13,16]. In this paper, however, we have 
used an ERNN system, which used a learning algorithm that is  
similar to the Back Propagation learning mechanism.  

Fig. 5 shows the neural architectural of the ERNN, which 
emplyos a context layer (C(t-1)), in order to memorize the 
previous activations of the hidden neuron, which can be 
considered as a one-step time delays function.  During 
learning, the feed forward connections weight, i.e., the hidden 
layer and the output layer, are updated until converge, while 
the reccurent weights are fixed. 

 

Fig.5. Elman Recurrent Neural Network Architecture 

 

At a specific time k, the previous activations of the hidden 
neurons (at time t-1) and the current input are used as the 
inputs to the network. The activation of the hidden neurons is 
propagated through forward calculation to produce the output 
of the network. The standard back-propagation learning rule is 
then employed to train the network by updating the neuron 
weights.  

After updating all of the neuron weights, the activation of 
the hidden neurons at time k are sent back through the 
recurrent links to the context units and saved there for the next 
training step (time t+1). The learning process of the ERNN as 
an inverse system is the same with that written in [14]. 
Suppose, X(k) is the input vector, and Cj(k) represents the 
activation of the context neuron j,  y(k) denoted the output 
vector, the i-th hidden neuron activation and the activation of 
the output neuron y(k) can be calculated forward through: 
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where wij denoted the weights of the hidden layer to the output 
layer, uij the weights of the context layer to the hidden layer, 
and vij the weights of the input layer to the hidden layer, Zj 
denoted the activations of the hidden layer, and Cj is the 
activations of the context layer, respectively. Noted that f (.) is 
a transfer function of the neuron of hidden layer, and g(.) is a 
transfer function of output layer, both are using a Sigmoid 
function, and b1 and b2 are the bias of the input layer and the 
output layer, respectively.  

Elman neural network used an optimization gradient-
falling algorithm, which is actually a backpropagation 
algorithm with an adaptive learning speed and momentum 
gradient-falling that improve the training speed and effectively 
inhibit the network to be traped into a local minima. The 
learning algorithm is used to modify the weights and biases of 
the neural networks by making a minimization of the error 
sum of squares of the difference between actual output and the 
output sample. 

Suppose the actual output vector at a t step is Yd (t), then 
the error function is defined as follows: 
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and by using a partial derivative of this error for wjk ,vij, the 
weights of the networks, a modifying formula for the weight 
update are: 
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where η the learning speed, µ momentum factor which is 
determined to be 0.9. Theoretically, by using the momentum 
term, the weights are not only updating by the gradient 
direction at current moment only, but using also the gradient 
direction at previous moment, which inducd a higher speed of 
convergence.   

IV. NEURAL NETWORKS BASED DIRECT INVERSE CONTROL 

SYSTEM 

In this research, experiments are done by using a real data 
flight of a heavy-lift hexacopter in a stationary test-bed system 
for training the Elman recurrent neural networks based inverse 
(ERNN-INV) system. The characteristics of the heavy-lift 
hexacopter used in this research can be explained as follows. 
The total span of the heavy-lift hexacopter is 1.7 m with an 
each motor on the corner of the structure provides a total thrust 
of 12.34 kg. The main components of the hexacopter are: six 
Flame of 80A ESC, six T-motor U11 100 KV-BLDC motors, 
six Carbon Fiber propellers 15”x 5.5", a microcontroller, a 
compass and GPS sensor, an Inertial Measurement Unit (IMU) 
sensor that consist of gyroscope, accelerometer and barometer, 
a radio control, a voltage regulator, and a Li-Po battery, 
respectively. 

 

Fig. 6. Simulation result of the attitude and altitude control 
of the hexacopter using ERNN-INV system 

 

Fig. 7. Comparison of the attitude and altitude control result 
using ERNN-INV system and the Optimized ERNN-INV 

system. 

 

Figure 6 shows the simulation results of the hexacopter’s 
attitude parameters of the ERNN-INV system. As can be 
clearly seen in this figure, the response of the ERNN-INV 
system follows the data set with a very small mean sum square 
error (MSSE) of 0.0023. In order to increase the accuracy of 
the controller system by means of decreasing the total MSSE 
error, especially the settling time error, an optimization of the 
ERNN-INV system is proposed.  

Optimization procedure is conducted by firstly determined 
the input set point for all of the attitude parameter, i.e., the roll 
= 00, the pitch = 00, the yaw = 2990, and the altitute = 1.035 m. 
Using this condition as the reference input, a new training 
datasets are generated and used to re-train the ERNN-INV 
system. The new ERNN-INV system is then again utilized to 
follow the test dataset that has been used as in the same 
experiments such as in Fig. 6. The MSSE of the Optimized 
ERNN-INV is found to be 0.0017, which is much smaller than 
that of the unoptimized ERNN-INV system.  

Figure 7 shows the comparison results of the attitude 
profile of the heavy-lift hexacopter under the test-bed system 
when using the ERNN-INV system, and the Optimized ERNN-
INV  system, as the the controller system in a direct inverse 
control (DIC) scheme. In order to highlight the difference of 
both the ERNN-INV system responses, especially the settling 
time period, we have only presented a part of the time sequence 
of the hexacopter movement. 

As can be seen in this figure, the attitude error of the 
Optimized ERNN-DIC system is lower compare with that of 



the unoptimized ERNN-INV system. It is also clearly shown 
that the optimized ERNN-INV system produces a roll error of 
0.030 in average, a pitch error of 0.050, and a yaw error of 
0.010, while the attitude error is nearly zero. The MSSE for the 
Optimized ERNN-INV system is 8.6 10-5, compare with that of 
7.2 10-4 when using the unoptimized ERNN-INV system. This 
figure also shown that the settling time for all of the attitude 
parameters is very small, with an average of 6.7 second, 
compare with that of 20 second when using the unoptimized 
ERNN-INV system. The characteristics comparison of those 
controller systems are shown in Table 1.  

TABLE I.  COMPARISON OF THE HEXACOPTER CONTROL 
CHARACTERISTICS  USING AN ERNN-INV SYSTEM AND THE OPTIMIZED 

ERNN-INV SYSTEM 

Controller System 
Mean Sum Square Error Settling 

Time 
(second) Roll Pitch Yaw 

Unoptimized 
ERNN-INV  

0.055 0.134 0.480 20 

Optimized  
ERNN-Inv  

0.010 0.054 0.100 6.7 

 

V. CONCLUSIONS 

In this paper, a neural networks based inverse controller 
system is developed for controlling the attitute characteristics 
of a heavy-lift hexacopter. Instead of usually used 
Backpropagation as the neural networks learning mechanism, 
an Elman recurrent neural networks inverse (ERNN-INV) 
learning system is utilized, where a delay operator is embedded 
in the neural structure. Optimization of the ERNN-INV system 
is further conducted for increasing the accuracy of the 
hexacopter characteristics, i.e., attitude and altitude parameters, 
by re-training the controller with a defined attitude condition. 
Experiments are conducted for comparing the performance 
characteristics of the hexacopter using those controller systems. 
Results show that the unoptimized ERNN-INV system has 
lower altitude and latitude error compare with that of the 
unoptimized ERNN-INV system. Further experiments are 
conducted in order to investigate, compare and analyze the 
control parameters characteristics when a Backpropagation 
learning mechanism is utilized. 
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