Jurnal Teknik Elektro VVol. 14 No. 1 2022 P-ISSN 1411-0059 | E-ISSN 2549-1571

Performance Evaluation of Two System Models for a
MIMO System to Hover the Bicopter Unmanned
Aerial Vehicle

Jalu Ahmad Prakosa*, Swivano Agmal?, Edi Kurniawan®, Muhammad Jauhar Kholili?, and Chifayah Astuti®

'Research Center for Photonics, National Research and Innovation Agency (BRIN) of Indonesia
Kawasan PUSPIPTEK Building 420, South Tangerang City, 15314, Indonesia

2Research Center for Quantum Physics, National Research and Innovation Agency (BRIN) of Indonesia
Kawasan PUSPIPTEK Building 420, South Tangerang City, 15314, Indonesia

3Faculty of Engineering, University of Borobudur
JI. Raya Kalimalang No. 1, Building C, Jakarta, 13620, Indonesia

“Corresponding author. Email: jalu.ahmad.prakosa@brin.go.id

Abstract— Building unmanned aerial vehicle (UAV) control system models are highly challenging due to
multiple inputs and multiple outputs (MIMO). Not only does it have various angular position outputs such as
roll, yaw, and pitch, but also flight control has more than one input; for instance, a bicopter has dual rotors.
More rotors have more complex model. The hover condition has a zero resultant force which can be utilized
to design a system model. On the other hand, an attractive identification system method is applied to develop
the design. This research aims to evaluate the performance of two MIMO design on bicopter between methods
based on the hover principle and identification technique. Experimental validation by employing bicopter
simulator is an excellent strategy to fulfil this purpose. The results of the investigation of the experiment
showed that the identification model was more accurate than the hover design, particularly regarding the
overshot phenomenon and error. In addition, the hover principle tended to build ideal model because it did
not include the dynamic, uncertainty and nonlinear conditions in aeroplane control design. Although the
identification system was complicated because it previously needed to measure the input and output values,
it performed closer to the actual experiment. It performed more satisfactory overshoot values compared with
the experimental validation than the hover model by 1°, 3°, and 8° in roll, pitch, and yaw angles, respectively.
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I. INTRODUCTION

Planning in saving the budget can be applied to a design.
Moreover, optimization can be used to an appropriate model
design [1]. Accurate design plays an essential role in the
development of control systems knowledge. The system model
describes the nature of a plant's control system, which is
generally described in mathematical equations, either transfer
function or state-space, so it is beneficial to be developed with
optimization. The improvement of control theory can be
implemented on a model from robust in [2], [3] to the adaptive
paradigm in [4], [5], particularly for optimization purposes.

Challenging system model can be found in airplane control
because it has multiple inputs and outputs [6]. The controlled
output of the flight plant is the direction of the rotating angle
with three angles: roll, yaw, and pitch. The input signal to
generate lift for flight is called thrust. Study in [7] described
that the faster propeller rotation will increase the thrust lift. The
number of rotors to generate thrust is generally more than one.
For example, a bicopter in [8], [9] has two rotors of motor that
are controlled to fly properly [10]. Therefore, designing a dual
motor system model is exciting research with a high difficulty
related to the multiple inputs and outputs [11].

Bicopter is the chosen plant model because it is a helicopter
sample with many rotors that can take off more freely [9]. Each
rotor comprises a direct current motor that provides dynamic,

uncertainty, and nonlinear effects to the system [12], [13]. In
addition, bicopters are often used as drone applications in [14]—
[16]. This plant offers studies related to MIMO model design
in flight control. Furthermore, this type of UAV controls dual
motors, for instance, in [17], to hover in a stable position. The
principle of equilibrium in the hover position is an inspiration
in flight control design methods [18]. In addition, the resultant
force is assumed to be zero because the downward gravitational
force is equal to the upward thrust that makes the bicopter float.
For this reason, it is fascinating to study the observation of the
design of the bicopter system model employing the hover law.
On the other hand, the previous flow rate control study in [19]
showed that the identification system offers a model design
approach that is no less impressive. But this method firstly
requires measured data from both input and output values from
a plant. Practicing both techniques, the 3 Degree of Freedom
(DOF) helicopter facility, which is performed in [20], provides
convenience in designing the bicopter flight system model.
Because of these reasons, the difficulty of MIMO model design
and performance comparison between derived model from
hover principal technique and system identification method
make gap in this research. This study purposed to analyze the
performance of two MIMO models on the bicopter between the
technique from the hover principle and the identification
method. Not only graphical analysis but also accuracy
comparison will be investigated between both ways to evaluate
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their performances. The reviewed overshoot should determine
the most suitable model. We explain our main contributions to
emphasize the novelty of our research outcome and to fill our
exciting gap are as follows:

« Demonstrate MIMO control system of the bicopter
model from the hover circumstance technique.

o Perform system identification method to build MIMO
control system for the bicopter model.

« Validate and evaluate the performance of both control
system models by using experimental tools of 3 DOF
helicopters as the bicopter simulator.

« Assess the accuracy through each error and overshoot
between the hovering model and identification method.

Il. METHOD

A. Control System Model

The control system model illustrates the trait of a plant's
control system, which is commonly indicated in mathematical
equations, therefore model can be improved by optimization. It
also can be mentioned as dynamic system model because the
control system of bicopter UAV includes dynamics of many
systems, such as mechanical and electrical traits. The
mathematical model of control systems design for observation
is usually employed a state space model in [21], which apply
state variables to describe a system by a set of first-order
differential in (1) and Figure 1.

X=Ax+Bu;y=Cx+Du )

where X is state vector, y is output vector, u is input vector, A
is state matrix, B is input matrix, C is output matrix, and D is
feedforward matrix.
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Figure 1. State-space model
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Control system design for analysis in a mathematical model
is also generally applied as a transfer function, the output ratio
to the input of a system in the Laplace domain, which illustrates

in Figure 1 and (2).
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Figure 2. Transfer function block diagram
Y(s)
X(s)

The information of variables where X(s) is input signal, T(s) is
transfer function, Y(s) is output signal, and s is complex
frequency.

Transfer function or state space can be obtained from the
system identification procedure in [22], which uses statistical
methods to build mathematical models of dynamical systems
from the relation between both input and output measured data.
This research is exciting because it wants to compare the
performance of the control system model of bicopter between

T(s) =

2
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the hovering model as a white-box approach and the
identification model as a black-box design [23]. The
experimental setup will be explained in the appendix.

B. Derived Model from Hover Principal Method

The angles of rotation of 3 DOF helicopter is analogous
with Chinook bicopter description in [9]; therefore, the pitch,
roll and yaw can be shown in Figure 3 as general aircraft flight
control.

& Yaw, ¥

=) o
Pitch, P Pitch, P\ )

Figure 3. Angles of rotation of bicoper

The set of the angle's rotation for flight control of Chinook's
bicopter in Figure 3 is implemented to the 3 DOF helicopter
facilities, for example, in [20], and its free body diagram is
illustrated in Figure 4. The speed control from dual DC motors
generates thrust force [24]. Not only the angles of rotation but
also the force illustration is described in Figure 4. The signs of
each axis for angles of rotation are determined.

« The horizontal position of a helicopter if r(t)=0, then roll
angle becomes positive, (t)>0, a helicopter flies higher
than counterweight.

e The yaw angle is positive, y(t)>0, if it rotates counter-
clockwise (CCW) direction.

« The angle of pitch intensify positively, p(t)>0, when the
front motor is higher than the back motor.

The Newton law | work when the helicopter hovers
stationary or moves at a steady speed in Figure 5. Because of
that reason, the whole force sum on the free body diagram of a
helicopter is zero when it hovers, which shows in (3).

AF =F; -W =0 3)

The total torque is also zero. These circumstances apply the
force equilibrium and explain the formula arriving at the
system output in (4)-(7).

At=1; -7, =0 @)
2V,.L, K; =(L,m, -L,.m —L,.my).g Q)
(L, m, -L,.m; —L,.my).0
Vo _ w w a a (6)
2.L, Ky

WEEM
=K, + (7)
VB Vo

The explanation of equations (3)-(7) above can be
explained as follows, where r(t), p(t), and (t) are roll angle (°),
pitch angle (°), and yaw angle (°). Fr and T are force (N) and
torque (N.m). W and tr are weight (N) and torque (N.m)
because of gravity. my, ms, and my are mass for counterweight
(kg), front motor (kg), and back motor (kg). Lw and L, are the
distance between the yaw axis and helicopter body (m), and
counterweight (m). Ly is the distance between the pitch axis
and each motor (m). Ky is motor force-thrust constant (N/V),
then V, is quiescent voltage for motor (V). Kg is a constant
gain of the close loop system (V).
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Figure 4. Free body diagram of 3 DOF helicopter
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The state-space representation of the close loop system in
Figure 1 and (1), for example, in [25], and (8) was developed C=/01 0000 (12)
from the hover equation in (7). 001000
T .o
X'=[rp oyt op 7l (®) 00
D=|0 0 (13)
on the other hand, the output vector could be written to (9). 00

:
y'=[r p 7] Ok, -

Furthermore, the other state-space matrices were set as (10)-

(13), which referred to the hover principle, and then the gains 376 132 -115 209 47 -161 100 -1.0
376 -132 115 209 -47 161 10.0 1.0

for voltage output are described in (14).
A =

C. System Identification Method

(14

The system identification method provides the optimal
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design of experiments for an efficient model, which is

(10) developed for flow rate control system in [19]. The statistical
approach of the system identification, which is applied in [26],
estimates the model by minimizing the error between the model
output, Ymos, and the measured experimental results, Y meas.
This technique develops the identification model in (15).

o O O O O k-
o O O O +— O
o O O O O




32

Yo (1) = Tu(®) (15)

System identification techniques employ both input and
output of experimental data. Moreover, it designs by describing
data divergence under conditions hypothesized to reflect the
variation. Therefore, the distiction between the output model
and the measured results or error, e, becomes minimal as
possible using statistical calculations in (16) by Matlab
software of System Identification Toolbox [22].

e(t) = Yimeas (1) = Yyoq (1) 0 (16)

The system identification method may be utilized as
validation way in [27]. The single input and single output
(SISO) for bicopter model have been performed in [28], so the
MIMO model is challenging to be conducted in this study.
Furthermore, the three outputs of angle rotation, namely roll,
pitch, and yaw, are obtained from the encoder sensor. On the
other hand, the amplifier indicates both rotors input voltage
from the front and back motors. Therefore those are employed
to build the MIMO identification technique as in Figure 6.
Then, the variable values of bicopter properties were described
in Table I.

Error and overshoot will be applied to evaluate the
performance of two comparative MIMO models. Error is the
difference between measured and set values. On the other hand,
overshoot is the largest difference value between the measured
and set value in the step response.

TABEL . NOMENCLATURE DESCRIPTION

No Parameter Unit

1 The transfer function of the system, T -

2 Roll angle, r °

3 Pitch angle, p °

4 Yaw angle, y °

5 Error, e °

6 Gravitation acceleration, g 9.81 m/sz

7 Force, Fr N

8 Torque, 1 N.m

9 Weight, W N

10  Torque because of gravitation, Tt N.m

11 Counterweight mass, mw 1.87 kg

12  Front motor mass, ms 0.575 kg

13 Back motor mass, mp 0.575 kg

14  Distance between yaw axis and helicopter 0.4699 m
body, Lw

15 Distance between yaw axis and 0.6604 m
counterweight, La

16  Distance between pitch axis and each motor, 0.1778 m
Ln

17  Motor force-thrust constant, K¢ 0.1188

N/Volt

18  Gain constant, Kg Volt

19  Quiescent voltage for motor, Vo Volt

20  State vector, X -

21  State matrix, A -

22 Input matrix, B -

23 Output matrix, C -

24  Feedforward matrix, D -

25 Time,t Second

(s)

26 Input signal, X -

27  Output signal, Y -

28  Complex frequency, s -

29  Front motor voltage, Vr Volt

30 Back motor voltage, Vs Volt

31 Output model, Ymod -
32  Measured results, Y meas -
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Figure 6. The block diagram for MIMO flight controller of bicopter from
experiment data by system identification method

I1l. RESULTS AND DISCUSSION

Besides the hover model in (7) on the state-space model
above, the system identification toolbox was used to develop
controller design as a transfer function from actual bicopter
plant behaviour data. The input data of voltage signals for both
motor and the roll angle output were inserted by system
identification procedure in the time domain, which accurate
time is crucial in [29], as in (2) and Figure 2. The following is
an identification model in the form of a MIMO transfer
function:

525° +6.56852 +7.5395 +3.989
TG), =3 3 2
1 s 4137953 +2.0152 +1.0725 +0.3533
o, - 0.23955> -0.8275° +1.139s
12 % 1137953 +2.0152 +1.0725 +0.3533
o, 2.8215> +0.34795° +1.807s
13 ¢4 4137953 +2.0152 +1.0725 +0.3533
- 2.5375% -6.70652 -8.267 s - 3.854
T(S),, =

21 §% 4137953 +2.0152 +1.0725 +0.3533

-0.6011s° +0.504852 -1.381s-0.314
1)y, =73 3 2
2 ¢4 1137953 +2.0152 +1.0725 +0.3533
2.195° -0.315852 -1.8015-1.047
T(s)

3 +2.01s% +1.0725+0.3533
17
The comparison of both models, which were the state space
of the hover model in (8)-(14) and the transfer function of the
identification model in (17), and experimental validation for
roll angle control in the selected point of 10° was illustrated in
Figure 7. The identification model had a more similar signal of
roll angle with the experiment than the hover model,
particularly on the overshoot signal. The accuracy of the
control method could be investigated by overshoot and error
values, which are performed in [10]. The excellent control
technique would achieve the minimum overshoot and error
values because they were the traits of the control system. The
experimental overshoot value at the roll angle was around 23°,
which was slightly different from the identification model with
about 22°. On the other hand, the hover model had a much
different overshoot, around 12° for the roll angle. It showed
that Apart from the roll angle as the primary part of the
bicopter's take-off position, two other angles, such as pitch and
yaw, needed to be investigated between both models because

2,3 s4 +1.379s
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the MIMO model had various outputs, as many as three-angle
rotations in this case.

Although the two models were not similar to the
experimental results on the pitch angle in Figure 8, the results
of the identification system provided better validation,
especially the error is close to 3°. Moreover, the signal value of
the hover model was excessively ideal to have zero error. The
outcome of this force equilibrium yielded a minimal overshoot
on the order of 10°, which was extremely diverse from the
experimental result because the hover model might not include
dynamic and nonlinear traits in the actual yield.
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Figure 7. Comparison of roll angle between models and experiment
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Figure 8. Comparison of pitch angle between models and experiment
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Figure 9. Comparison of yaw angle between models and experiment

A fascinating case happened at the yaw angle in Figure 9
that the identification method provided an accurate signal of

33

both overshoot and error for validating the experimental results.
Although the identification model and experimental overshoot
results had slightly different results, namely 20° and 23°,
respectively, they both had the same error result, around 7°.
Again, the hover formula design signal gave a perfect value
with overshoot and error approaching zero. The numerical
results of the differences between the two models against the
experiment are shown in Table I1.

TABEL Il. NUMERICAL RESULTS
Overshoot Error
Set Hover e L Hover .
angle  model Identlflcazlon model Identlflcaglon
o model (°) o model (°)
@) @)
Roll 11 1 0 1
Pitch 13 8 2 1
Yaw 23 3 7 0

The identification model achieved the better values of
overshoot comparing with experimental by 1°, 3°, and 8° than
hover model in all set angles. On the other hand, hover model
only got more accurate in roll angle by 0° of difference, while
pitch and yaw experienced better yields for identification way
by 1° and 0°, respectively. However, the results of this hover
model were much separate from the validation of the
experimental results because the possibility of uncertainty,
nonlinearity, and dynamic behavior was not inserted in the
model. Due to better accuracy, the identification model of
bicopter could be implemented in [10], [30] for its
improvement.

IV.CONCLUSION

MIMO models of complex bicopter flight controls have
been successfully constructed using hover principle and system
identification methods. Comparing both techniques with
validation of experimental results proves that the identification
model was better than the hover model, especially the accuracy
related to overshoot and error. Although the identification
technique was quite troublesome because it firstly required
input and output data from the system, it had better model
accuracy. The experimental results comparison indicated that
the identification model has the most accurate numerical yields
for overshoot by 1°, 3°, and 8° in roll, pitch, and yaw angles.
In addition, it achieved the excellent result of error differences
by 1° and 0° for pitch and yaw angles, when the better value of
error difference at roll angle occurred in the hover model by 0°.
Therefore, the identification method was recommended to be
used in control MIMO modelling in bicopter of UAV plants,
especially optimization. Modelling based on the law of force
balance on hover circumstances should be improved due to
dynamic, uncertainty, and nonlinear conditions in the real
experiment for future study.
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APPENDIX

Experimental Setup

A bicopter simulator plant, scilicet 3 DOF helicopters in
Figure 4, can be run by arranging the main components in
Figure 10. In this bicopter plant, two motors are driven by a
power connected to the amplifier. The PC can control both
motors on the bicopter simulator via an amplifier connected
through its USB cable. Angle sensors such as roll, yaw, and
pitch are embedded in the 3 DOF helicopter tool to measure the
feedback signal from the angular position of the bicopter
simulator. The components must be connected via cables that
build a closed-loop system, as shown in Figure 11.

| Angle sensor

Figure 10. Hardware of bicopter simulator setup

A bicopter simulator plant, scilicet 3 DOF helicopters in
Figure 4, can be run by arranging the main components in
Figure 10. In this bicopter plant, two motors are driven by a
power connected to the amplifier. The PC can control both
motors on the bicopter simulator via an amplifier connected
through its USB cable. Angle sensors such as roll, yaw, and
pitch are embedded in the 3 DOF helicopter tool to measure the
feedback signal from the angular position of the bicopter
simulator. The components must be connected via cables that
build a closed-loop system, as shown in Figure 11.
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Figure 11. Close loop of bicopter simulator system
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The close loop system at the 3 DOF
employs Matlab and Simulink software in F

helicopter facility = Matlab/Simulink, which can be validated experimentally
igure 12 to operate  utilizing this bicopter simulator platform. For example, this

it. This software can compute and simulate all of the above  diagram is applied to set the desired angle of bicopter.

equations. The proposed method can

be designed by
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Figure 12. Software of bicopter simulator setup



