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Abstract: In this study, the balance control of a Brushless Direct Current Motor (BLDCM) driven
Two-Rotor UAV (2R-UAV) was carried out. First, a MATLAB/Simulink model of the balance system
of the 2R-UAV was built. Afterwards, classical and 2-DOF PID, and proposed Adaptive Fuzzy (AF)
2-DOF PID control structures were created on the STM32F4 microprocessor for both balance angle of
the system and speed control of the BLDCMs. Classical and 2-DOF PID controller parameters were
determined via Particle Swarm Optimization (PSO), a technique that is commonly used in control
applications. For the balance control of the 2R-UAYV, a Co-Simulation structure was created using
the STM32F4 microprocessor and MATLAB/Simulink, and the performances of classical and 2-DOF
PID, and AF 2-DOF PID controllers were examined comparatively. Upon examining the comparison
results, it was found that the classical and 2-DOF PID, and AF 2-DOF PID stably controlled the
balance of the 2R-UAV. The AF 2-DOF PID controller, proposed in this research, performed better
than the classical and 2-DOF PID, especially under variable operating conditions.

Keywords: Two-Rotor UAV; Adaptive Fuzzy 2-DOF PID; BLDC Motor; Co-Simulation

1. Introduction

In recent years, UAVs have been widely used in logistics, surveillance and warn-
ing systems, geographic information systems, fire extinguishing, and agricultural pest
control [1-3]. The modeling of UAVs, with an ever-increasing scope of use, has recently
been the subject of many scientific studies. The modeling enables the determination of the
system reliability of UAVs and the study of their behaviour under different operating con-
ditions. In the literature, the two-rotor balance system is also referred to as the Seesaw [4-6].
The two-rotor balance system is used primarily for the analysis of multi-rotor systems and
is important as the basis of UAV systems [6]. Therefore, two-rotor systems are used for
the study of the 2R-UAV balance System. The effectiveness of the control structure used
determines how well two-rotor and multi-rotor UAVs operate [7]. Thus, research has been
conducted to enhance the two-rotor system'’s balance control. An example of a 2R-UAV for
load carrying operations is given in Figure 1.

Brushless Direct Current Motor (BLDCM) is one of the most preferred motor types
in recent years due to its superior abilities, such as operating at high torque and speed,
high efficiency, noiseless operation, long lifespan and minimal maintenance because brush
and collector structures are not required [2,8]. It is commonly used in numerous industries,
including aerospace, robotics, automotive, white goods, healthcare, and space, as as a result
of these outstanding qualities [2,9]. Thus, BLDCMs were used in this study to drive the
2R-UAV system.

In the literature, UAVs are typically controlled by classical PID and 2-DOF PID con-
trollers, which have been successfully applied in control systems recently [3,10,11]. Addition-
ally, artificial intelligence-based controller structures are also used to control UAVs [12-14].
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In this study, unlike the control structures commonly used in the literature, an AF 2-DOF PID
controller, which is a combination of 2-DOF PID and artificial intelligence and fuzzy logic
control methods, was used for the 2R-UAV’s balance control. The outcomes were compared
with those of classical PID and 2-DOF PID controllers in order to assess the effectiveness of
the AF 2-DOF PID controller. Also, in this study, differing from the studies in the literature,
the speeds of the BLDCMs used as the drive elements, as well as the balance angle, were
controlled in a closed loop, and the control performance of the balance angle was improved.
Under identical settings, the parameters of the classical and 2-DOF PID controllers utilized in
the study were determined using the Particle Swarm Optimization (PSO) technique, which
has been commonly used to determine controller parameters in current research [2,15-17]. To
examine the real-time performance of the controllers used in the study on a microprocessor,
the Co-Simulation structure of the system was created using the STM32F4 microprocessor
and MATLAB/Simulink. The performance of classical and 2-DOF PID, and AF 2-DOF PID
controllers was comparatively examined using Co-Simulation results.

Figure 1. A 2-Rotor UAV example for load carrying operations.

Upon analysing the simulation results, we observed that the 2R-UAV balance system
was steadily controlled by the classical PID, 2-DOF PID and suggested AF 2-DOF PID
controllers. However, we observed that the AF 2-DOF PID controller that is suggested
in this study showed a better performance than the other controllers used in the study,
especially under variable operating conditions, demonstrating adaptive features.

The manuscript is structured as follows, in six different sections: in Section 2, the
Simulink model of the BLDCM is presented, and detailed mathematical modeling is pro-
vided. In Section 3, the mathematical model and control structures of the 2R-UAV system are
presented. In Section 4, the Co-Simulation structure and test setup of the 2R-UAV balance
system are presented. Co-Simulation results of the 2R-UAV balance system according to
different controllers are presented and discussed in Section 5. Finally, conclusions are clearly
explained, and future works are provided in Section 6.

2. Brushless Direct Current Motor

The biggest advantage of Brushless DC Motors (BLDCMs) over traditional brushed DC
motors is that they do not have brushes or collectors. In brushed DC motors, the component
used to electrify the rotor’s windings, which is the moving part, is called a “Brush”, and
the parts of the rotor on which the brushes touch are called “Collectors”. In BLDCMs, the
role of the brush and collector structure is replaced with an electronic controller, resulting
in an electronically commutated direct current motor. Semiconductor circuit elements
perform the current switching task in BLDCM drivers, while a microprocessor calculates the
switching times. To avoid problems in the motor’s rotation, the controller must accurately
follow the rotor speed. For the controller to maintain the rotor at the desired speed, the
rotor position must be precisely known. Hall Effect sensors are commonly used in most
applications to detect the rotor position [18].

2.1. Mathematical Model of the BLDCM

Figure 2 shows the equivalent electrical circuit of the BLDCM. Three-phase electricity
is used to power this equivalent circuit. Other waveforms, such as square waves, can be
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applied in place of a sinusoidal source, provided that the peak voltage stays within the
motor’s maximum voltage limit [19,20].
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Figure 2. Electrical equivalent circuit of three-phase star-connected BLDCM.

Mathematical equations to be used in modeling can be obtained by using the electrical
equivalent circuit of a star-connected three-phase BLDCM. Phase voltages are given in
Equations (1)-(3).

vﬂ:RiﬁLﬂ%wa @
=Rip+ Ld +e )
b dt b
. di
UC:RlC+L7;+3c (3)
Interphase voltages are given in Equations (4)—(6).
. d(ia—i
Uab :R(Za—lb)-i-L%—Feu—eb 4)
o (i, —i
vpe = R(ip —ic) + L% +ep —ec (5)
dli—i
ch — R( _lu)‘*—L% +6C—€u (6)

Here, R is the stator phase resistance, L is the stator phase inductance, e,, ¢; and e, are
the back-EMF values, i, i, and i. are the phase currents that belongs to the winding stated
in subscript, v,4, v, and v, are the phase voltages, and v,, v}, and v, are the phase-to-phase
voltages [2].

Equation (7) provides the phase current relationship.

ig+ip+ic=0 )

If the interphase voltages are rearranged using Equation (7), the expressions given
in Equations (8) and (9) are obtained. Thus, the voltage expressions between phases are
reduced to two equations.

. . d(i, —1
Vg = Rig —ip) + L% +e;—ep (8)
) . dli, +2i
bC:R(lﬂ+21b)+L%+eb_eC (9)

According to Newton’s second law of motion, the relationship between electromag-
netic moment (1) and motor speed (w,) is given in Equation (10). The relationship between
motor speed and mechanical angle (6;,) is given in Equation (11).

=17 4 B, (10)
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=
" dt
Here, T; is the load moment, | is the moment of inertia, B is the damping constant.
The back-EMF expressions are given in Equations (12)—(14).

(11)

k

€g = Ee W F(Ge) (12)

k 21
ey = = W F(0e — =-) (13)

k 4
ec = = wn F(6e — =) (14)

The resulting total moment expression is given in Equation (15).
. 27, . 4. .

Te = k¢[F(6e)ia + F(6e — ?)zb + F(0, — ?)16] (15)

Here, k. and k; are the back-EMF constant and the electromagnetic moment constant,
respectively. The relationship between the electrical displacement (6.) and the rotor’s
mechanical angle (6;,) is given in Equation (16).

P
0. = EGm (16)

Here, P is the number of poles of the motor. The function F, given in Equation (17),
provides the back-EMF’s trapezoidal waveform based on the rotor position [21].

1, 0<
1-8(60.- %), 2
—1,

F(Qe): :
3
~1+806.-5F), F<o.<2rm

(17)

2.2. Matlab/Simulink Model of the BLDCM

The previously provided mathematical equations were used to model BLDCM in the
Simulink environment. Following that, the Simulink model of the BLDCM and its drive
system depicted in Figure 3 was built by incorporating the sub-models for the inverter and
switching signals that are derived based on the data received from the Hall sensors.

Hall Sensor

Gate_Forward
GO/
—/

Controller Signal

Inverter_3Ph

Figure 3. Model of the BLDCM drive system in Matlab/Simulink.

The parameters of BLDCM used in this study are given in Table 1.
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Table 1. Parameters of the BLDCM.

Parameters Values
R 0.304 O)
L 0.2135 mH
P 16 Poles
B 0
v, 24V
J 181.1077 kg-m?
ke 0.0369 V-s/rad
ks 0.0369 Nm/A

3. Mathematical Model and Control of the Two-Rotor UAV System

Four or more rotor UAV systems are intricate and challenging to control. In order to
control these systems, the dynamic behaviour of a simpler and unstable structure must
be examined [22]. In this study, the 2R-UAV, which has a simpler structure than multi-
rotor systems, was modeled in Simulink and its dynamic behaviour was examined. A
SolidWorks drawing and a simplified diagram of the system are shown in Figure 4 [2].

m;.g.cos®

(a) Solid drawing (b) Simplified diagram

Figure 4. Two-Rotor UAV balance system.

Newton’s laws can be used to express the forces acting on the system when frictions
are ignored, as shown in Figure 4. When the motors receive voltage in the 2R-UAV balance
system, the propellers begin to rotate, producing a torque based on the values of the
resulting F; and F, forces. The dynamic equations of the equilibrium system illustrated in
Figure 4 are given by Equations (18) and (19), in accordance with Newton’s laws [2].

—lymy gcos(0) +lymygcos(8) + 1L Fy —lh Fo = —26my — 150m; (18)

- 11 m g COS(Q) — lz my g COS(Q) - l] P1 + 12 Fg_

g .. ..
126 my + 136 my

(19)

Here, 6 is the angular acceleration. [1 and I, represents the distance the arms are
from the center to the motors, m; and m; represent the mass of the motors, and F; and
F, represent the lifting forces. Using Equations (18) and (19), the Simulink model of the
2R-UAV balance system was built, as demonstrated in Figure 5.
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Figure 5. Model of the 2R-UAV balance system in Matlab/Simulink.

The parameters of the 2R-UAV balance system used in this study are provided in Table 2.

Table 2. Parameters of the 2R-UAV balance system.

Parameters Values
Mass of the motor 1 (17 ) 20.1073 kg
Length of the link 1 () 0.301 m
Mass of the motor 2 (11,) 20.1073 kg
Length of the link 2 (I,) 0.301 m
Gravity (g) 9.81 m/s?

3.1. Control of 2R-UAV Balance System Using Both Classical PID and 2-DOF PID Controllers

There is only one input (error) and one output (control signal) for a classical PID
controller. As in all controllers, the purpose of the classical PID controller is to eliminate
disturbing effects affecting the system and tracking the reference. To do this, the difference
between the input and output is controlled [23]. Equation (20) provides the mathematical
s-domain equation for the classical PID controller.

u(s) = [Kp +Ki s~ + Ky sle(s) (20)

Here, e(s) is the error signal used as input, u(s) is the control signal used as output,
Kp, K;, and K, respectively stand for the proportional, integral, and derivative terms.

There are a few benefits that the two-degree-of-freedom (2-DOF) controller offers
over the single-degree-of-freedom (classical) controller. These benefits include lowering the
impact of disruptive inputs and offering excellent performance in tracking the reference.
The 2-DOF PID controller produces an output signal according to the difference within
the actual value and the reference signal. Based on the stated weights of the proportional,
integral, and derivative actions, it computes a weighted signal for each. The total of the these
actions on the corresponding difference signals, each of which is weighted in accordance
with the chosen gain settings, is the controller output [24].

The mathematical s-domain equation of the 2-DOF PID controller is given in
Equation (21).

u(s) =Ky(br—y)+Kis H(r—y) +Kys(cr—y) (21)
In this expression, u(s) is the controller outcome, b is the proportional weight coeffi-

cient, c is the derivative weight coefficient, r is the reference input value and y is the system
output. K, ; ; values have been employed in the classical PID expression.



Appl. Sci. 2024, 14, 4059

7 of 21

Angle REF

PID-1

PID(s

2-DOF PID-1

O

ef w
PID(s ’/2 e "
» Tload
2-DOF PID-2_1
— | Tload BLDCM_1
© 5.63*(10°6)

Ref j@/o—‘ f <|

Both the speed of the BLDCMs and the balance angle were controlled using classical
and 2-DOF PID controllers. The parameters of these controllers were determined by the
PSO. Figure 6 illustrates the Simulink model of the 2R-UAV system controlled by both
classical and 2-DOF PID controllers.
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Seesaw Two-Rotor System

180/p }4

Figure 6. Classical and 2-DOF PID-controlled Matlab/Simulink model of the BLDCM driven 2R-UAV
balance system.

As seen in Figure 6, the balance angle of the system changes with the effect of the F;
and F, forces on the turning moment of the system, and the difference between this angle
and the reference balance angle is entered into the controller. The output of this controller
determines the speed difference of the motors. The reference speed of the BLDCM-1 is
determined by adding the determined speed difference value to 2000 rpm, determined as
the reference balance speed. Similarly, to determine the reference speed of the BLDCM-2,
the speed difference value is subtracted from the 2000 rpm balance speed. Thus, closed-loop
control of both balance angle and motor speeds is achieved. A pair of propellers called
1045 (10 x 4.5 inches), designed to produce thrust in clockwise and counter-clockwise
rotations, are mounted to the motors. The F; and F, forces were determined by multiplying
the square of the BLDCM-1 and BLDCM-2 motor speeds by the propeller thrust constant
(b = 1.46-107° Ns?). By multiplying the F; and F, forces with the moment constant
(k = 5.63 - 10~° Nms?), the load moments to be applied to the BLDCM-1 and BLDCM-2
motors were calculated.

Determining the Parameters of the Classical PID and 2-DOF PID Controllers Using the PSO

The controller parameters in this study were determined using PSO. It is an opti-
mization algorithm discovered by Kennedy and Eberhart (1995) and created by taking
advantage of the swarm behaviour, as in many optimization techniques [25]. All particles in
the swarm try to move their position closer to the best position within the swarm, this pro-
cess continues until the best position is reached [26,27]. All particles in the PSO algorithm
are updated in each iteration with the best solution of the current iteration (pbest) and the
best solution of all iterations (gbest) [26]. Expressions in which new particle velocities are
determined are given in Equation (22), and new particle positions are given in Equation (23).
Here, X;, and X, are respectively the current and next positions of the particles, V,, and
Vi41 are respectively the current and next speeds of the particles, c; and c; are the learning
coefficients, and w is the inertia weight. rand; and rand, values are random numbers in the
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range [0, 1], which can optionally be sampled from a uniform distribution. These random
values add randomness to the optimization algorithm.

Vi1 = w Vi + ¢y randy (pbest, — Xy ) + co randy (gbest, — Xy) (22)

Xpt1 = Xn + Vi (23)
Figure 7 shows the flow chart of the PSO algorithm.

Determine the Calculate
initial position and _ the S Update
velocity of the A || - e e the gpest
; fitness
particles
Run the Don't
' Stop ' iter=iter+1 ) ‘\ . Update
SIMULINK
A Model the gpest
No y
. Calculate the
':‘Zf;?:e?:rsst Yes new position _
to controller and velocity of
the particles

Figure 7. Flow chart of the PSO algorithm.

PSO parameters used to determine classical and 2-DOF PID controller optimization
process are given in Table 3.

Table 3. PSO parameters used during optimizations.

Parameters Classical PID 2-DOF PID
Number of individuals 100 100
Number of iterations 100 100
Number of parameters searched 6 10
0<(K,;4 ) <100
Search space 0 < (Kpiq) <100 0o Eb,ﬁ:’l)’di 5
w 0.9 0.9
c1 0.12 0.12
o) 1.2 1.2

The cost and PSO algorithms developed in Matlab were used to run the Simulink
model shown in Figure 6 in order to find the controller parameters. The time-weighted
integral of absolute error (ITAE), whose mathematical formula is provided in Equation (24),
was utilized as the cost function when calculating the controller parameters with PSO.

tsimulation
JiTAE :/0 tle(t)| dt (24)

Here, JiT4r is the optimization cost or performance index, as stated in the literature,
t refers to time and e(t) represents the error depending on time. Figure 8 illustrates the
change in [i7ar values during the optimization process used to determine the parameters
of the controllers.
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Figure 8. The change of the J;74r value during the optimization process.
The optimization-derived PID controller parameters are listed in Table 4.
Table 4. Classical PID controller parameters determined by PSO.
Balance System BLDCM Speed
Angle Control Control
Kp 83.1974 Ky 56.6088
K; 0.8507 K; 53.6323
Ky 2.3771 Ky 0.0097

The optimization-derived 2-DOF PID controller parameters are listed in Table 5.

Table 5. 2-DOF PID controller parameters determined by PSO.

Balance System BLDCM Speed
Angle Control Control
Kp 95.7409 Ky 64.4943
K; 34.1622 K; 8.8104
Ky 1.8018 Ky 0.0190
b 0.9914 b 1.0806
c 0.4508 c 0.9884

3.2. Control of 2R-UAV Balance System Using Offered Adaptive Fuzzy 2-DOF PID

In classical control systems, system’s mathematical model is created and controller
used is built based on this model. In the fuzzy logic controller, the experience and control
strategy of an expert opinion on the system are used as a database. While designing a
fuzzy logic controller, in order to get the best efficiency from the controller, the expert who
creates the control strategy must know the system very well [28]. The general structure of
the fuzzy inference system is given in Figure 9 [29].

I ________________________ b |
|
: Rule Base |
I |
| \ :
Input | Inference Output
——»| Fuzzification (> ) —» Defuzzification H——
| Mechanism |
- _ _ _ _ _ _ _ _ _ _ _____ |

Figure 9. General structure of the fuzzy inference system.



Appl. Sci. 2024, 14, 4059

10 of 21

2000

Ref Speed

Angle REF| Ut

AF2D PID-2

(D[ tme |

In Figure 9:

e  Fuzzification: Converts digital inputs into fuzzy data.

*  Rule Base: Contains rule tables prepared by an expert opinion.

¢ Inference Mechanism: A fuzzy set is created for the output using membership func-
tions and rule base.

e Defuzzification: Converts fuzzy data into digital outputs.

First, when designing a controller using fuzzy logic, input and output variables must
be determined. Afterwards, the digital inputs of the fuzzy logic controller are converted
into fuzzy data. A range is defined for specified inputs and outputs, and each is given a
linguistic label. A membership function is created for each fuzzy subset given a linguistic
label. Then, fuzzy inference is made using the fuzzy rule table created in the rule base.
Fuzzy data generated by the application of fuzzy rules is converted into digital output by
defuzzification [30].

The AF 2-DOF PID controller proposed in this study is a control method that combines
fuzzy logic, an artificial intelligence control method, and a 2-DOF PID controller, one of the
advanced control methods. In this fuzzy logic controller, normalized error (e) and change of
error (Ae) are entered into the input of fuzzy logic. At the output of the fuzzy logic controller,
Kp, K;, Kj, b and c values are obtained as a result of the rule table determined by the input
and output membership functions created. The 2-DOF PID parameters are determined by
multiplying these values with the controller parameters previously determined by PSO.

Basis of the AF 2-DOF PID controller is given in Figure 10 [18].

Fuzzy
Controller

Ko, Ki-Kdb,c
4

Ld
r € | 2-DOF PID Yy
\ Controller [ '] System
y A°

Figure 10. Basis of the Adaptive Fuzzy 2-DOF PID controller.

The Simulink model of the BLDCM driven 2R-UAV balance system with an AF 2-DOF
PID controller is displayed in Figure 11. In this model, an AF 2-DOF PID controller is used
for closed-loop control of both balance angle and BLDCM speeds.

"
+ ' vd
Out Controlle»nal
3 T
AF 2DOF PID_1 Fnoad é

BLDCM_1

(

Tload

"
+ " lvd -
Out Controllemnal
y A
AF 2DOF PID_2 (,ﬂoaa é

BLDCM_2

5.63*(107-6) Seesaw_Two_Rotor_System

g [I'Ioad <|47

%4

Figure 11. AF 2-DOF PID controlled Matlab/Simulink model of BLDCM driven 2R-UAV balance
system.
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Figure 12 shows the internal structure of the AF 2-DOF PID controller’s fuzzy logic
controller block.

Figure 12. Adaptive Fuzzy 2-DOF PID controller block.

Fuzzy logic membership functions used to control both balance angle and BLDCM speeds
in the system are given in Figures 13 and 14, and the rule tables are given in Tables 6 and 7.

NL NM

-

MembershipAFunctions (p)

NS Z PS PM PL

-1 -0.6 -0.4

I
I
IX
L
02 0 02 04 06 1

Figure 13. ¢ and Ae input membership functions of balance angle and BLDCM speed controllers.

Membership Functions (i)

Membership Functions (pn)
MS S M

0 1.125 225 3375 45 5.625 6.75 7.875 9
(a) K,

Membership Functions (p)
MS S

0 075 1.5 225 3 375 45 525 6

(b) K;

Membership Functions (p)
MS S

0 125 25 375 5 625 75 875 1
(c) Ky

0 025 05 0.75 1 1.25 1.5 175

Ny

(d)b, c

Figure 14. Output membership functions of the balance angle controller.
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Table 6. Fuzzy logic rule table of BLDCM speed controller.

K,,/K,‘/Kd/b/c
Ae
NL NS z PS PL
NL ML/L/Z/S/Z L/M/MS/MS/MS MS/S/S/ML/S L/M/M/MS/M ML/L/ML/S/ML
NS ML/L/MS/S/MS L/M/M/MS/M S/S/L/M/L L/M/ML/MS/ML  ML/L/ML/S/ML
e zZ ML/L/S/S/S S/M/L/L/L M/S/L/M/M L/M/ML/M/ML ML/L/ML/S/ML
PS ML/L/L/S/L S/M/ML/L/ML  S/S/ML/ML/ML ML/M/EL/MS/ML ML/L/ML/S/ML
PL ML/EL/EL/Z/ML M/M/EL/M/EL S/S/EL/M/ML  ML/M/EL/S/ML EL/L/EL/Z/ML
Table 7. Fuzzy logic rule table of the balance angle controller.
K,/Ki/K 4/blc
Ae
NL NS zZ PS PL
NL ML/L/Z/MS/Z L/M/MS/MS/MS MS/MS/S/ML/S L/M/M/S/M ML/L/ML/MS/ML
NS ML/L/MS/MS/MS L/M/M/S/M M/M/L/M/L L/M/ML/S/ML ML/L/ML/MS/ML
e z ML/L/S/MS/S S/M/L/L/L M/S/L/M/L M/M/ML/M/ML  ML/L/ML/MS/ML
PS ML/L/L/MS/L S/M/ML/L/ML  MS/M/ML/ML/ML/M/EL/S/ML ML/L/EL/MS/ML
PL EL/L/EL/Z/ML M/M/EL/M/ML  M/S/EL/M/ML ML/M/EL/MS/ML EL/L/EL/Z/ML
The normalized error (e) and change of error (Ae) input variables of the balance angle
and BLDCM speed controllers are expressed with seven triangular membership functions,
as seen in Figure 13. These membership functions are named with the linguistic labels
NL (negative large), NM (negative medium), NS (negative small), Z (zero), PS (positive
small), PM (positive medium), PL (positive large).
The balance angle and K, K;, Kz, b and ¢ output variables of the BLDCM speed
controller are expressed with seven triangular membership functions, as seen in Figures 14
and 15. These membership functions are named with the linguistic labels Z (zero), MS
(middle-small), S (small), M (middle), L (large), ML (middle-large), EL (extra-large).
Membership Functions (n) Membership Functions (n)

MS S

S

[\CY) R

\ K]

I
|
|
4

L5 2 25 3 35 0 025 05 075 1 125 15 175
(@)K, ¢ (b) Kj, K, b

Figure 15. Output membership functions of the BLDCM speed controller.

4. Co-Simulation of BLDCM Driven Two-Rotor UAV Balance System

The STM32F4291 discovery development board produced by ST Microelectronics, used
in Co-Simulation studies, is widely used and easy to find. This is due to its low cost and its
high performance based on ARM. Additionally, it is an important advantage that it can
be programmed visually via Waijung block set on the Matlab/Simulink. This card aims to
provide high performance with low power consumption [31]. Figure 16 shows the block
diagram of the Co-Simulation system.
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Figure 16. Block diagram of the Co—Simulation.

|
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The simulation test setup created using with the Matlab/Simulink model and

STM32F4291 microprocessor (STMicroelectronics NV, Geneva, Switzerland) is given in
Figure 17. Co-Simulation results were obtained from using this test setup.

Figure 17. Simulation test setup created for the BLDCM driven 2R-UAV balance system.

In this study, classical and 2-DOF PID, and AF 2-DOF PID controller structures used

to control the system were modeled using the Waijung Library in a Simulink environment.
The created model was uploaded to the STM32F4291 development board with a Build
Model in Simulink. Subsequently, this environment was used to simulate the dynamic
complete system, which was constructed utilizing the 2R-UAV balancing system model
and the BLDCM and its drive system model. The Simulink model to be utilized in the
Simulation, shown in Figure 18, was acquired by adding UART serial communication
blocks to this developed model to connect with STM32F4291.
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Figure 18. Matlab/Simulink Co—Simulation Model of BLDCM driven 2R-UAV balance system.

Figure 19 shows the classical and 2-DOF PID, and AF 2-DOF PID controller model,
which was created using the Waijung library in the Simulink environment and loaded on
the STM32F4291 microprocessor for the control of the BLDCM driven 2R-UAV balance
system. In this model, the model of the microprocessor to be used and the “clock” settings
are made via the “Target Setup” block. The balance angle (theta) of the system, the speed
of the BLDCM-1 (n7) and the speed of the BLDCM-2 (1) taken from the 2R-UAV Balance
System model created in Simulink are sent to the STM32F4291 microprocessor via USB-TTL
via the “UART Rx” block. The controller outputs created on the STM32F4291 microprocessor
are sent to Matlab /Simulink with the “UART Tx” block.

Classical PID_1

2-DOF PID_1 —1

»

AF 2-DOF PID_1

Classical PID_2
SR SR
! 2-DOF PID_2 .

2 )

UART Tx

AF 2-DOF PID_2

Figure 19. STM32F4291 (STMicroelectronics NV, Geneva, Switzerland) controller blocks created in
Matlab /Simulink environment.
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5. Results and Discussion

In the Co-Simulation studies, the system was controlled with the classical PID, 2-DOF
PID, and AF 2-DOF PID controller. In order to analyse the controller performances, the
system was tested with varying loads and reference values. In the first scenario, the reference
balance angle is given as 10 degrees. In this case, the balance angle changes for all controllers
given in Figure 20. Table 8 gives the performance criteria of the controllers for this scenario.
As seen in Figure 20 and Table 8, all of the controllers caught the reference value in a short
time and followed the reference steadily. However, although the 2-DOF PID controller
achieved the reference earlier, the AF 2-DOF PID controller showed a finer performance
than other controllers due to its lower overshoot value and less ripple value in steady state.

1 2 T I T I

10

Theta (Degree)
[}
|

4
——Reference
——Classical PID

2 ——2-DOF PID i

——Adaptive Fuzzy 2-DOF PID

0 I ! | | I L | | I
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (s)

Figure 20. Changes on balance angle for 10 degrees reference.

Table 8. 2R-UAV Balance System controller comparisons by performance criteria.

Reference Performance Classical PID 2-DOF PID AF 2-DOF
(Degree) Criteria Controller Controller  PID Controller
Rising Time (s) 0.0496 0.0301 0.0605
. Settling Time (s) 0.0817 0.0536 0.0808
LScenario 01010 0 by 0.8372 1.0363 0
Steady State Error 0.055 0.06 0.02
Rising Time (s) 0.0529 0.0339 0.0619
0to 30 Settling Time (s) 0.0984 0.0590 0.0867
Overshoot (%) 0.2392 0.7373 0
2 . Steady State Error 0.06 0.07 0.05
. Scenario
Rising Time (s) 0.0471 0.0199 0.0283
30 to —30 Settling Time (s) 0.1097 0.1120 0.0772
Overshoot (%) 0.3139 5.6182 0
Steady State Error 0.05 0.25 0.06

Figure 21 shows the speed change of both motors in the case with AF 2-DOF PID
controller for the first scenario. When these speed changes are examined, it is seen that the
speed of the BLDCM-1 increases and the speed of the BLDCM-2 decreases to ensure the
10 degree reference balance angle. Then, it is seen that both motors operate stably at an
equilibrium speed of 2000 rpm.

In the second scenario, the reference value of the balance angle is given as 30 degrees
for a second and —30 degrees after the first second. In this case, the change of balance angle
for all controllers is given in Figure 22. As seen in Figure 22, all of the controllers reached
the reference value in a short time and followed the reference steadily. When the controller
performance values given in Table 8 and Figure 22 are examined, the 2-DOF PID controller



Appl. Sci. 2024, 14, 4059

16 of 21

reached the settled reference in a shorter time than the other controllers while the system
went to the 30 degree reference balance angle. However, as the reference balance angle
goes from 30 degrees to —30 degrees, it is seen that the AF 2-DOF PID controller proposed
in this study has a shorter settling time than other controllers with the effect of adaptivity,
and its overshoot and steady-state error are less.

Figure 23 shows the speed change of both motors in the case with AF 2-DOF PID
controller for the second scenario. When these motor speed changes are examined, it is seen
that the speed of the BLDCM-1 increases and the speed of the BLDCM-2 decreases to ensure
the 30 degree reference balance angle at the start. When the reference position is reached, it
is seen that both motors operate stably at 2000 rpm, which is the equilibrium speed. When
the reference balance angle is reduced to —30 degrees, the speed of the BLDCM-1 decreases
while the speed of the BLDCM-2 increases. Then, after the speed of both motors fluctuates

for a short time, when the reference balance angle is reached, the motors operate stably at
the balance speed.
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Figure 21. Changes in motor speeds for 10 degrees balance angle reference.
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In order to examine the effect of the load on the controller performances in the 2R-UAV
Balance System, in the third scenario, the reference balance angle was given as 10 degrees
and after the first second, 250 g of load was added to the arm where the BLDCM-1 is located
in the system, 15 cm away from the center. In this case, the change of balance angle for
all controllers is given in Figure 24. When Figure 24 is examined, all controllers achieved
the 10 degree reference balance angle in a short time, as given in the first scenario, and
continued to operate stably. When the load was added in the first second, there was a
short-term decrease in the balance angle for all controllers and then the reference balance
angle was regained. However, it was observed that the AF 2-DOF PID controller proposed
in this study achieved the reference balance angle with a much smaller decrease than
other controllers.

Figure 25 shows both motor speeds for the third scenario with the AF 2-DOF PID
controller. When these speed changes are examined, it is seen that there is no significant
change in motor speeds when a load is added and both motors operate stably at 2000 rpm
balance speed.

When the results obtained for all three scenarios are examined, it is seen that all the
controllers used for balance angle and motor speed control in the BLDCM driven 2R-UAV
balance system in this study successfully control the balance angle and motor speeds.
However, we observed that the AF 2-DOF PID controller proposed in this study is more
successful, especially under variable operating conditions, due to its adaptive feature.

T T T T T T T
12
10 =
g /
5 81 Load added i
> 10.1 <~
9’ 6 10.0 ol f‘h A P | | |
I ' ? W~
o A’
E 4 9.9 V MV/ V
9.8 ——Reference
09 1 14 12 13 14 — Classics) PID
2 ——2-DOF PID 1
——Adaptive Fuzzy 2-DOF PID
0 | | | | | | | |
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2

Time (s)

Figure 24. Changes of balance angle when condition of adding load.
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Figure 25. Changes on motor speeds when condition of adding load.

6. Conclusions

Since the control and structure of multi-rotor systems in UAVs are much more complex
than those of two-rotor systems, two-rotor systems are widely used in the literature to
develop controllers. In this study, the stability control of a 2R-UAV with BLDCM as the
drive element was performed. Differing from the studies in the literature, the speeds of
the BLDCMs as well as the balance angle were controlled in a closed loop, improving the
control performance of the balance angle. The controllers used were the PID controller,
a classical control method; the 2-DOF PID controller, an advanced control method; and
the AF 2-DOF PID controller, which combines Fuzzy Logic, an artificial intelligence-based
control method, with the 2-DOF PID controller. To examine the real-time performance of the
proposed controller structure, a Co-Simulation structure was created using an STM32F4291
microprocessor and Matlab/Simulink simulations, and the results were examined.

Co-simulation results for the classical PID, advanced 2-DOF PID, and suggested AF
2-DOF PID controllers used for the control of the 2R-UAV Balance System are presented
separately for fixed and variable reference balance angles, and loaded conditions. Examin-
ing these results, the reference balance angle was achieved in a short time in all operating
situations and continued to operate stably. Nonetheless, it is evident that, particularly with
changeable reference values and under load, the AF 2-DOF PID controller suggested in
this work, thanks to its adaptive characteristics, performs better than both the PID and
2-DOF PID controllers. As seen in Table 8, the AF 2-DOF PID has 0% overshoot and the
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minimum steady state error in all scenarios. Also, as seen in Figure 24, when the load was
added, although there were no significant changes in the AF 2-DOF PID controlled system,
a 0.1-degree drop occurred in the classical PID controlled system and a 0.15-degree drop in
the 2-DOF PID controlled system.

The BLDCM driven 2R-UAV balance system modeled and controlled in this study
is open to development in terms of its structure and suitable for the application of differ-
ent control algorithms. In further studies, Artificial Neural Networks (ANN) and Deep
Learning-based controller structures, which are artificial intelligence methods, will be tried
for the control of the 2R-UAV Balance System. In addition, in this study, the AF 2-DOF
PID controller structure, which is recommended for the control of 2R-UAV and shows
successful performance, will be used to increase the control performance of the quad-rotor
UAYV, which is widely used today.
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