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Abstract : In this paper, the authors propose a novel control method for altitude control of aerial vehicle

by extending the sliding mode law with fuzzy law and feedback control (F-SMFC). The key issue in the

sliding mode control method is to suppress the chattering phenomenon. By providing a new control

strategy, the solutions of the problems such as governing the chattering phenomenon and arbitrarily

exploiting the numeric control by the fuzzy law were obtained. Also, it was shown that the F-SMFC

method can cope with the unknown physical parameter of the system. The proposed control method was

applied to the altitude control of the single ducted-fan unmanned aerial vehicle (UAV). Both simulation

and experimental results were demonstrated to validate effectiveness and satisfactory performances of the

proposed controller.
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1. Introduction

By the Fast development of automatic flight
cybernetic technologies, the vertical take-off and
landing technology of unmanned aerial vehicles
(VTOL UAVs) has been developed gradually that

dominate the military field and humanitarian relief
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forces. Because the VTOL UAVs possess VTOL
ability, high maneuverability during vertical and
and high

flights. The strong abilities have been investigated

horizontal flights efficiency in level
by many researches for a longtime." In a turn of
VTOL UAVs, ducted-fan unmanned aerial vehicle
(DUAV) technology has gradually grown based on
the combination of its properties.

Typically, the motion control
DUAV s

longitudinal and lateral flights. At this moment,

principle of
similar to the missile motion in
the source of lift and aerodynamics of DUAV is
solely coming from the thrust like helicopters or
multi rotor copters. On the contrary, the effects of
DUAV are
aircraft."® Hence, the DUAV highlights the need

to exploit the outstanding properties of the missile,

aerodynamic on similar to the

helicopter and aircraft by providing superior

performance in the research areas. To overcome
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these intrinsic limitations, a simple configuration
of the flight dynamic modeling of DUAV has
been researched and presented in recent years.”'
Besides, the design of an unmaned aerial vehicle
was studied by Muehlebach et al.'” by using the
electric ducted fans as the propulsion system. A
cascaded control method was used for controling
two more propulsion systems.

Hence, it was quite complicated to implement.
Omar et al. developed a fuzzy logic controller
under the configuration of ducted-fan VTOL UAV
to automate the transition maneuver.'” It is worth
noting that using fuzzy logic law generates the
smooth transition flight in the DUAV system.
However, only fuzzy logic controller dose not
clearly demonstrate the effectiveness of altitude
control of DUAV system. By many attempts,
such as Naldi et al. discussed a validation of
nonlinear control law for the ducted-fan miniature
aerial vehicle. It was shown that the dynamics of
the aircraft tracked robustly the arbitrary lateral
and longitudinal references.'?

In contrast, the application of nonlinear control
law methods was much less mature and had some
fundamental  disadvantages. Few  of  the
disadvantages were the aerodynamic forces and
moments which acted on UAV including several
And,

constants such as body force, buoyancy and so

elements and variables. other parts are
on, which needed to be properly -elaborated.
Another area of current interest is the several
(SMC)
technology that were collected and reported by

Sarah.'>'®  After decades of research, the SMC

approaches in sliding mode control

strategy provided superior performance design
methodologies such as output feedback SMC,
fuzzy SMC and super-twisting algorithm etc,
which made more advanced control
performance.'”'®

Notably, the SMC strategy is designed based on
the Lyapunov theory. It is evident that the SMC
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Fig. 1 Manual landing process of DUAV system(US

army)

has the properties of finite time convergence and
robustness against uncertain internal and external
dynamic system characteristics.

Autonomous flying topics were strong to focus
on developing and researching in recent years as
mentioned above. However, the research on
autonomous taking off and landing with control
allocation for DUAV has seen little attention (see
Fig. 1).

technical

from both theoretical and
of ducted-fan UAV and

advantages of SMC analysis respects, an altitude

Therefore,

challenges

motion of DUAV needs to be properly elaborated.
Based on these facts, this article proposes a new
approach of SMC method by combining the
fuzzy-sliding mode-feedback control (F-SMFC) to
solve the problems such as governing the
chattering phenomenon and arbitrarily exploiting
the numeric control by the fuzzy law. More
interestingly, the advantages of this method are
not affected by the physical parameters, and the
states reach the equilibrium point in a shorter
time. To demonstrate the effectiveness and
satisfactory performance, the comparisons of the
performance tuning PID,
sliding mode control (SMC) and the

proposed controller (F-SMFC) will be given by

of  Ziegler-Nichols

classical
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simulation and experiment. Finally, the root mean
square error method has been used to evaluate the
tracking performances. Then, the contributions of
this paper are emphasized as follows :
® Fabrication of a scaled model and modeling
of DUAV
® Design of Ziegler-Nichols tuning PID and
classical sliding mode control
® Design  of novel controller based on
fuzzy-sliding mode-feedback scheme
e Stability analysis
® Comparison study for Ziegler-Nichols tuning
PID, classical SMC and F-SMFC
e Simulation and experiment
Then, this article is organized as follows.
Section 2 discusses the modeling of the DUAV
system. Section 3 analytically presents the design
of Ziegler-Nichols tuning PID, classical SMC and
F-SMFC for controlling altitude of the system,
and provides the convergence and stability
condition by Lyapunov theory. The simulation
results of the theoretical findings are presented in
section 4. The experiment results of the DUAV
system are illustrated in section 5. In section 6,

conclusions will be drawn.

2. DUAV modeling

The controlled DUAV shown in Fig. 2 consists
of two main different subsystems, fuselage and
hover. The brushless DC motor (BLDC) has the
main role for generating the necessary main thrust
to counteract the gravitation of DUAV.

The fuselage contains all the avionics, sensor
The

subsystem are assisted by the bars for stable up

and hardware, etc. fuselage and hover
and down. Obviously, identification and tuning of
the DUAV parameters were done by following
general method with experiment and simulation.
The experimental apparatus with controlled plant

and sensing systems are shown in Fig. 3. The

Dong—Hun Lee and Young—Bok Kim

precise specifications of them are summarized in
Table 5.
Mathematical model of DUAV can be presented

as a second order system as follow:

Guiding bar ~ Guiding bar
Fuselage
.8 BLDC z
by motor

vars

177 17777

Loadcell
sensor

Fig. 3 The identification model of DUAV system

2=brtctf(2) +d(t,2) ()

where z is the altitude of DUAV and 7,. is the
And, we define

b=a,/mg and c=b,/mg. Where a,, and b,, are

control input to the actuator.

the coefficient parameters of BLDC motor. g is
gravity acceleration, d is inside diameter of hover
and m is the mass of the system.

Then, the identified parameter values shown in
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d“z: Low pass filter
dt K
L

| & |

Sliding surface

Sliding Mode
Controller

A 4

DUAYV System

Low pass filter

A

o 4.0)

Fig. 4 Schematic of the conventional SMC

Eq. (1) are obtained as b=0.024674, c=-0.442705.
And the function fb(é) presenting an inertia

acceleration is defined as

73 =L sign(3) @

where JTb[N] is nominal value of friction force.

And, the d(t) is
d(t) =d,,(t) +d,(t) 3

where dsys(t) is the disturbance and ds(t)is the
sensing noise.

Remark 17 We assume that the slipstream axis
is coincident with the fan axis. Assumption on
this slipstream model, no account is taken for the
possibility of mixing the slipstream with other
external duct flows. Also, there is no cross-wind

in the system.

3. Controller design

The authors design three kinds of controller for

control performance evaluation.

3.1 Conventional sliding mode control
In the first level, as depicted on Fig. 4 and Eq.
(1), the controller is
sliding mode law (SMC). The stability of SMC is
demonstrated with Lyapunov stability theory. Based

disposed radially around

on these results, the authors design a control
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system for controlling DUAV altitude motion by
mode-feedback

define a position

developing  the
(F-SMFC). For this,

tracking error and sliding surface as follows :

fuzzy-sliding

let us

e, =z—2, C))
o, = éﬁ- ke, (5)

where 2z, is a desired altitude of the DUAV
system and k; is the positive gain.

Remark 2'9 The gain k, is chosen such that
A(s)=s+ks is Hurwitz polynomial. Then
e](t)—>0 when al(t)=0 with t—co. The time

derivative of Eq. (5) gives
(}1 :él +k1é1 (6)

From Eq. (1), Eq. (4) and Eq. (6), the Eq. (7)
is obtained with Eq. (8) which is the sliding

surface.
oy =br, +etf(2) +d(t) =z, + ke, ™)
o = (:ER:2=3=0) ®)

Then, the control law on the sliding mode

control is interpreted as :

ree = 32— e [ —d) —ssim(o,) ~ké, ()

where §;, is a positive gain. And, the function

sign(-) is defined as follows :
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(Sugeno systems)
range e, T 7'y
range [kz,szl
weighted output values
[ ]
Fig. 5 Schematic of the proposed controller : fuzzy-sliding mode control
1 ifx>0 scheme is shown in Fig. 4.
sign(z) =40 if 2=0 (10)
—1lif <0

Proof Consider a following Lyapunov candidate :

1

ngﬁzo (11)

The control signal 7, is chosen so that
o (t)—>0 and el(t)HO with the condition :

o, =—4d,sign(o,) 6, >0 (12)

By taking the time derivative of the Lyapunov
candidate Eq. (11),

obtained.

the following condition is

i/l =0,0, = 6,0,sign (o)) =— & oy <0

(13)

From this result, the stability of system with

the control law Eq. (9) is verified. Then, a

designed conventional sliding mode control

3.2 PID control method

In more practical terms, the authors design a
PID controller based on Ziegler-Nichols tuning
method.'” The PID control gains are depicted on
the Table 1. In the Table 1, L is desired time
delay of the system, 7' is desired time response

of the system.

Table 1 PID control gains tuned by Ziegler-Nichols

method
K 7 %,
T
PID 0.3053f +10% | 0.0787L+5% | 3.2384L+10%

3.3 Proposed
mode-feedback control

In this paper, the authors design a novel sliding

controller : Fuzzy-sliding

mode control by combining fuzzy law to enhance
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the control performance.

For this purpose, the proposed control

(F-SMFC) scheme requires a detailed knowledge.
The block diagram of the proposed controller is

shown in Fig. 5.
ey =22, (14)
And denote the sliding surface as :
oy =é2+k2fe2dt ky >0 (16)

Remark 3'9 The coefficients k, is defined so
that A(s)=s+k,/s is Hurwitz polynomial.

Then, eQ(t)—>0 when az(t) =0 at A(s)=0
with t—oco. Taking the time derivative of Eq. (15)

gives :
Oy = eyt kyey (17)

The sliding mode control law is depicted as :

—c—f,(2)—d(t) (18)

Tur= 7%

,52|0.2|Lfk262
|‘72|+§2

And, the function sign(-) is defined as :

sign(0,,&,) = £&>0 (19

2
|02|+52
where J, and &, are positive values.

The control signal of the sliding mode control
law Eq. (18) governs the chattering phenomenon
by Eq. (19) and the

equilibrium point in shorter time.

states reach to the

Proof Set a Lyapunov candidate as :
1

V,= 503 >0 (20)

The control 7, preserves that o,(t)—0 and

e, (t)—0 with the following condition.

28 SHA|AHIZEY X M253 A1z, 20214 2¥
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|+£z

Substituting Eq. (17) and Eq. (21) into the time
derivative of the Lyapunov candidate Eq. (20)
yields :

] o2

V, = 0,y0, =] 0 Tl e |+§ (22)
such that the defined condition is satisfied.

Here, let us redefine the system Eq. (1) to

follow the feedback control law :
T, =2 (23)
Substituting Eq. (1) and Eq. (16) into Eq. (21),
the control of system can be obtained as follows :

T, =2,—0, |oy] | | — ke, (24)

+§

Obviously, the advantage of the control rule of
Eq. (24) based on sliding mode and feedback law
describes that it is not affected by the physical
parameters of the system. Furthermore, we aim to
manage the amplitude and oscillation on altitude
tracking control. For this, a cascade control is
carried out to construct the variable inputs by
using the advantage of fuzzy law. The control rule
presented in Eq. (24) is served by two main
gains, d, and k,. Herein, the gain k, is indexed
as the oscillation error on the altitude tracking.

Hence, the behavior of the output gain k, is

of the input
variable which is the altitude error (Eq. (14)).

regulated by the characteristic

Likewise, the gain J, is indexed as the amplitude

around sliding surface. So, we manage the

behavior of the output gain J, on the convergent

equilibrium point. Based on the definitions, let us

define the range of §, and k, as follow :
k2m1n = k = kaax (25)

62m1n = 5 = 52max (26)
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The membership functions of fuzzy input
variables are shown in Fig. 6 and Fig. 7. The

numbers of the fuzzy sets eg.egneq, (i=1,2,3)
can be obtained by simulation and experiment.
Based on the membership functions and fuzzy
sets, the fuzzy rules for selecting the control gains
are illustrated in Table 2. If the altitude error

e;(t)E M, then the output of fuzzy sets is taken

as uM(t)E[O 1]. Finally, the output variables

(64, ky) are defuzzified by Sugeno system as
follows™ :
3
2 1y, (D3,
8y (1) = ﬂ737 @7
D, (1)
n=1
3
Yty (D,
n=1
N — (28)
2 Mg, (t)
n=1

where p,, (t) (R =1,2,3) is the numeric indicator
of output fuzzy sets A, 6,, and k,, are numeric

weights of ¢, and k,, respectively.

4. Simulation

The initial values are to be defined to initialize

the simulation condition for all control systems.

Table 2 Rule based control gains

Rule based output
variable d,(see Fig. 7)

Rule based output
variable k,(see Fig. 6)

IF e,(t) is M,
THEN 41, (t)

IF e,(t) is M,
THEN 41, (t)

IF e,(t) is M,
THEN 41, (t)

IF e%(t) is M,
THEN 41, (t)

IF ey (t) is M,
THEN 1, (1)

IF e,,(t) is M,
THEN 1, (t)

[
»

€13 €y2 €1 €u3 €2 €3

€ €13 €
Fig. 6 Membership functions of the fuzzy error

input variable k,

M, M,

[

€0 €02Cym €pr3Cyny eH'leM'seH‘ZeH‘;
Fig. 7 Membership functions of the fuzzy error
input variable J,
control  (SMC),
fuzzy-sliding mode-feedback (F-SMFC)
and PID Ziegler-Nichols tuning method. And, the
system disturbance is defined as follow (Fig. 8) :

Those are sliding mode

control

= lsm(t) (29)

dsys (t) 2

Using the physical parameters of controlled

plant, the controllers are designed, and the
calculated gains are presented in Table 3.

In the physical parameters of DUAV system,
m=2.39 kg. And, the low pass filter is chosen as
1/(s+1). The initial values of states for simulation

are defined as follows :

[2(0),2(0),7,(0),7-(0)]" =[0,0,0,1580]  (30)

7w

And, the altitude reference signal which is a
trapezoid steps signal for evaluating the control

performances is defined as Eq. (31).

10t if t<30
300 if t<60
10t — 300 if t<90
600 if t<130
z,(t) =1(—20/3)t+(4400/3) if t <160 (31)
400 if t<190
(—20/3)t+(5000/3) if t <220
200 if t <250
(—20/3)t+(5600/3) if t <280
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At first, the altitude tracking performances for
the desired trapezoid steps signal are shown in
Fig. 9 and Fig. 10. In this correspondence, all of
the controllers (PID, SMC and F-SMFC) show

good tracking performance.

Table 3 Controller gains for DUAV control

Method Gains
L=1.5[s], T=13.8[s],
PID
K,=2.809, K;=0.118, Kj,=4.858
SMC 0, =0.705, k, =0.126
52 = 3607 kZmin =12.5, k?max =132
Oymin = 0.003, 6, .. =0.004
. A T
kygo Kopgy Fey) = 11265, 12.92, 13.15)
eLl 70 1 eL*l [ |
€ 3 €2
F-SMFC | @] |2 | |G| |4
€3 8 €43 10
€ |=|10|, | ey =110
ey 14 [ 14
ey 20 €ns 16
€2 20 €y 20
lews | 150] (e | 150

Table 4 RMS errors of all control systems

PID SMC F-SMFC

RMSE

12.72049
values

14.21293 11.268998

In detail, as illustrated in Fig. 10 (A, B, C and
D), the proposed F-SMFC method made the
quickest responses for ascending and descending
trajectory. In simulation process, the evaluation

results of RMSE are summarized in Table 4.

0.5

Dis. (mm)

0 50 100 150 200 250
Time (s)

Fig. 8 System disturbance signal
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600 |

400

Altitude (mm)

N
(=]
o

0 50 100 150 200 250
Time (s)

Fig. 9 The altitude tracking performances

300 600
200 500
100 400
300
0
10 20 30 40 50 60 80 100
600 o= 200 P
500
100
a0} ¢ 9 D
0
120 140 160 240 260 280

Fig. 10 The detailed altitude tracking performance
Additionally, Fig. 11 and Fig. 12 draw the
behavior of the tracking dynamic error of the
DUAYV system under control.

Evidently, the proposed F-SMFC method makes
less RMS error than that of other methods.

Something enhanced control performance of the
proposed control is verified by the behavior of the
output variable k, and J, by using fuzzy law as
shown in Fig. 13 and Fig. 14. Fig. 15 and Fig.
16 show the phase portrait characteristic of the
SMC and F-SMFC method. The phase portrait of
F-SMFC is either more stable node or stable
SMC. Moreover, the
stability of the DUAV system oscillates small

focus than conventional

range altitude error and quickly slides to

equilibrium point.
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Fig. 11 The altitude position errors

RMSE (mm)

0 50 100 150 200 250
Time (s)

Fig. 12 The behaviors of RMS errors

3
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Amplitude

10
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E
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Fig. 15 The phase portrait of the SMC
15
T 10 =
2 7 )/
5
S /
g 7/
A N\ == y
s ~
-15
-20 -10 o} 10 20

Error in altitude (mm)

Fig. 16 The phase portrait of the F-SMFC

Table 5 Specification of experimental apparatuses

Parameters

0 50 100 150 200 250 Hover diameter 410 mm
Times(s) Ptopeller diameter 393.7 mm

Motor Power 2.4 kW

Fig. 13 The behavior of ¢, of F-SMFC

13.4 : 1 1
o 13.2
©
2
= 13 |
Q.
IS
< 128

12.6 . . . . .

0 50 100 150 200 250

Times(s)

Fig. 14 The behavior of k, of F-SMFC

Moreover, the stability of the DUAV system
oscillates small range altitude error and quickly

slides to equilibrium point.

UART serial
Labview 2016

Communication type
Control software

Ardunio Mega 2560

I/O devices DAQ PXle- 6363

Loadcell sensor 20 kgf(max), 10 V(max)

Laser sensor 200~1000 mm, 10 V

5. Experiment studies

The result of the mathematical simulation and
the mathematical model acquired using parameter
identification has been presented in the last
chapter. Based on these results, the motion control
performance evaluations by experiment are shown

in Figs. 17~26.
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Fig. 18 Altitude tracking performance
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Fig. 19 Detailed pictures of Fig. 18

The specification of experimental apparatus and

photo of controlled plant are illustrated in Table 5

32 SYHAAHSERX] M253 M1z, 20219 2¢

and Fig. 17, respectively. In this system, the main
propulsion system (BLDC motor) is provided to
make driving forces for the DUAV system.

The control algorithms are

altitude

employed on

Labview software. The position s
measured by laser sensor. Fig. 18 and Fig. 19
effectiveness and

show  the satisfactory

performances of the dynamic tracking altitude
performance based on the designed controller.
Similarly, all of the controllers (PID, SMC and
F-SMFC) work well and effective with enhanced
tracking performances (see Fig. 18). However, the
proposed F-SMFC method preserves more stable
and better tracking response than the other control
methods.

As illustrated in Fig. 19(A, B, C and D), the
PID and SMC control made more oscillatory
responses than the proposed method.

Fig. 20 and Fig. 21 draw the behavior of the
tracking  performance

errors.  Obviously, the

proposed F-SMFC method presents less RMS
error.
Fig. 22 illustrates the real control signals

applied to the plant in experiment. The chattering

phenomenon is well known and unavoidable
characteristic of the SMC method.

Evidently, the proposed control method can
suppress the undesirable oscillatory control signal
such that it governs the chattering phenomenon
and state reaches to the equilibrium point in short
time.

Similar to the simulation results, the efficiency
of F-SMFC experimental method is also verified

by the behavior of the output variable k, and ¢,

by using fuzzy law shown on Fig. 23 and Fig.
24, respectively.

Besides, Fig. 25 and Fig. 26 show the phase
portrait of the SMC and F-SMFC method in
experiment implement. The phase  portrait
(F-SMFC) presents either more stable node or

stable focus than the conventional SMC.
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Altitude error (mm)
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Fig. 20 Altitude tracking error
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Fig. 21 The error behaviors of the controllers
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Fig. 22 The control signals
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Fig. 23 The behavior of ¢, of the F-SMFC
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Fig. 24 The output behavior of k, value of the
F-SMFC
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Fig. 25 The phase portrait of the SMC
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Error in velocity (mm/s)
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Fig. 26 The phase portrait of the F-SMFC

-100

Evidently, from the phase portraits shown in
Fig. 25 and Fig. 26, the stability of the DUAV
system shows the similar altitude range error and

rapid approaching to the equilibrium point.

6. Conclusions

In this study, a DUAV (ducted-fan unmanned
aerial vehicle) control system design method is
presented. The controlled plant consists of single
propulsion system and several rudders.

The altitude position in cases of landing down
and taking off is controlled by controlling
propulsion force and rudder angles simultaneously.
Due to the several reasons, the landing down
process is operated in manual. It is the key
motivation to provide a novel control strategy in

this study. For this, this article proposes a new
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approach of sliding mode control (SMC) method
by combining
control (F-SMFC).

It gives the solutions of the problems such as

the fuzzy-sliding mode-feedback

governing the chattering phenomenon  and
arbitrarily exploiting the numeric control by the
fuzzy law. And F-SMFC method could cope with
the unknown physical parameter of the system.

Both simulation and experimental results were

demonstrated to  validate effectiveness and
satisfactory  performances of the proposed
controller.
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