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Abstract

Dynamics of miniature unmanned helicopter are considered nonlinear and mutually coupled;
therefore designing of a stable control becomes a big challenge for researchers. This paper addresses this
issue by proposing a hybrid control methodology using both traditional and intelligent control. A 3DoF
model helicopter system is used as a controlled platform. This hybrid control used PID as a traditional and
fuzzy as an intelligent control so as to take the full advantage of advanced control theory. Proposed hybrid
control is evaluated against the fuzzy and PID control through intensive simulation. Results verified that the
proposed control has an excellent performance in static as well as dynamic environment as compared to
individual PID and fuzzy control.
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1. Introduction

Unmanned Ariel vehicles (UAV) are observed as a main research application in the
military, civil and academic fields because of its flying capabilities such as taking off, hover and
landing. Unique characteristics and maneuverability makes the helicopter more suitable for
channeling environment [1-2]. 3DoF model helicopter is a good choice for implementing and
checking the different control strategies [3-6]. Conventional controllers seem inadequate for
achieving the stable control because of imprecise mathematical modeling and bad tuning of
parameters therefore this situation gives strong motivation to intelligent control. Based on
excellent performance of intelligent control, it can be successfully applied in aerospace control
field. Fuzzy control is closer to human thinking than conventional control system and generally
belongs to intelligent control [7-10]. It provides a way through which linguistic control strategy
based on expert human knowledge is converted into an automatic control strategy. It can be
able to handle inconsistent real data in to a suitable way for variety of control applications. A
work on fuzzy control for 3DOf laboratory helicopter’s elevation and travel control was discussed
in [11]. Excessive rules were applied, ultimately takes excessive simulation time and therefore
implementation in real-time becomes not viable. Fuzzy control was also applied to address only
elevation attitude in [12]. In another approach optimal tracking strategy using both control i-e
fuzzy and LQR for model helicopter was proposed in [13]. Fuzzy and PID combined control
used for an unmanned helicopter was discussed in [14]. A Mamdani controller was designed for
an altitude and attitude control.

In this paper, a hybrid control is proposed which combines the convenient control of PID
together with flexible control of fuzzy for 3DoF model helicopter. Firstly, model helicopter
structure and dynamics are analyzed. A mathematical model based on dynamical results is then
developed. Initially traditional control is offered to 3DoF model as a basis for controller improved
results. Then, the intelligent control is applied to get the dynamical stability. Both PID and fuzzy
control has their own advantages. Based upon their respective performance, PID and fuzzy
control are combined together as a hybrid control to investigate the flying motion of model
helicopter.

The paper is organized as follows. Section-2 presented structural dynamics and
mathematical equations for model helicopter. Section-3 discussed PID, fuzzy and hybrid control
design. Simulation results are presented to illustrate the efficiency of proposed control in
section-4. Finally, section-5 presented conclusion remarks.
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2. 3DoF Model Helicopter
2.1. Nomenclature
Notations are related to Figure 2-4.

Je inertia moment of system about the elevation axis
my, mass of balance block
my total mass of two propeller motor
V; and V, front and back motor voltages
K, force constant of the motor/propeller combination
l, and L, distance from the pivot point to propeller motor and to balance blocks
Ty effective gravitational torque
& angular acceleration of elevation axis
Ip inertia moment of system about the pitch axis
L, distance from the pitch axis to either motor
p angular acceleration of pitch axis
I- inertia moment of system about the travel axis
i travel rate in radian/sec
e(s) and P(s)  Elevation angle and Pitch angle (in degrees)
r(s) Travel angle (in degrees)

2.2.Helicopter Structure

3DoF helicopter is considered as an experimental system for automatic control and
aerospace field. The whole system consists of main body of model helicopter with electrical
control box and control platform. The helicopter main body system is composed of base,
balancing block and propellers as shown in Figure 1. Two Propellers and balance block are
installed at either ends of balance bar. Pitching motion is due to propellers rotational lift which
turns balance bar around the fulcrum. Encoders are installed to measure the rotation axis along
with pitch angle. Balance block is used to reduce the rise of helicopter. Installation of encoder
over the rod connects the two propellers for measuring the overturned angle. Propellers with
brushless DC motors are responsible for momentum. Propeller motor output can be adjusted
through the balance rod installed on side of balance block. All signals are transmitted via slip
ring to and from the body thus to reduce the friction amount and loading around the moving
axes [15].

Balance Block

— =
Slip ring assembly

Figure 1. 3DoF Model Helicopter System

2.3 Mathematical Model
The mathematical model for 3DoF model helicopter is described by three differential
equations.
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2.3.1. Elevation Dynamics
Movement differential equations for Figure-2 are as follows:

]eé.= lth_llG =ll(F1 +F2)_I1G (1)
Jeé = K L(Vy +V,) =T, = KL, (V) — T, (2)
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Figure 2. Elevation Axis Dynamics

2.3.2. Pitch Dynamics
Figure 3 shows the simple pitch axis and its control is done by the difference of forces,
produced by two propellers. The differential equation becomes:

J,P = Fl,— Rl 3)
P = KLV, —V,) = K.,V (4)
S ——
F, L —p] B
&—F &

Figure 3. Pitch Axis Dynamics

2.3.3. Travel Dynamics

A horizontal component of G is responsible for a torque about the travel axis, which
further results in acceleration. This becomes done when tilting and overturning of pitch axis
occurs. Suppose the model has pitching up by an angle (p) as depicted in Figure 4:

Jy7 = —Gsin(p) I, ()

Jt = —K,sin(p) 4 (6)

G F1

GSin (P) Pitch
. @/ T

Figure 4. Travel Axis Dynamics
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3. Control Design
3.1.PID control

Initially, PID control is used for 3Dof model helicopter to control its three axes i-e
elevation, pitch and travel. It is cleared from dynamics that two axes (travel and pitch axes) are
coupled, therefore only two signals are required. PID controllers are implemented separately for
three axes in this setup with the help of transfer functions. Equation (7)-(9) is the transfer
functions which are derived from each axis dynamics. Ignore the gravity torque
disturbance "T;" . Simulink diagram of PID control along with three transfer functions are shown

by Figure-5.
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Figure 5. Simulink Model using PID Control

3.2.Fuzzy control

Simple fuzzy if-then rules for stable and effective control are primary requirement for
designing the fuzzy control [16]. For 3Dof helicopter’s elevation and pitch control, two inputs i-e
error (e) and error rate (¢) and single output (u) are selected. Universe domain for both input
and output is normalized between the range [-1 1]. Triangular membership functions are used
for elevation and pitch control. Linguistic variables covered seven values as shown in Table 1.

Table 1. Meaning of Linguistic Variables in Fuzzy Inference System (FIS)

Negative big NB
Negative middle NM
Negative small NS
zero ZR
positive small PS
positive middle PM
positive big PB

Figure 6-7 showing the input and output membership function for elevation and pitch
axis. The triangular output membership functions for both controllers keep narrower near the
zero in order to decrease the gain of controller around the set point for better steady-state
control. This is also useful for avoiding the excessive overshooting [17].
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N N NS ZR PSP PR M NI NS ZR PS5 PM PB
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input variable "error”

input variable "errordot”

Figure 6. Input Membership Functions for Elevation and Pitch Control

L 0.4

outout variable "u”

Figure 7. Output Membership Function for Elevation and Pitch Control

System behavior is defined by simple fuzzy rules using input error signals e and é and
control output signal (u). The same rules are designed for both elevation and pitch fuzzy control,
since seven fuzzy sets are used for input and output universes discourse, therefore each rule
base consist of 7 by 7 arrays. Table 2 shows the rule base for Pitch/ elevation control.

Table-2 Fuzzy Rule Base for Pitch and Elevation Axis
é/e NB_ NM NS ZR PS PM PB
NB  NB NB NB NB NM NS ZR
NM NB NB NB NM NS ZR PS
NS NB NB NM NS ZR PS PM
ZR NB NM NS ZR PS PM PB
PS NM NS ZR PS PM PB PB
PM NS ZR PS PM PB PB PB
PB_ZR PS PM PB PB PB PB

3.2 Hybrid Control

Classical PID control is known as for excellent static performance, while intelligent fuzzy
control has better performance in dynamic environment. This hybrid control combines the merits
of both so as to give the stable and effective quick control simultaneously. Working principle of
hybrid control is based on system deviation; therefore threshold deviation is set prior. This
control strategy is illustrated by Figure 8.

A 4

PID Control
l Output

Ir ¢ Hybrid Helicopter
—> d Control Plant

4 1
P Fuzzy

Figure 8. Block Diagram of Hybrid Control

v
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3.3.1. Structure of PID Control
For this hybrid control, PID structure is given as:

e(k) = Yrer — YV (10)
upp(k) = Kpe(k) + K, Xy e(k) + Kpé(k) (11)

Where e is error between reference signal (y,.r) and output (y). Kp, K; and K, are gains of PID
control.

3.3.2. Structure of Fuzzy control

Fuzzy control has two inputs (error(e)and change rate of the error (de) ) and one output
(Uruzzy)- All variables are used as linguistic values and defined by seven linguistic values such
as NB, NM, NS, Z, PS, PM, and PB. Scaling factors are introduced in the hybrid fuzzy control to
obtain real interval of variables as shown in the Figure 9. Triangular membership functions for
input and output are used to represent the linguistic values.

Rule Base
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Figure 9. Fuzzy Structure for Hybrid Control
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Figure 10. Hybrid Control Structure
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The fuzzy rule for hybrid control is:
R If x; is AL and ......andx, is A}, then y' = B! (12)

Where x; is input variable for it" rules, y' is the output variable for the i*" rule. 4; is a fuzzy set,
and b’ is a crisp value. For a given input (x; , x5, ..., x,) at time(t), the degree of matching in the
premise for it" rule and output of fuzzy is inferred by considering the weighted average of Y are
calculated as follows:

wi = Al (x;) X A5(x) X evv e X AL () (13)
Upuzzy(K) = T (wh.bY) / i w' (14)
The overall hybrid control structure is shown by Figure 10.

3.3.3. Design of Hybrid Switching Function

During the control process when error reaches higher values than threshold deviation,
fuzzy control is selected because it has a fast rise time and ability to depress the overshoot. In
other situation, when error is below the threshold deviation or close to required reference point,
PID control is used due to its excellent accuracy and stabilization near the set point. To utilize
this situation, a hybrid switching function is introduced here as:

u = e(k)Usyzzy + [1—e()]upp (15)

When the absolute value of error is greater than e.y,(;, the fuzzy control is selected and
try to accelerate the error convergence; when error is less than the absolute value of e, and
greater than e (o) (0 < enra) < ewnr)), the both (PID control and fuzzy control) used to work
in different proportions; when absolute error is less than e, (4, the PID control selected and
operates alone. In this way, the hybrid switching function e(k) can be described as below:

J 0 le] < €thr(a)
- le|— €thr(a)
e(k) = elallel=ethr(@)] _——“thr(@) e <lel]< e 16
3] P—— tr@ < lel thr(b) (16)
k 1 le| > Cthr(a)

Where «a is coefficient having great influence on changing of e(k), and ultimately this
change will tend for tuning the impact of fuzzy and PID control. Smaller the value of a, bigger
the role of fuzzy control in transitional region, similarly, the larger the value of a, smaller the role
of fuzzy control in transitional region. Hybrid switching function e(k) with @ = 0 is shown in the
Figure 11.

e(k)

v

—€thr(b) ~Cthr@ U €thr(a) Ethr(b)

Figure 11. Curve of Hybrid Switching Function when a = 0

3DoF Model Helicopter with Hybrid Control (Arbab Nighat Khizer)



3870 m ISSN: 2302-4046

4. Simulation Results

3DoF helicopter's performance is investigated through number of simulation with PID
and fuzzy control. The gains of PID controller are adjusted manually in such a way that first
increasing K, to achieve a desired response then K; and K,; are adjusted to obtain the optimal
response of controlled object. After using trail-error techniques, three appropriate PID gains are
selected, and showing by Table 3.

Table 3. PID Gain Values

Parameter Kep Keoq K, 0 0 0 0 0 0
value 5.0 3.8 0.9 0.08 0.0005 0.002 0.5 0.2 0.08
1 ‘ 1 T Tom==s

=3
T
3

'I
F i —— Reference
—Reference | | L — Fuzzy |
—Fuzzy .
-=-=-PD

Pitch angle(deg)

T

=

Elevation angle (angle)

Figure 12. Elevation (left) and Pitch (right) Angle using PID and Fuzzy Control

The Figure 12 illustrated control curves using PID and fuzzy control. It is cleared from
simulation results that attitude adjustments are required for model helicopter. For PID control,
different magnitude of gains is applied to get better response. Figure show that PID control for
pitch axis has large overshoot and could not be able to track the desired response. Even in
elevation axis control some overshoot is observed and required long rising time. When After
introducing the fuzzy control to model helicopter for elevation and pitch axis and compared with
the steady results of PID control, fuzzy curves clearly trying to overcome the overshooting and
output tracking can be done in well manner. The rising time still appeared as main issue with
these two controls. In this situation, a hybrid control is introduced and applied to system as
shown in Figure 13.

Figure 13. Simulink 3Dof Model using Hybrid Control

The elevation and pitch output response of hybrid control are showing by Figure 14.
Compared to conventional PID and fuzzy control, better responses of two axes (elevation and
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pitch) are observed. Proposed hybrid control shows the excellent result for rising time, settling
time, overshoot and steady state error and is more acceptable than other two controls. The
simulated response characteristics of 3DoF Hybrid control are satisfactory in terms of parameter
metrics. Figures 15 showing the performance metrics for both elevation and pitch axis using
three controls.

Pitch angle(deg)
=3

Blevation angle (deg)

Figure 14. Elevation Response (left) and Pitch Response (right) using Hybrid Control

Performance indicators for Elevation angle Performance indicators for Pitch angle
T T T T T T

0 0
RiseTime(s)  SettingTime(s)  Peak time (5) Owrshoot (%) Undershoot (%) Peak value RiseTme(s)  SettingTme(s) Peak time (s) Overshoot (%) Undershoot (%) Peak value
Parameter Metrices Parameter Metrices

Figure 15. Performance Indicators for Elevation Angle (left) and Pitch Angle (right)

5. Conclusion

The 3DoF model helicopter dynamical equations along with simulation results are
presented in the paper. Based on the system dynamical equations PID, fuzzy and hybrid control
are designed and successfully applied in the simulation process. From the simulated results,
performance of hybrid control is found to be excellent as compared with PID and fuzzy control.
This paper presents the simple approach for designing the hybrid control based on switching
logic with satisfactory performances. It has both static and dynamic performance, therefore the
stability and the quick control effect can be obtained simultaneously. The robustness of
designed hybrid control is superior in terms of zero overshoot, short settling time and stable
tracking of reference inputs.
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