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Abstract

This paper presents a new optimal robust control algorithm based on a proportional-integral (PI) and state feedback
controller with a state disturbance observer for the two degrees-of-freedom helicopter system. A disturbance observer is
used to improve the robustness of the proposed controller instead of using high gain to reject the external disturbance.
Combining the Pl controller with the state feedback controller improved the performance of the controlled system.
Simulations based on Matlab 2022 are performed to compare the proposed controller with the linear quadratic regulator
controller and investigate the performance and robustness of the proposed control method. The comparison between
controllers was made under three cases: 1) nominal model, 2) disturbance rejection and 3) system uncertainty. The
proposed algorithm shows good performance, which was confirmed clearly by the simulation results that illustrate the
transient specifications represented by no overshot, the smallest settling time, and the smallest integral square error. The
algorithm also indicates a good choice of objective function based on the infinity norm of the transfer function to ensure
high robustness regardless of the external disturbance and parameter variations in the system.

Keywords: Helicopter system; Robust control; Pl controller.

used to examine the control methods [2, 3]. LQR is
widely used for creating the optimal controller for
helicopter systems because of its efficiency and
stability. In [4], adaptive control technology is
provided with LQR, and the weighting matrices Q

1. Introduction

Nowadays, helicopters are employed in
different applications, including agriculture,
civilian work and military. This expansion in

helicopter applications has led researchers to
develop different control methods to improve the
performance of helicopter systems [1]. The
challenge is that the helicopter system suffers from
nonlinearity and high coupling between the pitch
and yaw angles, in addition to its exposure to
external disturbance and system uncertainties. A
Quanser two-degrees of freedom (DoF) has been

This is an open access article under the CC BY license:

and R are selected for the best performance. The
author combined LQR with model reference
control, depending on theinverse Lyapunov
function, enhancing the tracking performance by
addressing external disturbances in the system [5].
A model reference adaptive control (MRAC)
method is used with the LQR controller to improve
the robustness of the helicopter system to address
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the issue of parameter variations [6]. Sliding mode
controls (SMCs) have been successfully used to
manage numerous linear and nonlinear systems
[7]. In [8], the sliding mode with variable gain-
based system states and tracking error without
disturbance estimation was presented to control the
orientation of the yaw angle. Jiang et al. suggest
using the integral sliding mode control to regulate
the helicopter system, improve the trajectory
tracking and attenuate the effect of the disturbance
by choosing the appropriate sliding surface [9].
Many methods have been suggested to improve
SMC to control the helicopter system, including
SMC with metaheuristics optimization algorithm
[10], SMC with adaptive control [11], SMC with
guantum logic [12], robust control with the same
theory [13], super twisting SMC with particle filter
[14], and SMC with fractional control and
reinforcement learning [15]. However, chattering
caused by a discontinuity in the control signal may
be unsuccessful in the SMC because it can damage
the actuator of the controlled system [9].

For the last few years, intelligent computing
techniques, such as neural networks, fuzzy systems
and genetic algorithms, have been successfully
used to solve control challenges of various
complicated systems. Neural networks and fuzzy
logic have been effectively used to regulate various
types of nonlinear systems [16, 17]. The fuzzy
logic controller for the proposed controller’s
parameters is developed using metaheuristic
methods and adaptive control theory for a 3-DOF
helicopter system [18]. The genetic algorithm is
enhanced to execute a fuzzy PID controller [19].
The best sliding mode controller variables to
control a nonlinear helicopter model are adaptively
determined using fuzzy logic [20].

The simplicity of a PID controller has
motivated many researchers to use it in the control
of different complex systems, and their
performance improved by combining them with
different control strategies [21]. In [22], MIMO
PID controllers are presented to achieve the
performance of a linear quadratic regulator for a 2-
DOF helicopter system with bounded uncertainties.
Raafat Shalaby et al. propose a fractional PID
controller for a 2-DOF nonlinear helicopter system
with the parameters of the proposed controller
tuned by a machine learning algorithm and the
stability analysis approved based Lyapunov
theorem [23]. Although the previously proposed
control methods have yielded good results, their
implementation can pose some difficulties. Thus,
this paper presents a state feedback tracking
controller with a Pl controller by using a
disturbance observer that considers the simplicity
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of Pl and the efficiency and stability of the state
feedback controller. The two-DOF helicopter
model and the linearization of the dynamic model
are illustrated in the next section. Section 3
describes the procedures for designing the
proposed robust PI-SFB controller. Section 4
presents the simulation results and discussion. The
last part presents the conclusion.

2. Two-DOF Helicopter Model

Fig. 1 shows that the 2-DOF Helicopter model
has two degrees of freedom represented by the
pitch (y) and yaw (0) angles. The yaw angle refers
to motion around the Z axis, while the pitch angle
refers to rotation around the Y axis. Helicopter
systems have two blades, each driven by a DC
motor. The motor input voltages are the control
signals that determine the system’s yaw and pitch
angles to track the intended trajectory [24].

Z
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Pitch motor
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Fig. 1. Two-DOF helicopter system [25].

The nonlinearity of the helicopter dynamic
model can be expressed as follows [10]:
(]pp +ml?)8 = KppVop + KpyVyy — Bppt +

(@) (1)
(Jyy + mI2c0s?(0)) B = Ky Vyp + KyyVyy —
By, P + R(t) ..(2)

¢(t) = —mi?sin(0) cos(0) P> — mglcos(H)
@)

(4

X(t) = 2ml?8sin(8) cos(6) Y

where 1(t) and 8(t) represent the pitch and yaw
velocities, respectively. K, Kpy, Ky, and K, are
the thrust torque constants, and V,,, and V,,,, are the
input voltages to DC motors. [y, Jyy, By, and
By, denote the moment of inertia and viscous
damping about pitch and yaw axes, respectively. m
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represents the mass of the system, [ is the length
and g is the gravitational acceleration. Table 1 lists
the nominal values of these parameters.

Table 1. Parameters values.

Parameter Value
Kyp 0.204Nm/V
K,y 0.006Nm/V
K, 0.021Nm/V
K,, 0.072Nm/V
Bpp 0.800N/V
By, 0.318N/V
Jop 0.038kg. m?
Iyy 0.043kg. m?

m 1.387kg
l 0.186 m

The linearized dynamic model of the helicopter
system can be represented as follows:

x(t) = Ax(t) + Bu(t) ...(5
y(t) = Cx(t) . . ...(6)
x®) =00 YO 61 YmIT ..(7)

where x is the state variables, u is the input and y
is the output control.

u=[p Wyl y=l® 601 ...(8)

A=

0 0 1 0

|[O 0 0 1 ]|

—(0.800N/V)
|O 0 0.038kg.m?+1.387kg(0.186 m)? 0 i
—(0.318N/V)

|.O 0 0 0.043kg.m2+1.387kg(0.186m)ZJ

~.(9)

B =
0 0
L 0n |
| 0.204Nm/V 0.006Nm/V |
0.038kg.m2+1.387kg(0.186 m)2  0.038kg.mZ+1.387kg(0.186 m)?2
l 0.021Nm/V 0.072Nm/V
0.043kg.m2+1.387kg(0.186 m)2  0.043kg.m2+1.387kg(0.186 m)?
(10)
1 0
c=| 09 .(12)
01 0 O

3. Proposed Robust PI-SFB Controller
Design

This section presents the design procedures
of the proposed controller that integrates PI
with state feedback (SFB) controllers. The
parameters of the proposed controller are
obtained by using an optimization algorithm to
obtain maximum robustness against external
disturbance and system uncertainty. Fig. 2
shows the block diagram of the proposed
closed-loop system. Section 3.1 discusses the
state feedback design, while section 3.2

presents a new control law that combines SFB
with PI to achieve good tracking with high
robustness against system uncertainty and
external disturbance.

Pl

Fig. 2. Proposed robust control method.

3.1. State Feedback with Pl

The proposed control law is composed of the
state feedback term (us,) and PI term (u;) as
expressed below:

13

U = Upy + Upp ...(12)
upi = —ky, [ e(®dt + k;e(t) .. (13)
upp = —kq x(t) ...(14)

The state space of the Pl controller can be written
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as follows:
Xpi = API'xPI + BPI(T - C.x) (15)
Up; = CPIxPI + DPI(T - C.x) (16)
where

0 1 0 _
API - [0 0] lBPI - [1] ) CPI -

(ki kpl, Dp; = ky

In practice, measuring the states of the system is
not easy; thus, an observer is used for estimating
the states. In this paper, the proportional integral
observer will estimate the state and disturbance.

3.2. Proportional Integral Disturbance —
State Observer

The state space for the proportional integral
observer (P10) is expressed as follows:

d=0 ...(17)
x= A% +Busp + Lp(y —C2)+Ed  ...(18)
d= Li(y—C% ...(19)

where Lp and L; denote the estimator gains for
states and disturbance, respectively.

3.3. Augmented SFB-PI Control with P1O

The augmented state space for the proposed
controller with the disturbance observer is
expressed with a perturbation added to the system
to discuss the robustness of the closed-loop

feedback system.

Let

U=W+ Up +upp, — K% ...(20)
Then

x = Ax + B(up; — K1%) + Bw + Ed ...(21)

x = Ax + B(Cp;xp; + Dp;7r — Dp;Cx) — BK X +
Bw + Ed ...(22)
% = A% — BK,% + B(Cp;xp; + Dp;r — Dp;Cx) +
LpC(x — %) + Ed

= (LpC — BDp;C)x + (A — BK; — LpC)% +
BCp;xp; — BDp;r + Ed ... (23)
d= L,Cx—L,Cx ...(24)
Finally, the state space for the augmented system
can be expressed as follows:
[X]

[ %pr |

Hi

14

[ A—BDp;C  BCp; —BK, Elr x

— Bp,C Ap; 0 0f|xps
L,C—BDpC BCp,y A— BK,—LpC 0| % +
I L,C 0 -L,C oltd
[B BDp,
8 w+ _g’gm r ..-(29)
L0 0

The controller and observer gains will be tuned
to obtain the minimum infinity norm of the
system from w(t) to v(t) which is reciprocally
called robustness bound. A closed loop system is
always stable if it satisfies the following condition
regardless of the value of perturbation:

V)l <y ...(26)
where
IV(S)|leo & sup a(V(jiw)) ...(27)

y is the reciprocal of the infinity norm of the
system from w(t) to v(t).

1
y =

I1G($)lleo -(28)

G(s) represents the transfer function from w(t) to
v(t).

Observer gain will be determined by setting the
cost function of the optimization algorithm equal
to the robustness bound.

4. Simulation Results

The Matlab 2022 program was used to
simulate the helicopter system with two DOFs to
investigate the effectiveness and performance of
the proposed controller in terms of tracking and
robustness. A comparison is made between the
proposed controller and the standard LQR. The
parameters of the proposed controller used in this
simulation after using (fminsearch) function as an
optimization algorithm are

_[405 1317 5 7.4 _[46 _
K = —20.3 440 -7 247) Ky = 100]’Kf_
[161
200/
218 517
Lo=| 24 28|, _[173 1007
P 21.6 100|'"" ~ 12001 90.11"
-11.2 29.1

While the parameters of standard LQR controller
used are
LOR = 301 1.1

6.6 —0.2]
—-0.05 3.1 '

-1.5 5

4.1. Step Reference Tracking
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This case discusses the performance of the
proposed controller and the LQR controllers when
the input is the unit step with a nominal model,
and the simulation results are shown in Figures 3
and 4. The figures show that the proposed
controller and LQR track the reference input
successfully with approximately the same rise
(t,) and settling times(t,) but no overshoot (M,,)
can be observed in the proposed controller with
high overshoot with the LQR controller. Tables 2
and 3 list the transient specifications for pitch and
yaw models, respectively. The integral square
errors (ISEs) for pitch and yaw models are shown
in the tables. These performances clearly indicate

Fig. 3. Step response for pitch model.
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Fig. 4. Step response for yaw model.
that the proposed controller outperforms the LQR
controllers.
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Table 2,
Transient specifications for pitch model for nominal case.

Method M, t,.(sec) ty(sec) IAE
Proposed 0.6589 0.7683 1.1192 0.3821
LQR 4.7721 0.5479 1.4513 0.4165
Table 3,
Transient specifications for the yaw model for the nominal case.

Method M, t,.(sec) ty(sec) IAE
Proposed 0.0018 1.7572 2.4720 0.8251
LQR 7.5219 1.1112 2.0062 0.8981

4.2. Disturbance Rejection

A constant disturbance with amplitude 1 has
been injected at t =3 sec to illustrate the
robustness of the proposed control method. The
simulation results shown in Figures 5 and 6
indicate the ability of the proposed controller to
guide the trajectory of the system to the reference
input, indicating robustness against external
disturbance. These figures show the proposed
controller quickly reached the reference signal and
rejected the disturbance. The results indicate a
high effect for disturbance in the case of LQR

15

especially for the yaw model. Figures 7 and 8
show the integral square error for the pitch and
yaw models, respectively. The proposed controller
has the smallest IAE for both models, illustrating
the superiority of the proposed controller. The
results of this section indicate that the Pl term,
which is added to the state feedback controller,
can reject the disturbance quickly, taking
advantage of wusing a proportional integral
observer that can estimate the state and
disturbance correctly.
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Fig. 5. Response pitch model for disturbance.
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Fig. 6. Response yaw model for disturbance.
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4.3. System Uncertainty

The parameters of the system have been
changed to 20% of their nominal values to
investigate the robustness of the proposed control
method against the parameter variations. The
simulation results, as shown in Figures 9 and 10,
indicate the high robustness of the proposed
controller against system uncertainties. The
transient specifications, which are listed in Tables
4 and 5, illustrate the superiority of the proposed
controller and show that the proposed controller’s
performance is not affected by system uncertainty.
Moreover, the ISE show the high efficiency of the
proposed controller in the presence of the
parameter variations. The results of this section
indicate a good choice of the objective function,
which is based on the infinity norm of the transfer
function to ensure good performance regardless of
the variations in the parameters of the system.

o)
g .
w proposed
E} “| sesssnnss - LQR
i
5]
o
2 3 4 5

time (sec)
Fig. 9. Response pitch model for uncertainty.
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Fig. 10. Response yaw model for uncertainty.



Shatha Abd Al Kareem

Al-Khwarizmi Engineering Journal, Vol. 20, No.3, P.P. 11- 19(2024)

Table 4,

Transient specifications for pitch model for uncertainty case.

Method M, t,(sec) t(sec) IAE
Proposed 0.7765 0.7224 1.1940 0.3812
LQOR 8.1564 0.5406 2.2564 0.4538
Table 5,

Transient specifications for yaw model for uncertainty case.

Method M, t,(sec) t,(sec) IAE
Proposed 0.0028 1.7858 2.5102 0.8252
LQR 28.5498 1.0329 4.3388 1.1384

5. Conclusion

This paper proposes a new robust and simple
control method based Pl and state feedback
controllers with state and disturbance observers
for a 2-DOF helicopter system. The system norm
is used as a cost function to tune the parameters of
the proposed controller and ensure the robustness
of the proposed control method against external
disturbance and system uncertainty. Three cases
were used to examine the efficiency and
robustness of the proposed controller. Simulation
results show the high ability of the proposed
method to reject the external disturbance and good
performance in the presence of system
uncertainty.
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