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Abstract- In this paper, we present novel design of flight control for a two-degree-of-freedom helicopter. Now a days 
automatic flight control is a crucial issue especially for emergency service. Automatic control features of 2-DOF helicopter 
are usually approximated using LQR controller, which can be further enhanced in-terms of pole placement. The control 
design consists of two control loops, one for elevation angle (Pitch) and other for rotational motion (Yaw). This paper 
presents the non-linear flight control of 2-DOF helicopter using pole-placement regulator design for two input and two 
output system. The model is developed and employed to approximate the non-linear control feature of 2-DOF helicopter 
using Matlab software. Finally, the responses from obtained model and from real 2-DOF helicopter are compared. 
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I. INTRODUCTION 
 
A two-degree-of-freedom (2DOF) helicopter is a 
device controlled by two DC motors, both with a 
propeller attached to the helicopters rotation axis. The 
motors are located at the two ends of a beam, 
perpendicularly to each other. The beam is pivoted on 
its center, which allows it to rotate freely in both the 
horizontal and vertical planes. See Fig. 1. 
 
Helicopters are versatile machine that can be used to 
move in small spaced environment and used to carry 
out complex manoeuvres in air. The uses of 
helicopter are extremely valuable in rescue disaster 
and transport. For the more difficult moves that are 
carried out by the helicopter, it is very important to 
have precise control over the movement of the 
helicopter.  
 
Therefore, it is important to study the control system 
of the helicopter and try to improve the system. The 
helicopter model used for this project is the two-
degree of freedom (2DOF) helicopter which is an 
unstable nonlinear multiple input multiple output 
(MIMO) system [9]. 
 
The pitch and yaw angles are two important 
parameters in controlling the helicopters. Two-
degree-of-freedom (2-DOF) helicopter is a small 
helicopter setup with two analog outputs as pitch and 
yaw angles that can be used for studying on 
helicopter control. This system has a nonlinear 
MIMO model. Besides, some combined controllers 
suggested for this kind of helicopter are complicated.  
 
The paper is organized as follows. The next section 
focuses on literature survey, helicopter model 
especially 2-DOF, followed by our proposed 
controller, results with discussions and finally 
conclusion at the end of paper. 
 

II. LITERATURE SURVEY 
 
Gyroscope measuring and maintaining orientation it 
is based on principle of ’Angular momentum’. A 
helicopter is type of”Rotorcraft” in which lift and 
thrust are supplied by rotors. Helicopter are important 
conveyance due to their capabilities to move in 
different direction that allows the helicopter to be 
used in ’hovering’,’rescue operation’ and landing in 
congested area where it is not possible for fixed wing 
aircrafts. A helicopter with superior performance is 
needed. With its high agility and performance, the 
dynamic of a helicopter are unstable and nonlinear. A 
nonlinear dynamic model is developed for coaxial 
helicopter condition. Therefore, it is important to 
study the pitch and yaw control of a helicopter. In 
view of this, a more effective helicopter control 
strategy is developed in this paper to increase the 
stability and performance. 
 
III. HELICOPTER MODELS 
 
The Quanser helicopter 2-DOF is the model used 
widely for emergency based application, hence 
considered here to investigate its features in details. 
2-DOF helicopter is mounted on a fixed base with 
two propellers that are driven by DC motors as shown 
in the Figure 1. The front propeller controls the 
elevation of the nose over the pitch axis. The tail 
propeller guides the rotation motion around the yaw 
axis. The motors correspond to each voltage for pitch 
and yaw motors are ±24V and ±15V respectively. 
The detail of this model with some others 
specification like masses, torque, inertias, and other, 
are presented. 
 
In this helicopter model, the angle _ in the pitch-axis 
and the angle   in the yaw-axis represent 2-DOF as 
shown in Figure 2. The pitch axis is positive when the 
nose of the helicopter goes up, the yaw axis is 
positive for a clockwise rotation. There are thrust 
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forces Fp and Fy also present in their respective axis, 
the torque of pitch is being applied at a distance rp 
from the pitch axis and a yaw torque is being applied 
at a distance ry from the yaw axis [8]. Fg the 
gravitational force pulls down on the helicopter nose. 
The center of mass is at a distance of Icm from the 
pitch axis along the helicopter body length. 
 

 
Fig. 1. Quancer Helicopter of 2-DOF. 

 

 
Fig. 2. Dynamics of 2-DOF Helicopter. 

 
The state-space representated,  Equ.1 and Equ.2 
x· = Ax + Bu                                 (1) 
and, Equ.2 
y = Cx + Du                                 (2) 
 
The state vector of the 2-DOF is defined, Equ.3 
 
x  = [Ө(t), ψ (t), Ө · (t), ψ · (t)]             (3) 

  Output vector is, Equ.4 
y  = [Ө(t), ψ(t)]                                   (4) 
Where  and ψ are the pitch and yaw angle.  

 

 

 

 
Parameters used for model representation and 
controller design are as follows: 

 
 
IV. PROPOSED CONTROLLER 

 
Pole - placement design using full-state feedback. We 
found that it may be required to change a system 
characteristic by using a closed-loop control system, 
in which a controller is designed to place the closed-
loop poles at desired locations. Such a design 
technique is called the pole-placement approach. We 
also discussed that the classical design approach 
using a controller transfer function with a few design 
parameters is insufficient to place all the closed-loop 
poles at desired locations.  
 
The state-space approach using full-state feedback 
provides sufficient number of controller design 
parameters to move all the closed-loop poles 
independently of each other. Full state feedback 
refers to a controller which generates the input vector, 
u(t), according to a control-law such as the following, 
Equ.5 
u(t) = K[xd(t) − x(t)] − Kdxd(t) − Knxn(t)         (5) 
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Where, 
u(t) :- State-vector of system. 
xd(t) :- Desired state-vector. 
xn(t) :- Noise state-vector. 
K, Kd and Kn:- Controller gain matrices. 
 
The input vector, u(t), generated is applied to the 
plant described by the following state and output 
Equ.6 Equ.7 
x(t) = Ax(t) + Bu(t) + Fxn(t)                                  (6) 
y(t) = Cx(t) + Du(t) + Exn(t)                                  (7) 
 
Where F and E are the noise coefficient matrices in 
the state and output equations, respectively. 
Designing a control system using full-state feedback 
requires that the plant described by Eq.(6) must be 
controllable, otherwise the control input generated 
using Eq.(5) will not affect all the state variables of 
the plant. The controller gain matrices, K, Kd, and Kn 
are the design parameters of the control system 
described by Eqs. (5) (7). 
 
Note that the order of the full-state feedback closed-
loop system is the same as that of the plant. A 
schematic diagram of the general control system with 
full-state feedback is shown in Figure 3. 
 
Let us first consider control systems having xd(t) = 0. 
A control system in which the desired state-vector is 
zero is called a regulator. Furthermore, for simplicity 
let us assume that all the measurements are perfect, 
and that there is no error committed in modeling. 
By Eqs (6) and (7). These two assumptions imply that 
all 

 
Fig. 3:  Schematic diagram of a general full-state feedback 

control system with desired state, xd(t) and noise xn(t). 
 
Undesirable inputs to the system in the form of noise, 
are absent, i.e. xn(t) = 0. Consequently, the control-
law of Eq.(5) reduces to, Control-law, Equ.8 
u(t) = −Kx(t)                                                              
(8) 
and the schematic diagram of a noiseless regulator is 
shown in Figure 4. 
On substituting Eq.(8) into Eqs.(6) and (7), we get the 
closed loop state and output equations of the regulator 
as follow Equ.9 Equ.10 
 
x(t) = (A − BK)x(t)                                 (9) 
y(t) = (C − DK)x(t)           (10) 

Equations.(9) and (10) indicate that the regulator is a 
homogeneous system, described by the closed-loop 
state coefficient matrices Indicate that the regulator is 
a homogeneous system, described by the closed-loop 
state coefficient matrices ACL =A -BK,BCL= 0, 
CCL =C − DK, and DCL = 0.  
The closed-loop poles are the Eigen-values of ACL. 
Hence, by selecting the controller gain matrix, K, we 
can place the closed-loop poles at desired locations. 
 
Hence, by selecting the controller gain matrix, K, we 
can place the closed-loop poles at desired locations. 
For a plant of order n with r inputs, the size of K is (r 
× h). Thus, we have a total of r · n scalar design 
parameters in our hand. For multi-input systems 
(r>1), the number of design parameters are, therefore, 
more than sufficient for selecting the locations of n 
poles. Let us design a full-state feedback regulator for 
the following two input two output plant such that the 
closed-loop poles are s = −R ± Ii 
Let us consider, 

 
Fig. 4: Schematic diagram of a full-state feedback regulator 
(i.e. control system with a zero desired state-vector) without 

any noise. 

 

 

 

 
Designing a control system using full-state feedback 
requires that the plant described by Eq. (6) must be 
controllable, otherwise the control input generated 
using Eq. (5) will not affect all the state variables of 
the plant. The general regulator gain matrix is as 
follows: 
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The closed-loop state dynamics matrix is the 
following: 
ACL = A – BK  

Results in the following closed-loop characteristic 
equation: 

 
We get, Equ.11 
s2 + (b11k1−a22−a11 + b12k3+b21k2+b22k4)s+(a11 
a22 −a12  a21 − a11b21k2 + a12 b21k1 + a21b11k2 
−a22 b11 k1 − a11b22  k4 + a12b22k3 + a21b12 k4 − 
a22b12k3 + b11b22 k1k4 − b11b22 k2 k3 − b12 
b21k1k4+b12b21k2k3)         (11) 
Let us choose the closed-loop poles as s. Then the 
closed-loop characteristic equation must be, Equ.12 
(s +R +Ii) (s +R-Ii)                         (12) 
We get, Equ.13 
s2+2(R)(s)−(I − R)(I + R)                  (13) 

 
Comparing Eqs (11) and (13) we get, set of nonlinear 
algebraic equations to be solved for the regulator 
design parameters Equ.14 
 
a11a22 − a12a21 − a11s − a22s + s² − a11 b21k2 + 
a12b21k1 + a21b11k2 − a22 b11k1 − a11b22k4 + 
a12b22k3 + a21b12k4 − a22 b12 k3 + b11k1 s + 
b12k3 s + b21 k2s + b22k4s +b11b22k1k4 
-b11b22k2k3 − b12b21k1k4 + b12b21k2k3 
= s2+2(R)(s)−(I − R)(I + R)                                          
(14) 
 
The controller we get from above method, 

 
V. SIMULATED RESULT 

 
(a) Pitch Response             (b) Yaw Response 

 
The above shown graph are simulated result of pitch 
and yaw responses of (LQR+I) quancer controller. 

 
(a) Pitch Response             (b) Yaw Response 

The above shown graphs are simulated result of pitch 
and yaw responses of pole-placement controller. 

 
(a) Pitch Response             (b) Yaw Response 

 
The above shown graphs are experimental result of 
pitch and yaw response of pole-placement controller. 
 
CONCLUSION 
 
In this paper, the feasibility of using a pole-placement 
based controller for an unstable helicopter system is 
presented. Pole-placement design using full-state 
feedback is used to design the controller for a 
helicopter model. Simulated results give the excellent 
performance against external disturbance. 
Experimental results have shown the effectiveness of 
the control strategy. However, further research is to 
be carried out to better the results that have been 
obtained so far by this pole placement-design.   
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