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Abstract 

Helicopter piloting has gradually become a way of transporting pilots in various ports. 
However the helicopter is a high-order, multi-variable, strongly coupled and unstable 
system that requires reliable and effective control methods for flight control. Based on 
the analysis of the 3-DOF helicopter system, a simplified system model of the 3-DOF 
helicopter is obtained.The PID controller is designed by using the conventional PID 
control method and a fast and effective simulation debugging GUI is designed to simulate 
the designed controller.The simulation results show that the simulation curves are 
stable at the expected values, which proves the controllability of the helicopter system 
and the effectiveness of PID control. 
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1. Introduction 

The pilot boat has always been the means of transport and departure of pilots from various ports in 

China. This traditional mode of operation is slow, inefficient and costly. The high frequency of the 

wind and the weather and the harsh working environment have greatly restricted the operation mode 

of the pilots who used the pilot boats to transport the boats to the dinghy [1]. The pilot boat cannot 

go to sea normally, which affects the port production efficiency. Compared with traditional methods 

of operation, helicopters are characterized by fast, flexible, efficient and wide range of activities. 

When the helicopter is working, it can hover in the air, not directly contact with the hull, and get rid 

of the impact of the sea waves. The helicopter has strong wind resistance and high working efficiency. 

It can work normally under the conditions of strong winds, and the port piloting capacity is greatly 

improved. Under the complicated meteorological conditions, helicopters have considerable 
advantages in providing pilotage services for ships compared with traditional methods [2]. Helicopter 

flight control system is a typical multi-input and multi-output system. It has nonlinear, high-order and 

multi-variable characteristics. It is a relatively complex controlled object in control system 

engineering [3-5], which is designed to be effective and low-cost. Helicopter flight control systems 

are receiving increasing attention.  

In view of the characteristics of the three-degree-of-freedom helicopter system, as an excellent 

research platform for control theory, it has been favored by relevant scholars in recent years [6]. In 

Ref. [7], a self-tuning PID controller is designed. A discrete second-order sliding mode observer is 

used in Ref. [8] to discuss state and unknown input estimation. n adaptive fuzzy PID controller is 

designed in Ref. [9]. The nonlinear state feedback linearization method proposed in Ref. [10] can 

realize the linearization and decoupling control of the nonlinearly coupled three-degree-of-freedom 

helicopter system. The main drawback of the above mentioned methods is that some nonlinear parts 

are neglected in the process of establishing a three-degree-of-freedom helicopter mathematical model, 
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which has not strict basis. In the simulation experiment, there are also constant adjustments and 

modifications of the controller, and the debugging process is complicated and inconvenient. 

the model of high-order, multivariable, strongly coupled and unstable three-degree-of-freedom 

helicopter systems is analyzed in this paper. The traditional PID control method is chosen and the 

controller is designed to control the flight of the system. Finally, the simulation debugging interface 

of the three-degree-of-freedom helicopter system is designed by combining MATLAB/Simulink and 

GUI tools. The simulation of the control system is carried out by the quick and convenient operation 

of the interface to verify the effectiveness of the designed control method. 

2. Three-degree-of-freedom helicopter system modeling 

2.1 Introduction to the system model 

The three-degree-of-freedom helicopter model is shown in Figure 1, where A is the balance block, C 

and D are the two propellers that power the system, AB is the balance bar, and E is the base. The 

model uses the balance bar to simulate the flight motion with the point O as the fulcrum. The force 

generated by the rotation of the two propellers can make the balance bar perform the pitching motion 

with the O point. By using the speed difference between the two propellers, the balance bar can be 

rotated by the O point. At the same time, due to the speed difference, the CD will be side-shifted with 

point B. The corresponding encoder is installed on the pitch axis, the rotation axis and the lateral axis 

of the model, and the data of the pitch angle  , the rotation angle w  and the lateral angle p  can be 

collected during the movement of the model, so that the flight state of the model can be observed. 

[11]. 
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Figure 1. Three-degree-of-freedom helicopter model 

2.2 System modeling 

Based on the characteristics of the above three-degree-of-freedom helicopter system, the model will 

be modeled from the pitch axis, the lateral axis and the rotation axis of the model. 

Pitch axis 

The pitch axis model is shown in Figure 2. The motion of the pitch axis is obtained with the same 

rotational speed of the two propellers of the model. The lift generated by the two propellers is 1f  and 

2f , then the lift of the model propeller is 
21 ffFh += . Let the gravity be G , when the GFh  , the 

helicopter model will rise; when GFh  , the helicopter model will fall, and when GFh = , the 

helicopter will be balanced and hovering in the air. It can be seen that the torque of the model pitch 

axis is controlled by the lift generated by the rotation of the two propellers. 
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Figure 2. Pitch axis model 

The model is selected to be hovering and the elevation angle 0=  is analyzed [12]: 
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Where, eJ  is the moment of inertia of the pitch angle,
22

bbaae lmlmJ += ;   is the rotational 

acceleration of the pitch axis; cK  is the lift constant of the model propeller;
1V  and 

2V  are the 

voltages of the two propeller motors and generate lifts 
1f  and 

2f , respectively. gT  is the effective 

weight torque generated by the pitch axis, babbg glmglmT −= . 

If you ignore the effective weight torque gT , you get: 

 scae VKlJ =  (2) 

Furthermore, the open-loop transfer function of the pitch axis can be derived: 
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Lateral axis  

The lateral axis model is shown in Figure 3. The motion of the lateral axis is obtained with different 

rotational speeds of the two propellers of the model. The different rotation speeds of the propellers 

cause the 1f  and 2f  to be different. When 21 ff   or 21 ff  , the propeller body is inclined, and 

the angle of inclination is the cross-angle p , and a lateral force is formed, so that the helicopter 

model has an O point. The pivot is rotated. 
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Figure 3. lateral axis model 

The kinetic equation is obtained through system dynamics analysis [12]: 

 dccp rVKrVVKrfrfpJ =−=−= )( 2121
  (4) 

Where, pJ  is the moment of inertia of the lateral axis; p  is the rotational acceleration of the lateral 

axis; r  is the distance between the two motors to the lateral axis. 

Further derivation of the open-loop transfer function of the lateral axis is: 
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Rotary axis 

The rotating shaft model is shown in Fig. 4. The movement of the rotating shaft is caused by the 

rotation of the lateral shaft causing the lift of the propeller to become a lateral force and forming a 
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component in the horizontal direction to generate a moment. This moment is the source of the 

rotational acceleration generated by the rotating shaft. The component of the lateral force in the 

vertical direction maintains the balance of the model in the air, and the size is equal to G . 
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Figure 4. Rotary Axis Model 

The kinetic equation is obtained through system dynamics analysis [12]: 

 aw lpGwJ )sin(=  (6) 

Where, wJ  is the moment of inertia of the rotating shaft; w  is the rotational acceleration, the unit is 

sec/rad ; )sin( p  is the sine value of the transverse angle p , and when the cross angle is 0, the 

rotation axis has no torque. When the cross angle is small, the acceleration of the rotary axis is 

proportional to the cross angle. The system open loop transfer function is: 
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3. PID controller design 

Since its inception in the 1940s, PID controllers have been widely used in industrial process control 

such as metallurgy, chemical, electric power, light industry, aviation and machinery because of their 

simple structure, robustness to error and easy operation. Although the application field of control 

technology will become wider and wider in the future, the controlled objects will become more and 

more complex, and the corresponding control technology will become more and more sophisticated. 

However, various controllers based on PID will not be in process control. Or basic control unit [13]. 

The PID is named after its three corrective methods. The controlled variable is the result of adding 

the three control quantities (proportional, integral and differential), ie its output, the input is the error 

value (the result after the set value minus the measured value) or is derived from the error value. 
signal. If the definition )(tu  is the control output, the PID algorithm can be expressed by the 

following formula [14]:  

 )()()()(
0

IP te
dt

d
KdeKteKtu D

t

++=    (8) 

The block diagram of the control system is shown in Figure 5. Three control loops are designed. Since 

the rotary axis controller is controlled according to the lateral side shaft angle, the response time of 

the lateral shaft closed loop system is faster than that of the rotary shaft closed loop system. Response 

time. 
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Figure 5. Block diagram of a three-degree-of-freedom helicopter control system 

3.1 Pitch axis controller 

The pitch axis PID controller obtained by (2) is as follows: 

  
dcicps KdtKKV +−+−=  )()(  (9) 

Where, sV  is the sum of the voltages of the two propeller motors, 21 VVVs += ;  is the actual pitch 

angle; c  is the desired pitch angle. 

3.2 Lateral axis controller 

The lateral side axis PID controller obtained by (4) is as follows: 

 pKdtppKppKV dcicpd
+−+−=  )()(  (10) 

Where, dV  is the difference between the voltages of the two propeller motors, 21 VVVd −= ; p  is the 

actual lateral side angle; cp  is the desired lateral side angle. 

3.3 Rotary axis controller 

If the cross angle p  changes within a small angle, the equation (6) can be linearized as: 

 GprwJw =  (11) 

Get the rotary axis PID controller as follows: 

 wKdtwwKwwKp dcicpc
+−+−=  )()(  (12) 

Where, w  is the actual rotational angular velocity; cw  is the desired rotational angular velocity. 

4. System Simulation GUI and Results Analysis 

Simulation experiments were performed in the MATLAB/Simulink environment. Firstly, build a 

Simulink simulation block diagram of each degree of freedom PID control system. Taking the pitch 

axis as an example, first set an expected value, here select the pitch angle 5= , and implement it 

with a Step module with an amplitude of 5. Then set up the PID controller, which consists of 

proportional, integral, and differential links, corresponding to three PID parameters pK , iK  and 

dK .The comparison link consists of parameter pK  alone; the integral link consists of parameter iK  

and the Integrator module; the differential link consists of parameter dK  and the Derivative module. 

In order to test the anti-jamming performance of the designed controller, some natural effects that 

may occur in the simulation reality are added. When the simulation time of the three axes is 5s, a step 

disturbance of amplitude 1 is added, and the disturbance signal is adjusted with the PID. The latter 

control signal is superimposed and transmitted to the controlled object, that is, the three degrees of 
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freedom of the helicopter, and the output result is fed back to the input terminal to realize closed-loop 

control. Finally, pass the closed-loop output signal to the oscilloscope for easy observation. The 

Simulink simulation block diagram of the pitch axis PID control system is shown in Figure 6. The 
simulation block diagram of the lateral axis and rotary axis PID control system is the same as the 

pitch axis structure. 

 

Figure 6. Simulation diagram of the pitch axis control system 

The setting of the lateral axis and the rotating axis is expected to be the horizontal measurement angle 

2=p  and the rotational angular velocity 5=w , wherein the PID parameters of the respective 

degrees are repeatedly debugged. In the process of actually debugging the PID control parameters, it 

is found that a large number of numerical combination tests are required to obtain better pK , iK  

and dK , and each time value is modified to assign parameters to the corresponding modules in the 

built Simulink system block diagram. This process is very cumbersome. GUI is an intermediary for 

human-computer interaction, which can be used to input, process and output data [15]. So a GUI-

based control simulation system is designed for three-degree-of-freedom helicopters in this paper. 

First, the initial interface of the system is designed as shown in Figure 7. Three buttons are added to 

this interface, which correspond to the pitch axis, the lateral axis and the rotation axis. 

 

Figure 7. Simulation GUI initial interface 

 

When the system is running, click the corresponding button to enter the simulation interface 

corresponding to the degree of freedom, as shown in Figure 8-10. 
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Figure 8. Pitch axis PID simulation interface 

 

 

Figure 9. Lateral axis PID simulation interface 

 

 

Figure 10. Rotary Axis PID Simulation Interface 

In the simulation interface of each degree of freedom, a parameter setting panel is designed, which 

includes the modification of the simulation time value of pK , iK  and dK , and the three control 

parameters can not only input the desired value directly in the text box, but also Drag the slider to 

fine tune the value. In order to facilitate the observation and analysis of the simulation results, the 

system added static curve and dynamic curve mode selection buttons. The previous simulation can 

only get the result by observing the oscilloscope module after the simulation. When we select the 

dynamic curve button before the simulation, we can dynamically observe the change process of the 
simulation curve in the interface. For some turning points with large changes, Better observations to 

facilitate analysis of the results. At the same time, in order to quickly modify the corresponding 

Simulink block diagram, the system simulation model button is added to the interface. Pressing this 

button directly enters the Simulink editing interface and changes the block diagram as needed. 
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After a large amount of data debugging, the pitch axes select pK , iK  and dK  values of 8, 12 and 

2, and the selected parameters are input into the built-up pitch axis Simulink block diagram, and the 

expected value of the pitch angle is simulated; The lateral axis selects pK , iK  and dK  values of 

1.4, 3.8 and 0.2, and the selected parameters are input into the built-in cross-section axis Simulink 

block diagram, and the expected value of the cross-angle is simulated. The rotation axes select the 

values of pK , iK  and dK  as 6, 8, and 0.3. The selected parameters are input to the built-in rotating 

axis Simulink block diagram, and the expected values of the rotational angular velocity are simulated. 

The simulation results are shown in Figure 8-10. It can be seen from the obtained three sets of 

simulation curves that the pitch axis can be stabilized at the expected value of 5=  at 

approximately 2.5 s; the lateral axis can be stabilized at the expected value of 2=p  at 

approximately 1.2 s; the rotational axis can be approximately 2.2 s. Stable at the expected value of 

5=w .In order to have a faster response speed, the three degrees of freedom have different degrees 

of overshoot, however there is no residual in each axis after stabilization. For step interference caused 

by artificial addition, it is found that each axis fluctuates, but will eventually stabilize at the desired 
value. From the above results, the controllability of the three-degree-of-freedom helicopter system 

has better steady-state performance and robust performance and the effectiveness of the designed PID 

controller. 

5. Conculsion 

For the fast-growing helicopter pilot project, the three-degree-of-freedom helicopter system is 

analyzed and modeled, and the simplified dynamic equations and open-loop transfer functions are 

obtained from the perspective of three degrees of freedom. The high-efficiency and stable PID control 

is introduced, and the conventional PID controller is designed for each degree. The simulation 
experiment of adding disturbance is carried out on MATLAB/Simulink. The simulation results verify 

that the PID controller has high steady-state accuracy and good robustness. In order to solve the 

complexity and cumbersome modification of the debugging process, a GUI-based control simulation 

system for a three-degree-of-freedom helicopter is designed. After testing, the system has good 

human-machine interaction performance, which makes the debugging process simple and clear, 

greatly improving the debugging efficiency. The further studies on combination intelligent control 

with PID control for the helicopter system are under investigation. 
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