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Abstract: In order to study the control effect of the rudder surface of the hypersonic vehicle and the 

coupling dynamic characteristics of the rudder surface deflection and the flight attitude, a technical 

platform for the deflection and motion coupling of the aircraft rudder surface was designed. The 

platform ejection mechanism can launch the model into the wind tunnel flow field according to the 

preset attitude, and model can free flight without support interference. The innovative design of 

the model internal rudder partial system can guarantee the model to deflect the rudder surface in 

the free flight process, simulate the real steering process of the aircraft. By changing spring with 

different springs, the speed of the rudder surface can be changed. The dual optical path and image 

acquisition technology can capture the motion picture before and after the deflection of the rudder 

surface from two angles. After the image is matched by model matching, the six degrees of freedom 

parameter of the model can be changed with the time curve before and after the deflection of the 

rudder surface, and the area of the six freedom degree curve of the different state model is 

compared. In other words, the specific influence of dynamic rudder rotation on the motion of the 

model is known. The wind tunnel test of the model in the hypersonic wind tunnel of the 500mm is 

carried out using this platform. The test results are highly repeatable, and the test platform 

technology is mature and reliable. 
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0. Introduction 

The rudder surface is the main control surface of the aircraft. In order to improve mobility, most 

of the aircraft rely on the deflection of the rudder surface to provide a variety of control torque. 

However, with the increase of Mach number, the aerodynamic efficiency of the rudder will 

obviously decrease, which seriously affects the control characteristics of the rudder, and directly 

threatens the flight stability and maneuverability of the aircraft[1-2]. 

A variety of existing hypersonic vehicles still use the rudder surface to provide control torque [3]. 

In view of the efficiency of the rudder surface of a hypersonic vehicle, the main research means of 

the research institutions are the constant technique of hinges[4-5]. Although the high Mach number 

test can be carried out, the dynamic coupling dynamic problem of the control and motion after the 

deflection of the rudder surface is not considered. In recent years, the wind tunnel virtual flight test 

technology has successfully solved the above shortcomings, expanding the traditional wind tunnel 

test to the integrated level of flow, flight and control[6-10]. But the wind tunnel virtual flight test 

technology is only capable of subsonic speed [11-13]，It is well known that the hypersonic velocity is 

distinct from the aerodynamic characteristics of low velocity and subsonic speed, which makes the 

control problem of the aircraft rudder difference. Above all, we can see that the research ability of 

hinge force measurement and wind tunnel virtual flight test technology is limited for the control 
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effect of supersonic and hypersonic vehicle's rudder control, while the control effect of rudder 

surface is the most likely problem when hypersonic. Therefore, it is urgent to study the dynamic 

control effect of the rudder surface of hypersonic vehicle, which combines the deflection of the 

rudder surface with the coupling motion of the aircraft. 

Free flight test in wind tunnel is a common test method on unsteady aerodynamic phenomenon 
[14-16].The China Academy of Aerospace Aerodynamics has accumulated rich experience in the field 

of free flight in supersonic and hypersonic wind tunnels. However, the conventional wind tunnel 

free flight test technology is not suitable for the study of the problem of deflection and motion 

coupling of the rudder surface, and the previous test technology should be improved. This paper 

will focus on research, a hypersonic condition on aircraft rudder deflection control coupling effect 

and motion unsteady test technology, and test research for rudder surface deflection of a plane 

symmetric hypersonic aircraft model in wind tunnel free flight process. 

1. Wind tunnel for test 

The test was carried out in the FD-07 wind tunnel of The China Academy of Aerospace 

Aerodynamics. The test parameters are shown in Table 1. The Maher number was changed by 

replacing the nozzle in the wind tunnel. The Ma range 4.5 to 10, the outlet diameter of the nozzle 

was 500mm, the free jet test section with the closed chamber was 1880m * 1400mm x 1130mm. At 

present, the angle of attack of the insertion mechanism is -10 degrees ~50 degrees, the variation 

range of the sideslip angle is -10 degree ~10 degrees, and can be moved before and after. Because 

the angle of the head angle of the angle of attack mechanism is large, the wind tunnel generally 

defines the angle of attack as positive when the head is lowered. 

Ma P0/MPa q∞/MPa P∞/Pa Re/1/m T0/°C 

7.995 8.0 0.037 820 1.77e7 483 

Table 1 FD-07 wind tunnel parameters 

2. Wind tunnel test system 

The test system mainly consists of 3 parts: the model release system, the deflection system in the 

model, the optical path and the image acquisition system. The main task of the model release system 

is to launch the model into the wind tunnel flow field, and the internal rudder rotation system of the 

free flight model ensures the model's deflection on the rudder surface in full free state, and the 

optical path and image acquisition system can ensure that the experiment can obtain a clear model 

motion picture and analyze the motion trajectory and posture of the model from the model. The 

angle of state. 

2.1. Model release system 

The main difficulty in the design improvement of the model emission system is that the model 

should be launched into the flow field in a very short time in accordance with the predetermined 

speed (5~15m/s) and the angle of attack (-10 degree ~10), and the launching speed and angle of attack 

need to have good repeatability, so the emitter needs to have good repeatability and reliable 

operating stability. The rudder surface should be deflected in the free condition, and the model is 

supported by the launching mechanism before free flight, so the steering gear deflection trigger is 

best attached to the launching mechanism, which also increases the difficulty of the design of the 

launching mechanism. 

When the test is carried out, the piston propulsion model moves in the direction of the reverse 

air flow, and the launching paws will automatically open when model moves forward. The model 

does not support the free movement in the flow field. And completes the launch and release of the 

model. In view of the characteristics of this test, the pullout line is added to the test device, as shown 

in Figure 1. When the model is free to fly to the limit of the length of the pull out line, the model is 

pulled out and the rudder rotation system is triggered, and the rudder deflection of the model is 

completed. The axis of the pin is over the model center of mass, so that the maximum effect on the 
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motion posture of the model is smaller. In the experiment, two high-speed cameras were used to 

record the model attitude. 

 

Fig.1 The trigger of rudder reflection 

2.2. The deflection system in the model 

The free flight model rudder deflection system is the biggest difficulty of this test. First, the 

model needs to be deflected on the rudder surface in the complete free state of the launching 

mechanism, which puts forward a big problem for the design of the trigger mechanism. Secondly, 

the free flight model size is limited by the effective flow field and the performance of the launch 

system, and the model size is generally small. In this test, the free flight of the FD-07 wind tunnel is 

carried out in this test. The maximum size of the model is 100mm x 80mm x 40mm. Due to the 

thinner wing and head of the aircraft, the space that can be used to install the actuator is far less than 

the above size, and the difficulty of the model design is increased. Again, the wind tunnel free flight 

test is different from the static force test, and the latter can be installed on the outside of the model 

and free flying model. In addition, the free flight model needs to have similar quality distribution 

characteristics to the actual model, including the model center of mass and the value of inertia, so the 

model quality should be considered at the same time in the design of the internal mechanism of the 

model. The requirement of parameters increases the difficulty of model design. Finally, the free 

flying rudder deviation control technology of the model requires that the deflection speed of 2 

rudder surfaces and the angle of 2 rudder surfaces are simulated, and the rudder deflection is 

guaranteed after the deflection of the rudder surface. The mechanism needs to resist the wind tunnel 

air flow ability, prevent the rudder back deviation, and increase the difficulty of the model design. 

In view of the above 5 main difficulties, a set of free flight model rudder deflection system is 

designed and innovating in this experiment. The whole body is controlled by the pullout. The 

compression spring will drive the rotating shaft block and the rudder shaft together. The two rudder 

surfaces are connected by the same shaft block to ensure the real-time synchronism of the rotation of 

the two rudder surfaces, thus avoiding the aerodynamic interference caused by the deviation of the 

left and right rudders. 

The deflection angle of the steering wheel and the rudder surface can be controlled by the 

steering angle control surface. The deflection angle of the rudder surface can be adjusted by 

adjusting the distance between the steering wheel and the axis of the pin hole. The effect of pulling 

off pin action on the free movement of the model can be reduced to a maximum by the axis of the pin 

hole. In the design of the model, the position of the rudder shaft of the model is determined, while 

the center of mass of the model determines the axis position of the pin. Using the three-dimensional 

model design software, the rudder surface is deflected to the final deflection position. At this time, 

the distance between the control surface of the rudder and the axis of the pin hole is adjusted so that 

the control surface is just in contact with the shaft block, and the distance between the steering axis 

of the rudder and the axis of the pin hole is determined. The purpose of simulating different rudder 

deflection speed or rudder deflection time can be achieved by using different spring springs. After 

the rudder deflection, the spring still has partial thrust to prevent the rudder from being deflected 

under aerodynamic force. The test shows that the full deployment time of pulling pin to rudder is 

about 0.001s. Through this system, the rudder deflection can be realized in the free flight of the 

model. 
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2.3. Optical system and image acquisition system 

In order to better identify the six degree of freedom parameter of the model free flight process, 

this experiment carried out a dual angle optical path design for FD-07 wind tunnel. The optical path 

design needs to overcome the limited space in the wind tunnel, and install the light source and 

reflector in the wind tunnel. It not only needs to ensure the normal work of the equipment, but also 

can not produce interference in the convective field. In order to ensure the visibility of the view of 

the light path, the wind tunnel portal is redesigned and redesigned. On the premise of ensuring the 

safety of the test, a circular observation window of the original portal is adjusted to two square 

observation windows, which are used for the side optic road and the elevation light path 

respectively. Through this adjustment, we can ensure that two light paths are photographed at the 

same time, so as to capture the posture change characteristics of the model motion. 

 

Fig.2 Upright and horizontal optical path system 

The dual angle optical path and acquisition system are mainly divided into two parts: side 

looking optical path and side looking camera, overlooking optical path and overlooking camera. As 

shown in Figure 2. The side view optical path uses the schlieren system of the wind tunnel itself, 

including its light source system, and the side view camera is used to record the side view image of 

the model. The position of the overlooking light source is shown in the diagram, and the light source 

is installed on the wind tunnel wall panel. The overlooking optical path refracts out of the hole 

through the reflector installed above the wind tunnel test section, and overlooks the image of the 

model through a vertical camera. 

Attitude calibration can identify the 6 degree of freedom parameters of the missile after 

obtaining the picture. The calibration is to put a known 6 degree of freedom parameter model in the 

landing area of the missile, shoot the image by two cameras, and then match the image with the 6 

degree of freedom component, thus the corresponding relationship between the image and the 

model 6 degree of freedom parameters is obtained. 

The desired image is obtained through background subtraction, median filtering, shadow 

removal, mathematical morphology processing and connected domain analysis. The X, y, Z 

coordinates, pitch angle and yaw angle of the model centroid are identified by positive and inverted 

views, and then the model roll angle is obtained by model matching, and the six degree of freedom 

parameter of model motion is obtained. 

3. Reliability test 
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Fig.3 The coordinate system 

In order to test the reliability of the platform, a verification test was carried out. The α0 is the 

initial angle of attack for the model, and the rising of the model is positive. θ is the deflection angle 

of the rudder and the rudder surface is positive. The time reference value t0=0.025s, the length 

reference value is the model length l0=100mm, the angle reference value takes the rudder deflection 

angle maximum value θ0=15 degree. The ejection velocity of the model is v, which is about 8m/s. The 

initial launch attack angle of the test model is 0 degrees, the deflection angle of the rudder surface is 

15 degrees, the experiment is repeated once, the number is test1 and test2 respectively, and the test3 

is the fixed rudder partial state of the steering angle of 0 degrees, and the other parameters are the 

same as the previous two tests. The parameters of the test flow field are shown in Table 1. The state 

description is shown in Table 2. 

No. Ma α0/degree θ/degree Rudder  

1 7.995 0 15 Fixed 

2 7.995 0 0~15 Adjustable 

3 7.995 0 0 Fixed 

Table 2 Test conditions 

The coordinate system is shown in Figure 3. In order to make the experimental data comparable, 

the origin of the coordinate system is located on the central axis of the wind tunnel and 0.55*l0 from 

the left side of the observation window. The X axis is the original point of the coordinate system, the 

direction of the reverse flow is positive; the Y axis over coordinate origin is vertical upward; the Z 

axis is over the coordinate origin, and the positive direction of the Z axis is determined according to 

the right rule; the direction of the pitching, yaw, and roll correction is determined according to the 

right rule. The pulling pin time is zero time, that is, t=0.  Figure 4 is the curves of the model centroid 

position changing with time. The motion trajectories of test1 and test2 model coincide better, and the 

divergence of test3 model with vertical rudder surface appears in the vertical direction. 

   
(a) Curve of X direction 

displacement changes with time 

(b) Curve of Y direction 

displacement changes with time 

(c) Curve of Z direction 

displacement changes with time 

Fig.4 Curves of centroid position changing with time 

Figure 5 is the curve of the model attitude angle with time. The change trend of the pitch curve 

and yaw angle curve of test1 and test2 model is the same. The test3 rudder surface is not deflected, 

the model is much lower and the angle of attack diverges. At the same time, the angle of attack 

divergence causes the X and Y movement to increase. Fig. 5 (c) is the roll angle change curve of the 3 

test. From the graph, it can be seen that the roll angle curves of the first two tests are different and 

the curves are less smooth. This is due to the inertia of the model around the 3 axis, the inertia of the 

rotation axis is the least, usually one order of magnitude lower than the other 2 axis inertia, and the 

smaller rolling torque will bring a larger roll angle. Moreover, although the optical path system has 

been greatly improved, the angle of view has increased to 2, which are side looking and overlooking. 

However, in these 2 angles, there is a shortage of the roll angle of the recognition model. The best 

way to improve the accuracy of the roll angle recognition is to add the visual angle of view, and the 

direction of the face is exactly the direction of the air flow, and it is more difficult to add the visual 

angle. 
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(a) Angle of attack with time 

change curve 

(b) The curve of the yaw angle with 

time 

(c) Roll angle change curve with 

time 

Fig.5 Curves of angle changing with time 

The existing test technology of the platform can get six degrees of freedom parameters of 

different state models, and the influence of rudder rotation parameters on motion can be obtained 

through comparison. However, the existing analysis is only qualitative analysis, and the analysis is 

inaccurate, not quantitative. The next step is to identify the parameters of the test data. By 

identifying the six degree of freedom parameter curve of the model, the aerodynamic force and 

torque variation of the model are obtained, and the influence of a variety of dynamic rudder rotation 

on the aerodynamic force of the model is further obtained. 

4. Conclusion 

In view of the control effect of the rudder surface of the hypersonic vehicle and the coupling 

characteristics of the rudder rotation and the flight attitude, a technical platform for the deflection 

and motion coupling of the aircraft rudder surface is established. The model rudder rotation system 

of innovative design enables the model to deflect the rudder surface in the free flight and simulate 

the real rudder process of the aircraft, and the dual optical path and image acquisition technology 

can obtain the six degrees of freedom parameters of the model with the time change curve before 

and after the deflection of the rudder surface, and compare the difference of the six degrees of 

freedom curve of different state models and know the dynamics. The effect of the rudder rotation on 

the motion of the model. The test shows that the platform technology is mature and reliable, which 

meets the purpose of testing the control effect of the dynamic rudder of the aircraft under the 

hypersonic condition, and has made remarkable progress in the wind tunnel test technology in this 

field.  
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