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Abstract

This paper introduces an experimental device which can measure accurate aerodynamic forces without support 

interference in wide experimental region for wind tunnel test of micro aerial vehicles (MAVs). A stereo pattern recognition (SPR) 

method was introduced to a magnetic suspension and balance system (MSBS), which can eliminate support interference 

by levitating the experimental model, to establish wider experimental region; thereby MSBS-SPR integrated system was 

developed. The SPR method is non-contact, highly accurate three-dimensional position measurement method providing 

wide measurement range. To evaluate the system performance, a series of performance evaluations including SPR system 

measurement accuracy and 6 degrees of freedom (DOFs) position/attitude control of the MAV model were conducted. This 

newly developed system could control the MAV model rapidly and accurately within almost 60mm for translational DOFs and 

40deg for rotational DOFs inside of 300 × 300mm test section. In addition, a static wind tunnel test was conducted to verify the 

aerodynamic force measurement capability. It turned out that this system could accurately measure the aerodynamic forces in 

low Reynolds number, even for the weak forces which were hard to measure using typical balance system, without making any 

mechanical contact with the MAV model.

Key words:  MSBS (Magnetic Suspension and Balance System), Wind Tunnel Test, SPR (Stereo Pattern Recognition) method, 

MAV (Micro Aerial Vehicle)

1. Introduction

MAVs (Micro Aerial Vehicles) fly in low Reynolds number 

because of their tiny size and low flight speed. Since the 

viscosity effect is dominant in low Reynolds number, analyzing 

the aerodynamic characteristics of the MAVs becomes 

more difficult. In order to precisely identify its aerodynamic 

characteristics thereby developing the high performance 

MAVs, wind tunnel tests have been generally applied [1]. 

However, a typical wind tunnel test requires mechanical 

supports in the test section for supporting or controlling 

the objects. Because the mechanical supports interfere air 

flow around the objects, it remains one of the main reasons 

of reducing the accuracy. In particular, the effects of this 

interference are significant when the test objects have tiny 

size such as the MAVs.

MSBS (Magnetic Suspension and Balance System), which 

can generate the magnetic field by using several embedded 

electromagnets, was proposed as an effective way to avoid the 

interference. Target objects can be levitated in the test section 

by controlling the magnitude and direction of the magnetic 

field; no mechanical apparatuses are necessary. In addition, 

the aerodynamic forces and moments can be calculated 

from the required electric currents of each embedded 

electromagnet; the MSBS can measure the accurate 

aerodynamic forces acting on the objects excluding the 

interferences from mechanical supports. Easy re-positioning 

and exchanging of the objects, and simple dynamic testing 

procedure are other advantages of MSBS compared with 

conventional wind tunnel testing [2].

In spite of these advantages, recent studies related to 

MSBS have been mainly conducted in limited area such 
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as static wind tunnel testing under the condition of small 

attitude range of the experimental model. One of the 

reasons is the confined experimental region inside of the 

MSBS test section due to the extremely small measurement 

range of commercial displacement sensors. The size of the 

controllable area in the test section is fully dependent on 

the measurable range of position sensors. In other words, 

the extension of the controllable area can be achieved by 

applying novel position measurement method covering 

wide field of view (FOV) with high accuracy. In this respect, 

SPR(Stereo Pattern Recognition) method, which is a vision 

based three-dimensional position measurement method by 

using stereo camera images, can be an appropriate solution 

to overcome the limitation. It is because SPR method allows 

non-contactable, high accuracy in wide range, and providing 

data in real-time.

In this study, the MSBS-SPR integrated system has 

been developed for the purpose of establishing expanded 

experimental region. In order to verify the system performance 

and the potential ability, the performance evaluations have 

been conducted. These include displacement measurement 

accuracy, position/attitude control in six degrees of freedom 

(DOFs), and aerodynamic lift and drag measurement of 

NACA 0015 in low Reynolds number. This integration system 

can be utilized in various research area.

2. Background

2.1 Magnetic Suspension and Balance System

MSBS (magnetic suspension and balance system) is a 

device which consists of several electromagnets and its 

controller. By controlling the magnitude and direction 

of the magnetic field generated from the embedded 

electromagnets, MSBS is able to levitate the experimental 

model inside of the test section without any mechanical 

contact. Moreover, the accurate force/moment acting on the 

experimental model can be calculated from the additional 

current applied for position/attitude control when external 

force/moment acts. Therefore, compared with conventional 

wind tunnel, applying MSBS to wind tunnel test gives great 

advantages such as elimination of mechanical support 

interference effect, easy re-positioning of the experimental 

model and simple dynamic testing procedure.

Taking notice of these advantages, various kinds of MSBS 

have been developed and utilized to wind tunnel test at 

several research institutes and universities all over the world 

such as NASA, JAXA, MIT, FIT and KAIST. Vlajinac and Covert 

[3] measured drag coefficient of spheres without support 

interference using MIT MSBS for 20,000-260,000 Reynolds 

number region. Dress [4] measured the drag coefficient of a 

prolate spheroid with and without dummy sting using NASA 

13in MSBS and reported the drag coefficient reduction due 

to the sting existence by comparing these two cases. Higuchi 

et al. [5,6] measured drag coefficient of a levitated cylinder 

model and visualized the flow pattern around it using NAL 

60cm MSBS.

Since 2011, KAIST has performed various research 

using its own 300 × 300mm MSBS, which consists of 2 

large permanent magnets, 8 electromagnets, 8 power 

supply systems and 3 photo sensitive diode (PSD) position 

measurement systems as shown in Fig. 1 [8]. In this system, 

8 electromagnets are used to control the position/attitude 

of the experimental model by changing the polarity and 

magnitude of magnetic field, as presented in Fig. 2, while 

2 large permanent magnets provide the magnetic lift force 

which offsets the own weight of the experimental model. By 

using this MSBS, various researches for system identification 

of MAV have been actively conducted such as MAV 

controller design using aerodynamic coefficients measured 

from static wind tunnel test [9], dynamic stability derivative 

measurement [10] and development of safety-guaranteed 

flight test environment [7].

However, in spite of several advantages, most of recent 

studies related to MSBS have been performed on limited 

area. MSBS were mainly utilized to static wind tunnel test 

under the condition of no or small attitude range of the 

experimental model, and the study which includes large 

position/attitude change has been rarely reported. One of 
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Higuchi et al. [5,6] measured drag coefficient of a levitated cylinder model and visualized the flow 

pattern around it using NAL 60cm MSBS. 

 

 
Figure 1. Configuration of KAIST 300 × 300mm MSBS [7] 

 

Since 2011, KAIST has performed various research using its own 300 × 300mm MSBS, which 

consists of 2 large permanent magnets, 8 electromagnets, 8 power supply systems and 3 photo 

sensitive diode (PSD) position measurement systems as shown in Figure 1 [8]. In this system, 8 

electromagnets are used to control the position/attitude of the experimental model by changing the 

polarity and magnitude of magnetic field, as presented in Figure 2, while 2 large permanent magnets 

provide the magnetic lift force which offsets the own weight of the experimental model. By using this 

MSBS, various researches for system identification of MAV have been actively conducted such as 

MAV controller design using aerodynamic coefficients measured from static wind tunnel test [9], 

Fig. 1.  Configuration of KAIST 300 × 300mm MSBS [7]
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the reasons is the confined experimental region inside of its 

test section. For example, KAIST 30cm MSBS had only 6 × 6 

× 6mm experimental region due to the limitation of position 

measurable range, which restricted further, in-depth 

research for various position/attitude condition of the MAV 

model. In this study, wider experimental region in MSBS 

test section for effective wind tunnel test was established 

by applying stereo pattern recognition method which is 

explained in section 2.2.

2.2 Stereo Pattern Recognition Method

SPR(Stereo Pattern Recognition) method is a vision 

based 3D position measurement method using images 

from several stereo cameras. For a single camera system 

described in Fig. 3, it is possible to transform the camera 

coordinate system into the object coordinate system using 

camera rotation matrix R3×3 and translation matrix T3×1. The 

relationship between 2D coordinate of the projected object 

in camera image plane and 3D camera coordinate can be 

found by using intrinsic parameters of the camera such as 

focal lengths and skew parameter. Therefore, the relationship 

between 2D coordinate of the projected object in camera 

image plane and 3D object coordinate can be calculated and 

these procedure is called camera calibration.

To specify the 3D coordinate of the object, the projection 

points in several different camera images have to be 

matched since a projection point in one camera image 

gives only information of line in 3D space. This procedure 

is called stereo matching. The epipolar constraint, which 

is the intersection condition between imaginary lines from 

different camera projection points as shown in Fig. 4, is used 

for the stereo matching procedure [12]. Therefore, the exact 

3D coordinate of the object can be calculated by performing 

the camera calibration and stereo matching.

Since SPR method features non-contactable, high 

accuracy and wide measurement range, it can be applied for 

the position measurement system of the MSBS. In this study, 

Optitrack Prime 13W 850nm band infrared cameras are 

selected to organize SPR system. While this camera is small 

enough to be installed in the MSBS, it has high resolution, 

wide FOV (field of view), and appropriate FPS (frame per 

second) with low latency, which are suitable characteristics 

for measuring real-time position of the experimental model 

in wide range inside of the MSBS test section.

3. MSBS-SPR Integrated System Development

In order to integrate SPR system with MSBS, several 

processes for developing suitable subsystems for MSBS test 
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dynamic stability derivative measurement [10] and development of safety-guaranteed flight test 

environment [7]. 

 

 

Figure 2. Position/Attitude Control of the Experimental Model Inside of the MSBS Test Section [7] 

 

However, in spite of several advantages, most of recent studies related to MSBS have been 

performed on limited area. MSBS were mainly utilized to static wind tunnel test under the condition 

of no or small attitude range of the experimental model, and the study which includes large 

position/attitude change has been rarely reported. One of the reasons is the confined experimental 

region inside of its test section. For example, KAIST 30cm MSBS had only 6 × 6 × 6mm 

experimental region due to the limitation of position measurable range, which restricted further, in-

depth research for various position/attitude condition of the MAV model. In this study, wider 

experimental region in MSBS test section for effective wind tunnel test was established by applying 

stereo pattern recognition method which is explained in section 2.2. 

 

2.2 Stereo Pattern Recognition Method 

SPR(Stereo Pattern Recognition) method is a vision based 3D position measurement method using 

images from several stereo cameras. For a single camera system described in Figure 3, it is possible to 

transform the camera coordinate system into the object coordinate system using camera rotation 

matrix R3x3 and translation matrix T3x1. The relationship between 2D coordinate of the projected object 

in camera image plane and 3D camera coordinate can be found by using intrinsic parameters of the 

Fig. 2. Position/Attitude Control of the Experimental Model Inside of the MSBS Test Section [7]

Fig. 3.  Schematic Diagram of the Single Camera Coordinate System [11]
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Figure 4. Projected Object in Camera Image Planes [12] 

 

Since SPR method features non-contactable, high accuracy and wide measurement range, it can be 

applied for the position measurement system of the MSBS. In this study, Optitrack Prime 13W 850nm 

band infrared cameras are selected to organize SPR system. While this camera is small enough to be 

installed in the MSBS, it has high resolution, wide FOV (field of view), and appropriate FPS (frame 

per second) with low latency, which are suitable characteristics for measuring real-time position of the 

experimental model in wide range inside of the MSBS test section. 

 

 

3. MSBS-SPR Integrated System Development 

In order to integrate SPR system with MSBS, several processes for developing suitable subsystems 

for MSBS test environment were progressed. Firstly, magnetic shields for infrared cameras which 

compose the SPR system were designed. Due to strong magnetic field around MSBS test section, it is 

necessary to protect the electronic devices from the influence of this magnetic field for preventing 

malfunction. Especially in this study, there occurred malfunctions of infrared cameras which were 

mounted close to the MSBS test section such as infrared marker detection failure from infrared filter 

switcher malfunction. To reduce the influence from static magnetic field which is dominant in the 

MSBS test section by providing alternative magnetic field path, the magnetic shield was made of high 

permeability material (pure iron) with sufficient thickness (2mm) [13]. According to the performance 

Fig. 4.  Projected Object in Camera Image Planes [12]
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environment were progressed. Firstly, magnetic shields 

for infrared cameras which compose the SPR system were 

designed. Due to strong magnetic field around MSBS test 

section, it is necessary to protect the electronic devices 

from the influence of this magnetic field for preventing 

malfunction. Especially in this study, there occurred 

malfunctions of infrared cameras which were mounted close 

to the MSBS test section such as infrared marker detection 

failure from infrared filter switcher malfunction. To reduce 

the influence from static magnetic field which is dominant in 

the MSBS test section by providing alternative magnetic field 

path, the magnetic shield was made of high permeability 

material (pure iron) with sufficient thickness (2mm) [13]. 

According to the performance evaluation by using small 

permanent magnet and gauss meter, the measured magnetic 

shielding effectiveness for static magnetic field was 38.4dB. 

Two infrared cameras equipped with this magnetic shield 

were mounted at both side of the MSBS test section and 

confirmed to operate normally. In addition, other electronic 

devices such as control computers and power supplies were 

installed far from the MSBS test section to avoid the influence 

of the magnetic field.

Secondly, an integrated control system was constituted 

by developing the interfaces between the control system 

of MSBS and SPR. In order to control the position/attitude 

of the experimental model by generating appropriate 

magnetic field, the real-time position/attitude data of the 

experimental model measured by SPR system have to 

be transferred to control system of MSBS. Therefore, the 

hardware and software interface was developed as shown in 

the block diagram in Fig. 5. The measured 6 DOF position/

attitude data, which were computed by the SPR system, were 

transferred to digital signal processor (DSP) system by using 

user datagram protocol (UDP) and serial communication. 

To separate transmitted 6 DOF data into each DOF data 

which was used for input of MSBS proportional-differential 
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evaluation by using small permanent magnet and gauss meter, the measured magnetic shielding 

effectiveness for static magnetic field was 38.4dB. Two infrared cameras equipped with this magnetic 

shield were mounted at both side of the MSBS test section and confirmed to operate normally. In 

addition, other electronic devices such as control computers and power supplies were installed far 

from the MSBS test section to avoid the influence of the magnetic field. 

 

 

Figure 5. Block Diagram of MSBS-SPR Integrated Control System Interface 

 

Secondly, an integrated control system was constituted by developing the interfaces between the 

control system of MSBS and SPR. In order to control the position/attitude of the experimental model 

by generating appropriate magnetic field, the real-time position/attitude data of the experimental 

model measured by SPR system have to be transferred to control system of MSBS. Therefore, the 

hardware and software interface was developed as shown in the block diagram in Figure 5. The 

measured 6 DOF position/attitude data, which were computed by the SPR system, were transferred to 

digital signal processor (DSP) system by using user datagram protocol (UDP) and serial 

communication. To separate transmitted 6 DOF data into each DOF data which was used for input of 

MSBS proportional-differential (PD) controller, C language based S-function was used. By using this 

transmitted data, MATLAB Simulink based MSBS control system could generate real-time control 

signal for controlling the position/attitude of the experimental model based on proportional-

differential (PD) control method. Control panel for the MSBS-SPR integrated system to adjust control 

inputs or get system information was developed by using ControlDesk software. 

Fig. 5. Block Diagram of MSBS-SPR Integrated Control System Interface
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Figure 6. MSBS-SPR Integrated System Configuration 

 

Finally, the experimental model was developed. For the purpose of applying for both control 

performance evaluation and performance validation of accurate aerodynamic force measurement 

through wind tunnel test, the experimental model was designed as finite wing shaped with cross 

section of NACA0015. This model was fabricated by high resolution 3D printing using PLA (Poly 

Lactic Acid) material. In order to acquire smooth surface, the wet sanding procedure was performed 

using sanding block with ultra fine grit level sandpapers (P2000 and P4000). When the infrared light 

was emitted from external sources for marker detection which is the most common method in SPR 

measurement system, the optical noise was too high to effectively detect the infrared markers due to 

the infrared reflection at the wall and the surface of experimental model itself. In order to reduce the 

optical noise, this experimental model was designed to embed infrared LEDs as position markers for 

SPR system. In addition, it embedded 12 small neodymium magnets for position/attitude control as 

well as infrared LED circuit for position detection. Since all of these components were embedded 

Fig. 6. MSBS-SPR Integrated System Configuration
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(PD) controller, C language based S-function was used. By 

using this transmitted data, MATLAB Simulink based MSBS 

control system could generate real-time control signal for 

controlling the position/attitude of the experimental model 

based on proportional-differential (PD) control method. 

Control panel for the MSBS-SPR integrated system to adjust 

control inputs or get system information was developed by 

using ControlDesk software.

Finally, the experimental model was developed. For the 

purpose of applying for both control performance evaluation 

and performance validation of accurate aerodynamic force 

measurement through wind tunnel test, the experimental 

model was designed as finite wing shaped with cross section 

of NACA0015. This model was fabricated by high resolution 

3D printing using PLA (Poly Lactic Acid) material. In order 

to acquire smooth surface, the wet sanding procedure was 

performed using sanding block with ultra fine grit level 

sandpapers (P2000 and P4000). When the infrared light was 

emitted from external sources for marker detection which is 

the most common method in SPR measurement system, the 

optical noise was too high to effectively detect the infrared 

markers due to the infrared reflection at the wall and the 

surface of experimental model itself. In order to reduce 

the optical noise, this experimental model was designed to 

embed infrared LEDs as position markers for SPR system. 

In addition, it embedded 12 small neodymium magnets 

for position/attitude control as well as infrared LED circuit 

for position detection. Since all of these components were 

embedded inside of the experimental model, as shown in 

Fig. 6, it was possible to apply for wind tunnel test without 

any interference effect.

Figure 6 shows the configuration of main components 

of MSBS-SPR integrated system. The size of test section 

was 300 × 300mm and the wall of test section was made of 

non-reflecting plastic material to reduce the optical noise. 

In order to conduct the performance validation of accurate 

aerodynamic force measurement through wind tunnel test in 

section 4.3, the MSBS-SPR integrated system were installed 

at KAIST wind tunnel facility as shown in Fig. 7.

4.   Performance Evaluation of MSBS-SPR   
Integrated System

4.1 Measurement Accuracy of SPR System

Since the control signals from MSBS PD controller were 

computed based on the position/attitude measured by 

mounted SPR system, the SPR system measurement accuracy 

inside of the MSBS test section had to be identified. In order 
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inside of the experimental model, as shown in Figure 6, it was possible to apply for wind tunnel test 

without any interference effect. 

Figure 6 shows the configuration of main components of MSBS-SPR integrated system. The size of 

test section was 300 × 300mm and the wall of test section was made of non-reflecting plastic material 

to reduce the optical noise. In order to conduct the performance validation of accurate aerodynamic 

force measurement through wind tunnel test in section 4.3, the MSBS-SPR integrated system were 

installed at KAIST wind tunnel facility as shown in Figure 7. 

 

 

Figure 7. MSBS-SPR Integrated System Installed at KAIST 300 × 300mm Wind Tunnel 

 

 

4. Performance Evaluation of MSBS-SPR Integrated System 

4.1 Measurement Accuracy of SPR System 

Since the control signals from MSBS PD controller were computed based on the position/attitude 

measured by mounted SPR system, the SPR system measurement accuracy inside of the MSBS test 

section had to be identified. In order to evaluate the measurement accuracy of the mounted SPR 

system, a 3-axis stage, which was able to give precise movement for 3 independent directions, was 

Fig. 7.  MSBS-SPR Integrated System Installed at KAIST 300 × 300mm 
Wind Tunnel
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installed in the middle of the MSBS test section. 3 infrared markers were attached in front of this 3-

axis stage for detecting position. 

The 3-axis stage movement was measured by using mounted SPR system while this stage moved in 

X, Y, and Z directions at intervals of 3mm. Figure 8 shows the comparison result between the actual 

stage movement data and the measured data from the SPR system; the linear relationship between the 

stage movement and the SPR measured data was confirmed for all directions. The mean error and root 

mean square error (RMSE) of the mounted SPR system were calculated by using the 3-axis stage 

movement as a reference displacement. As shown in Table 1, the mean error(RMS error) of the SPR 

measured position per 1mm stage movement in X, Y, Z directions were calculated as 

0.0012mm(0.0041mm), 0.0021mm(0.0111mm), 0.0021mm(0.0048mm), respectively. 

 

 

Figure 8. Comparison Between Stage Movement and SPR Measured Data in X, Y, Z Direction 

 

Table 1. Mean/RMS Error of the SPR Measured Position per 1mm Stage Movement 

Direction Mean Error per 1mm RMS Error per 1mm 

X (mm) 0.0012 0.0041 

Y (mm) 0.0021 0.0111 

Z (mm) 0.0021 0.0048 
 

The range which could be measured by mounted SPR system was identified by using small test 

equipment and SPR software (Motive). The mounted SPR system could detect the infrared markers 

within approximately 200 × 200 × 200mm range, which means the position/attitude of the 

Fig. 8. Comparison Between Stage Movement and SPR Measured Data in X, Y, Z Direction

Table 1. Mean/RMS Error of the SPR Measured Position per 1mm Stage Movement
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to evaluate the measurement accuracy of the mounted 

SPR system, a 3-axis stage, which was able to give precise 

movement for 3 independent directions, was installed in 

the middle of the MSBS test section. 3 infrared markers were 

attached in front of this 3-axis stage for detecting position.

The 3-axis stage movement was measured by using 

mounted SPR system while this stage moved in X, Y, and Z 

directions at intervals of 3mm. Fig. 8 shows the comparison 

result between the actual stage movement data and the 

measured data from the SPR system; the linear relationship 

between the stage movement and the SPR measured data 

was confirmed for all directions. The mean error and root 

mean square error (RMSE) of the mounted SPR system 

were calculated by using the 3-axis stage movement as a 

reference displacement. As shown in Table 1, the mean 

error(RMS error) of the SPR measured position per 1mm 

stage movement in X, Y, Z directions were calculated as 

0.0012mm(0.0041mm), 0.0021mm(0.0111mm), 0.0021mm 

(0.0048mm), respectively.

The range which could be measured by mounted SPR 

system was identified by using small test equipment and 

SPR software (Motive). The mounted SPR system could 

detect the infrared markers within approximately 200 × 

200 × 200mm range, which means the position/attitude of 

the experimental model could be measured in this range. 

In comparison with the previous measurable range of 

photodiode position measurement system, which was only 

6 × 6 × 6mm, the measurable range was greatly expanded. 

Since the size of the MSBS test section was 300 × 300 × 

300mm, the mounted SPR system could cover most of the 

meaningful experimental region. In addition, it is expected 

that more precise measurement performance and wider 

measurable range could be achieved when optimizing the 

camera installation position or using additional cameras. In 

conclusion, it is possible to detect and track the movement 

of the experimental model precisely for wide range inside of 

the MSBS test section by using the mounted SPR system.

4.2 6 DOF Position/Attitude Control

The finite wing experimental model was levitated at the 

center of the MSBS test section by using the developed 

MSBS-SPR integrated system as shown in Fig. 9. Here, 

the frame shown in green solid lines denotes the ground-

fixed coordinate system. In order to levitate this finite wing 

experimental model, proportional-differential (PD) control 

method based on the real-time position/attitude measured 

by SPR system was used to generate control signals for 8 

electromagnets of the MSBS.

To evaluate the control performance of the MSBS-

SPR integrate system, the step input response test was 

conducted. The movement of the finite wing model was 

12 

experimental model could be measured in this range. In comparison with the previous measurable 

range of photodiode position measurement system, which was only 6 × 6 × 6mm, the measurable 

range was greatly expanded. Since the size of the MSBS test section was 300 × 300 × 300mm, the 

mounted SPR system could cover most of the meaningful experimental region. In addition, it is 

expected that more precise measurement performance and wider measurable range could be achieved 

when optimizing the camera installation position or using additional cameras. In conclusion, it is 

possible to detect and track the movement of the experimental model precisely for wide range inside 

of the MSBS test section by using the mounted SPR system. 

 

4.2 6 DOF Position/Attitude Control 

 

 

Figure 9. Levitated Finite Wing Model in the MSBS Test Section 

 

The finite wing experimental model was levitated at the center of the MSBS test section by using 

the developed MSBS-SPR integrated system as shown in Figure 9. Here, the frame shown in green 

solid lines denotes the ground-fixed coordinate system. In order to levitate this finite wing 

experimental model, proportional-differential (PD) control method based on the real-time 

position/attitude measured by SPR system was used to generate control signals for 8 electromagnets 

Fig. 9.  Levitated Finite Wing Model in the MSBS Test Section
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of the MSBS. 

To evaluate the control performance of the MSBS-SPR integrate system, the step input response 

test was conducted. The movement of the finite wing model was measured when the step input 

command was given: 3mm for X, Y, and Z directions and 3deg for RX, RY, and RZ directions. Figure 

10 shows the result of the step input response test and the mean error(RMS error) between the 

command signal and measured position/attitude at the final state in X, Y, Z, RX, RY, and RZ 

directions were calculated as 0.0425mm(0.0739mm), 0.0483mm(0.0910mm), 0.0880mm(0.1098mm), 

0.1043deg(0.1181deg), 0.0404deg(0.0416deg), 0.0231deg(0.0240deg), respectively. From the result 

of the step input response test, it was confirmed that the developed MSBS-SPR integrated system 

could control the position/attitude of the experimental model rapidly and accurately. In addition, it is 

expected that more precise control performance could be achieved when using exquisitely tuned PD 

gain or applying more advanced control methods. 

 

 

Figure 10. 3mm/3deg Step Input Response of the Finite Wing Model 

 

 

 

Fig. 10. 3mm/3deg Step Input Response of the Finite Wing Model
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measured when the step input command was given: 3mm 

for X, Y, and Z directions and 3deg for RX, RY, and RZ 

directions. Fig. 10 shows the result of the step input response 

test and the mean error(RMS error) between the command 

signal and measured position/attitude at the final state 

in X, Y, Z, RX, RY, and RZ directions were calculated as 

0.0425mm(0.0739mm), 0.0483mm(0.0910mm), 0.0880mm 

(0.1098mm), 0.1043deg(0.1181deg), 0.0404deg(0.0416deg), 

0.0231deg(0.0240deg), respectively. From the result of 

the step input response test, it was confirmed that the 

developed MSBS-SPR integrated system could control the 

position/attitude of the experimental model rapidly and 

accurately. In addition, it is expected that more precise 

control performance could be achieved when using 

exquisitely tuned PD gain or applying more advanced 

control methods.

Table 2. Mean/RMS Error of the 3mm/3deg Step Input Response
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Since the wide measurable range with high accuracy was 

acquired by utilizing SPR system, it was expected that the 

wide controllable range could also be acquired. Therefore, 

for the purpose of identifying the controllable range in the 

test section, position/attitude control test for each DOF 

was conducted by using finite wing experimental model. 

After levitating this model at the center of the MSBS test 

section, the controllable range for each DOF was identified 

respectively under the condition that output current of 

each power supply was limited up to 75% (15A) of its 

maximum output value for safety. As summarized in Table 

3, the controllable range in X, Y, Z, RX, RY, RZ directions 

were ±29mm, ±29mm, ±30mm, ±21deg, -10~+30deg, 

±30deg, respectively and further movement was restricted 

mainly due to the limitation of power supply capacity. 

Therefore, additional controllable range could be achieved 

by increasing the power supply capacity or optimizing the 

infrared camera/markers location.

Figure 11 shows the position/attitude control of the finite 

wing model in Y, RX, and RY direction. In addition, the wide 

range position/attitude control test in X and RX direction, 

when the step input control commands were given in -20mm 

to +20mm at intervals of 5mm for X direction and -20deg to 

+20deg at intervals of 5deg for RX direction, was performed 

and the result was presented in Fig. 12.

As shown in Table 3, Fig. 11 and Fig. 12, the developed 

MSBS-SPR integrated system could control the position/

attitude of the experimental model precisely for wide range 

inside of the MSBS test section. The controllable range 

was greatly expanded compared with the previous system, 

which only had ±3mm for translational DOFs and ±5~10deg 

for rotational DOFs, by solving the problem arisen from 

the limitation of the measurement ranges. Since the wide 

experimental region was acquired, it is expected that this 

MSBS-SPR integrated system had great potential which could 

be applied for further, in-depth researches for aerodynamic 

characteristics identification of MAV.

4.3   Static Wind Tunnel Test in Expanded Attitude R 
ange

Lastly a static wind tunnel test was conducted to 

quantitatively evaluate the aerodynamic force and moment 

measurement capabilities of this MSBS-SPR integrated 

system. KAIST 300 × 300mm wind tunnel (Model AD-

OWT300, Sewon Engineering Co.) was used for the static 

wind tunnel test, as shown in Fig. 7. This open circuit type 

wind tunnel has a turbulence intensity less than 0.8% and a 

velocity variation within 1.0% at 1-5m/s and 0.8% at 5-30m/s 

[14]. The dynamic calibration was conducted before the wind 

tunnel test [15]. The detailed dynamic calibration procedure 

and results were explained in Appendix A.

We chose two different freestream speeds of 3.0 and 

6.0m/s, typical flight ranges of MAVs. We acquired 7,500 

individual data and averaged for these values, and confirmed 

that ensemble averages required ~1,000 samples in pre-stall 

region, and ~5,000 samples in post-stall region to converge 

itself. This describes that 7,500 samples are fully sufficient to 

statistically evaluate the measurement results. In addition, 

we employed JavaFoil [16], which contains a stall prediction 

model [17] and a scheme for a finite span [18], to calculate 
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theoretical results for fair comparison.

Figure 13 describes the measurement results at Re=6.4×104 

with the RMS levels at each angle of attack. All the curves 

clearly showed that our integrated system is fully replaceable 

for conventional wind tunnel testing. Low RMS level of 2.54% 

in pre-stall region was also comparable with that from the 

conventional experiments. Moderate RMS levels (~19.1%) 

after the angle of attack of 16.4°, which reflected the flow 

separation and vortex shedding on the suction side of 

the wing model in post-stall region, clearly demonstrated 

the measurement capability of highly fluctuated wake 

characteristics. Strouhal number in this region was 

calculated as ~0.22, which was in good agreement with that 

for various bluff bodies [19].

Figure 14 shows the measurement results of CL and 

CD at two different Re values of 3.2 and 6.4×104 and 

the calculations using the JavaFoil at the Re of typical 

aircrafts (Re~108). We found that observable peaks near 

the stall angle of attack, which cannot be predicted by the 

aerodynamic model [17]. This implies that our integrated 

system can accurately detect laminar separation and stall 

characteristics in low Re condition. Slight lift augmentation 

in small angles of attack (0°<α<5°) at Re=3.2×104 should also 

be highlighted, because it is known as one of the low Re 

characteristics on NACA-series airfoils due to the leading-

edge bubble [20]. Of note is very accurate drag coefficients 

in both measurement cases. Most tests in low Re condition, 

the CD had been ignored or estimated by the velocity deficit 

of the wake [19], because the drag in low Re is commonly 

too weak to measure using typical balance system. The CD 

obtained by using our integrated system clearly demonstrate 

the outstanding capability of the system over typical wind 

tunnel measurement system consisting of the mechanical 

balance and supports.

5. Conclusion

In this paper, an MSBS-SPR integrated system was 

developed for the purpose of establishing expanded 

experimental region for wind tunnel test. In order to 

integrate SPR system with MSBS, two infrared cameras 

equipped with magnetic shield, which was designed for 

preventing malfunction caused by strong magnetic field, 

were mounted at both side of the MSBS test section. The 

integrated control system was prepared by developing the 

interfaces between the control system of MSBS and SPR 

using digital signal processor and user datagram protocol 

(UDP) / serial communication. The experimental model with 

NACA0015 airfoil was fabricated by embedding permanent 

magnets and infrared LED circuits to reduce optical noise 

and interference from infrared marker detection.

A series of performance evaluation tests were performed 

for the developed MSBS-SPR integrated system, including 

SPR system measurement accuracy, six degrees of freedom 

(DOFs) position/attitude control and static wind tunnel 

test in expanded attitude range. From the performance 

evaluation results, it was confirmed that the mounted 

SPR system can detect and track the movement of the 

experimental model with higher accuracy and wider range 

than other conventional apparatuses. The experimental 

model could be rapidly and accurately controlled within 

almost 60mm for translational DOFs and 40deg for rotational 

DOFs inside of 300 × 300mm test section, and thereby the 

wide experimental region was acquired. In addition, through 

static wind tunnel test in wide angles of attack range, the 

ability to measure accurate aerodynamic forces in low 

Reynolds number region was verified.

By using this MSBS-SPR integrated system which features 

the wide experimental region and the capability of measuring 

accurate aerodynamic forces, it is expected that various 

research for aerodynamic characteristics identification 

of MAV such as static/dynamic wind tunnel test can be 

effectively conducted.
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Appendix A. Dynamic Calibration of the Ex-
perimental Model

Since MSBS utilizes the magnetic force to control the 

position/attitude of the experimental model, it is possible 

to calculate the external force acting on the model from the 

additional current applied, when the relationship between 

the magnetic forces and the applied currents is known. 

This relationship can be achieved by performing dynamic 

calibration procedure.
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to achieve the proportional constants (Ki) if we know the 

acceleration and control command simultaneously. The 

mass of the finite wing experimental model was 771.66g 

measured by using an electronic scale and the acceleration 

could be calculated using the position measurement data 

from SPR system.

To perform the dynamic calibration, the sinusoidal 

control command was applied to excite the experimental 

model in X and Z direction. The amplitudes of the sinusoidal 

control command were given in 0.3mm to 1.5mm at intervals 

of 0.3mm while the frequency was fixed to 1Hz. While the 

model was excited, the position was measured by using SPR 

system for post-process using equation (A.1).

Figure A1 shows the relationship between the magnetic 

forces and the control command in X, Z direction; the 

linear relationship was confirmed for all directions and the 

proportional constants (Ki) were 0.0548 N/V for X direction 

and 0.1030 N/V for Z direction. Since the coordinate system 

of MSBS was defined as X direction parallel to freestream and 

Z direction perpendicular to freestream, these proportional 

constants for X and Z direction were used to calculate the 

aerodynamic drag and lift forces, respectively.
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