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Abstract- This study proposes a new method for the design 

and performance verification of flight controller of MA Vs using 

a magnetic suspension and balance system (MSBS), which is not 

only a non-contact type of balance but also a non-contact type of 

actuator. It can control the position and attitude of an 

experimental model and measure the external forces and 

moments acting on the model. It can also reduce or remove 

magnetic control forces or moments, which are used as 

constraint forces or moments during levitation, for specifically 

selected degree of freedoms (DOFs). A yaw controller for a 

flapping-wing MA V model was systematically designed using 

these advantages of the MSBS. The performance of the 

controller was verified under a free yaw condition; a free flight 

condition was emulated for the yaw DOF during a wind tunnel 

test while the magnetic constraint moment for the yaw direction 

was removed and the other positions and attitudes of the model 

were fixed by the MSBS. 
I. INTRODUCTION 

Unmanned Aerial Vehicles (UAVs) have become useful in 
various missions, such as search and rescue, the detection of 
forest fires, weather observation, target detection and military 
reconnaissance due to their higher mobility and relatively low 
cost [l]. Micro Air Vehicles (MAVs), a type of UAV, are 
more suitable in certain fields [2]. In particular, flapping-wing 
MA V s can be employed in many dangerous situations to 
avoid casualties by making good use of their tiny size, 
exceptional maneuverability, and camouflaging ability in 
military missions [3-4]. In addition, multi-vehicle flight 
schemes can improve their level of mission capability. As a 
result, that many researchers have studied planning, sensing, 
and controlling systems to enable multi-vehicle flight [5]. 
Autopilot systems, which make the flight of a MA V more 
stable and controllable, should be integrated into MAVs due 
to the obvious limitation, if manually controlled, of their usage 
while performing complicated missions. The Flight dynamic 
characteristics of a MA V also need to be well identified in 
order to design a stability and controllability augmented 
system (SCAS) systematically for the MA V [6-7]. 
Aerodynamic simulations or wind tunnel tests for various 

flight conditions are common methods that can be used to 
identify the flight dynamic characteristics of MAVs [8-10]. 
However, the small size and low flight speeds of MA Vs 
reduce the Reynolds number, and an accurate simulation of 
the aerodynamic forces and moments given a flow with a low 
Reynolds number is a complicated task [11]. Flapping-wing 
MA Vs have very flexible wings and oscillatory flight 
characteristics. Therefore, the aeroelastic interaction between 

Dong-Kyu Lee. Ph.D. Candidate, is with the Department of Aerospace 
Engineering, KAlST, Daejeon, Korea (dongkyu_lee@ kaist.ac.kr). 

Jae-Hung Han, Professor, is with the Department of Aerospace 
Engineering, KAlST, Daejeon, Korea Uaehunghan@kaist.ac.kr). 

their wings and an unsteady airflow should also be considered 
[12-13]. Various types of interference generated by different 
instances of mechanical support are more influential on the 

results of wind tunnel tests under these conditions [14]. Above 
all, performance verifications of designed SCASs are very 
difficult because free flight tests are seriously affected by 
environmental factors such as the space used and the weather. 
In addition, such assessments would be very risky with 
untested SCAS [15-16]. These difficulties make it 

challenging to design and implement SCASs for MAVs. This 
paper proposes a new idea for the design and implementation 

of flight controllers for MAVs that involves the use of 
magnetic levitation equipment and a flapping-wing MA V 
model. 
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Fig. 1. Configuration of the magnetic suspension and balance system 
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II. METHOD 

A MA V model is fixed at the center of the test section of a 
wind tunnel by a magnetic suspension and balance system 

(MSBS) without any mechanical support such that the 
aerodynamic forces and moments acting on the model can be 

measured from wind tunnel tests while support interference is 
eliminated. The flight dynamic characteristics of the MA V 
model are identified based on the results of wind tunnel tests 
so that the flight controller can be designed systematically. 

Each degree of freedom (DOF) of the MA V model can be 
released individually by adjusting the magnetic constraint 

forces or moments generated by the MSBS so that the MAV 
model can move freely only for that DOF. Therefore, the 

performance of the designed flight controller can be verified 
for the selected DOFs. 

A. Magnetic Suspension and Balance System 

A magnetic suspension and balance system is a device that 
can levitate an experimental object. It is magnetized or has 
permanent magnets inside and uses the magnetic forces and 

moments between a model and electromagnets. Therefore, the 
MSBS can fix a certain model at the center of the test section 
of a wind tunnel without any mechanical connections during 
wind tunnel tests. At the same time, the MSBS can measure 

the external forces acting on the model from the current 
intensities of the electromagnets. These levels are 

proportional to the magnetic forces between the model and the 
electromagnets. The MSBS can be an ideal solution for 

several types of wind tunnel tests, as it removes the 
interference problem associated with the airflow during these 

tests [17]. 

The MSBS in this study has two large permanent magnets 

and eight electromagnets, as shown in Fig. 1. These magnets 
allow it to control six DOFs of an experimental model 

containing permanent magnets. The electromagnets have 
outer and inner diameters of 200 mm and 128 mm, 

respectively, while the thickness is 40 mm and the number of 
turns is 317. The large permanent magnets are made of 

neodymium, whose remanence is 1.39 T. They have an outer 
diameter of 150 mm, an inner diameter of 50 mm, and a 
thickness of 50 mm. 
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A laser beam starts from the outside of the test section, 
reaching the reflective seal attached onto the surface of the 

model (Fig. 2). Part of the laser beam is reflected from the seal, 
and the reflected beam arrives at a spot on the 2D photodiode 
installed outside of the test section. The controller of the 
photodiode gives two output values that are proportional to 

the 2D position of the spot on the photodiode. If the model 
moves, the reflected laser beam arrives at the other spot on the 

photodiode. The controller of the photodiode then causes the 
output values to change, with which the motion of the 

reflective seal attached onto the model can be detected. One 
set of this optical sensor system can measure 2-DOF motion of 

the model. Three sets in total are installed on upper, lower, 
and side surfaces of the test section so that the entire sensor 

system can measure 6-DOF motion of the model. 

The MSBS has eight electromagnets. These 
electromagnets can generate magnetic forces and moments to 
control the motion of the model with appropriate 

combinations of the pole directions [18]. DSI103 of 
dSPACETM is used as the control hardware for the MSBS in 

order to control the position and attitude of the experimental 
model. It has 16 channels of AD converters and eight channels 
of DA converters with a 12-bit resolution; eight channels of 
the AD converter are used to obtain the position sensor signals 

and eight channels of the DA converter are used to send input 
signals to eight electromagnets. 

The MSBS can countervail most of the weight of the 
model with the magnetic forces between the large permanent 

magnets of the MSBS and the small permanent magnets of the 
model. Through active feedback based on these measured 
positions and attitudes, the MSBS adjusts the current 
intensities of the electromagnets that generate magnetic fields, 

allowing the position and the attitude of the model to be 
controlled by the magnetic forces and moments between the 

electromagnets of the MSBS and the permanent magnets of 
the model. The equation of motion of the aerodynamic model 

levitated by the MSBS can be expressed as 

mx =F, +F, , k k ,t kMSBS ,t kExt ,t (1) 

where k indicates each DOF and where t is the time. The 

magnetic forces and moments between a permanent magnet 
and an electromagnet are proportional to the magnetic fields 

generated by the electromagnets, and the magnetic fields are 
again proportional to the current intensities [19]. Meanwhile, 

the current intensities for each electromagnet are proportional 
to the control commands for control of each DOF such that the 

magnetic force or moment required to fix a certain DOF of the 
experimental model is proportional to the control command 

related to that DOF [20]. 

(2) 

Here, Uk,t is the control command for the eh DOF. Kk 
is a proportional constant between the magnetic force or 

moment and the control command for the kth DOF; these 

proportional constants can be measured through a calibration 

process [21]. The position and attitude of the model are 
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measured by the optical sensor system, and the magnetic 
forces and moments can be obtained from the control 

commands. If the mass and mass moment of inertia of the 

model (mk ) are measured or calculated, the external forces 

and moments acting on the model (Fk t ) can be calculated Ext' 
from Eq. (1). 

B. DOF Adjustment 

The MSBS continuously measures the posItIOn and 

attitude of the model, calculates the control commands, and 
supplies an appropriate amount of electric current to each 

electromagnet through a feedback control algorithm in order 
to levitate the model inside the test section. The feedback 

control algorithm of the MSBS is composed of six 
independent proportional-differential controllers. As 

mentioned above and as expressed by Eq. (2), the magnetic 
constraint forces and moments of the MSBS are proportional 

to the control commands calculated from the control 
algorithms for each DOF. Therefore, DOF adjustments of the 

MA V model can be performed for an arbitrary selected DOF 
by changing the values of the 'DOF Adjustment Vector' 
shown in Fig. 3. The magnetic constraint force or moment can 
be reduced gradually or removed completely. If several 

magnetic constraint forces and moments are eliminated, it can 
be said that the free flight condition is emulated. In such a case, 

the MA V model can move freely for those DOFs [22]. 
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Fig. 3. Six independent PD controllers for magnetic constraint forces and 
moments 

C. Flapping- Wing MA V Model 

A flapping-wing MA V model was constructed, as shown 
in Fig. 4. The wing span of the model is 270 mm, the body 
length is 140 mm, and the chord length of the wing is 105 mm. 
A single DC motor drives its X -wing type flapping wing. It has 
one elevator and one rudder as a control surface, and each 

control surface is controlled by a servo motor. Actuator 
signals are transmitted through a 2.4 GHz wireless module, 
and all electronic components are powered by a lithium 

polymer battery pack (7.4 V, 300 mAh). The model has six 
small permanent magnets made of neodymium (remanence: 
1.39 T) so that the position and attitude of the model can be 
controlled by the magnetic forces and moments of the MSBS. 

Two of them have a diameter of 30 mm and a thickness of 5 
mm. The diameter and thickness of the rest are 20 mm and 5 

mm, respectively. No reliability problems associated with the 
electronics of the MAV model caused by the magnetic fields 
were observed during this study, but it is necessary to examine 
possible electromagnetic interference problems in further 
experiments. 

Fig. 4. The flapping-wing MAY model for the DOF adjustment experiment 

D. System Identification through Wind Tunnel Test 

The small disturbance theory can be applied if the motion 

of the MA V model is assumed to have a small amount of 
deviation from its steady flight. The small-disturbance 

equation is composed of the mass, mass moment of inertia, 
motion variables, and the changes in the aerodynamic forces 

and moments. The equation of motion can be obtained using 
wind tunnel tests for a variety of motion variables, such as 

state variables and control variables [6]. To highlight the DOF 
adjustment method, only yaw motion of the MA V model is 

featured in this paper. The equation of motion of the 
flapping-wing MAV model for pure yaw motion can be 

written as 

(3) 

where Ij/ is the yaw angle, r is the yaw rate, N is the yaw 

moment, and Jr is the rudder angle. The yaw angle and yaw 

rate are state variables and the rudder angle is a control 

variable. N , N , and N � are stability derivatives; these f// r Ur 
variables can be expressed as combinations of stability 
coefficients, as shown below. 

(4) 
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In these equations, Y is the side force, Q is the dynamic 

pressure, S is the wing area, b is the wing span, and Iv is 

the distance from the center of mass to the aerodynamic center 

of the vertical tail. Uo is the flow speed of the wind tunnel and 

I z is the mass moment of inertia with respect to the yaw axis. 

Therefore, the stability derivatives in Eq. (3) can be obtained 

if the stability coefficients C N ' C N _ , and Cy' are 
If Or If 

extracted from wind tunnel tests. 

III. EXPERIMENT 

A. Stability Coefficients and Yaw Angle Controller 
The MSBS in this study was installed on a 30 cm x 30 cm 

low-speed wind tunnel of which the range of flow speed is up 
to 30 mls. To obtain the stability coefficients, the aerodynamic 
forces and moments were measured using the MSBS for 
various yaw angles and rudder angles during wind tunnel tests, 

as shown in Fig. 5. Airflow interference generated by 
mechanical supports during the wind tunnel tests can be 
eliminated if the aerodynamic forces and moments acting on 
the model are measured using the MSBS [23]. 

Fig. 5. Flapping-wing MA V model levitated inside the test section of the 
wind tunnel by the MSBS 

The flow speed of the wind tunnel was fixed at 3 mls and 
the flapping frequency of the MA V model was fixed at 4 Hz. 
Figs. 6-8 show the measured aerodynamic coefficients for 
various motion variables; yaw angles, and rudder angles. Each 

slope in these figures denotes a stability coefficient (C N ' 
V' 

C N ' or Cy' ), as required to calculate the stability 
°r IjI 

derivatives from Eq. (4), with which the equation of motion 

for the pure yaw motion of the flapping-wing MA V model can 
be obtained. In order to control the yaw angle of the model, a 

proportional-differential controller was selected as a feedback 
control algorithm. This yaw angle controller is implemented 
on the ground station and receives yaw angle information from 

the optical sensor system of the MSBS. After some proper 
calculation, it sends the actuator commands to the servo motor 
linked to the rudder through a wireless transmitter module to 
keep the yaw angle of the flapping-wing MA V model near the 
desired yaw angle. 
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B. Yaw Control Test under Free Yaw Condition 
The magnetic constraint moment generated by the MSBS 

for control of the yaw angle can be removed to generate the 
free yaw condition. The flapping-wing MA V model can move 
freely in the yaw direction, and the performance of the 
implemented yaw controller can be verified. Fig. 9 shows the 
yaw angle and normalized rudder command of the 
flapping-wing MA V model. While the flapping-wing MA V 
model was fixed at the center of the test section and the yaw 
controller was not activated, the magnetic constraint moment 
for the yaw direction was removed. Due to the thrust 
difference between the left and right wings of the model, the 

yaw angle diverges from the desired value. After the yaw 

angle is adjusted so that it is closer to the desired value by 
hand at t = 6 s, it diverges again. This DOF adjustment 
condition was utilized again for the performance verification 
of the yaw controller. While the flapping-wing MA V model 
was fixed at the center of the test section, the magnetic 

constraint moment for the yaw direction was removed after the 
yaw controller was activated. Fig. 10 shows the same data set, 
where the yaw angle stays close to the desired value; the 
root-mean-square value of the error is 4.26 deg, although the 
thrust difference still exists. 
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Fig. 10. Yaw angle of the flapping-wing MAV model with a yaw controller 

IV. CONCLUSION 

The MSBS employed in this paper can levitate an 
experimental model without any mechanical contact using 
magnetic forces and moments. It can also measure the external 
forces acting on the model. The magnetic constraint forces 
and moments can be adjusted individually for each DOF of the 

model. This paper presents a new wind tunnel test method that 
can replace real flight tests for the design and performance 
verification of a flight controller by utilizing these special 
functions of the MSBS. The multi-component aerodynamic 
forces and moments acting on a flapping-wing MAV model 
for various motion variables were measured without support 

interference during wind tunnel tests. These results were used 

to obtain the equation of motion of the model for pure yaw 
motion so that the flight dynamic characteristics can be 
identified. A yaw controller was designed with the equation of 
motion, and its performance was successfully verified under a 
free yaw condition in which the model was levitated inside a 
test section of a wind tunnel by the MSBS while the magnetic 

constraint moment for the yaw direction was removed. 
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