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Abstract: Aiming at the problem that the single sensor of the coaxial UAV cannot accurately measure
attitude information, a pose estimation algorithm based on unscented Kalman filter information
fusion is proposed. The kinematics and dynamics characteristics of coaxial folding twin-rotor UAV
are studied, and a mathematical model is established. The common attitude estimation methods
are analyzed, and the extended Kalman filter algorithm and unscented Kalman filter algorithm are
established. In order to complete the test of the prototype of a small coaxial twin-rotor UAV, a test
platform for the dynamic performance and attitude angle of the semi-physical flight of the UAV
was established. The platform can analyze the mechanical vibration, attitude angle and noise of
the aircraft. It can also test and analyze the characteristics of the mechanical vibration and noise
produced by the UAV at different rotor speeds. Furthermore, the static and time-varying trends of
the pitch angle and yaw angle of the Kalman filter attitude estimation algorithm is further analyzed
through static and dynamic experiments. The analysis results show that the attitude estimation of
the UKF is better than that of the EKF when the throttle is between 0.20 and 0.90. The error of the
algorithm is less than 0.6°. The experiment and analysis provide a reference for the optimization of
the control parameters and flight control strategy of the coaxial folding dual-rotor aircraft.

Keywords: rotor; aircraft; control; system; software; PID; attitude; filtering; unmanned aerial vehicle
(UAV)

1. Introduction

The measurement accuracy of the attitude information of a coaxial UAV directly
affects the navigation accuracy of the speed and position. The gyroscopes, accelerometers
and magnetometers are often used as attitude measurement devices. Gyroscopes have
cumulative errors, while accelerometers and magnetometers are subject to greater external
interference. Effective data fusion is required to ensure a more accurate attitude horn. The
flight principle of coaxial twin-rotors is similar to that of a common helicopter. Two coaxial
blades with the same diameter, but rotating in opposite directions, are used to control
the pitching and rolling attitude of the aircraft by changing the pitch of the tilting disk.
However, unlike helicopters, coaxial twin-rotors cancel the tail rotor used to balance the
yawing moment on the helicopter and realize the yawing motion of the aircraft through
the differential control of the twin-rotors. With the continuous development of power,
automatic control and micro-system technology, multi-axis rotor aircraft represented by
four-axis rotors have achieved great success. Rotors have been widely used in consumer
drones, plant protection, aerial photography and other industries [1-3].

The UAV has the advantages of small size and high aerodynamic efficiency. However,
the inner and outer shafts of the coaxial upper and lower rotors are commutated by the
bevel gear of the main reducer. It has a complex structure and control mechanism, as well
as complicated vibration characteristics and nonlinearity. The helicopter rotor rotation
test-bed designed by Wu Zhigang is used to measure the noise when the rotor rotates. The
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anechoic chamber creates a completely anechoic test environment without affecting the
rotor flow field, which can meet the test requirements of the model rotor noise radiation
characteristics of the helicopter main rotor and tail rotor, and provides an ideal test facility
for studying helicopter rotor noise. Zhang Donglin analyzed the inherent characteristics
and sensitivity of coaxial counter-rotating closed differential gear trains. The correctness of
the theoretical analysis is verified by an example calculation, which provides a basis for
the inherent characteristic analysis and optimal design of coaxial counter-rotating closed
differential gear trains. An experimental study by Prasad Rao Jubilee analyzes the influence
of the different motor duty ratio and propeller pitch value on motor propeller systems
with two to four coaxial rotors. The results show that, in the dual-rotor coaxial system,
in order to reduce the adverse effects of the front rotor backwashing and run at the best
performance, only the initial work of the rear motor should reach 75% duty cycle before the
front motor reaches 75% duty cycle. Additional thrust requirements should be generated
from the rear rotor and then from the front rotor until its maximum duty cycle [4].

The yawing of UAVs is realized by the differential speed of the upper and lower
propellers in producing different torques. The up-and-down power of the UAV is trans-
mitted by gear reduction transmission. Therefore, the mechanical noise and vibration
of an unmanned aerial vehicle (UAV) in flight are inevitable. This noise and vibration
will have great influence on MEMS accelerometers and sensors. The UAV’s attitude and
control are directly affected during actual flight. Consequently, an effective data filtering
method can better control the attitude of the UAV, and then the position information of the
UAV can be determined in order to control the UAV to fly autonomously. Adam Bondyra
introduced the development of a comprehensive data-driven FDI method for the rotor
failure of multi-rotor UAV. The algorithm aims at early detection of damaged rotor faults,
which lead to the decline of flight stability, decrease the safety of UAV operation and
increase the power consumption of the power train. The paper analyzes the kinematics
and dynamics characteristics for the coaxial attitude estimation method and establishes
a hardware-in-the-loop simulation attitude angle test platform to analyze the mechanical
vibration and attitude angle performance of UAVs. For the experimental analysis of the
mechanical vibration characteristics of different rotor speeds, the EKF and UKEF filtering
algorithm models are established, and the trend of attitude changes over time is verified in
static and dynamic conditions, respectively. The UKF attitude estimation method is better
than the EKF attitude estimation method, and the test flight experiment verifies that the
proposed algorithm has better attitude estimation results for the coaxial UAV.

2. Modeling of Coaxial UAV

The mathematical model of coaxial UAV is the basis of flight control and navigation
method research. In order to enhance the trueness of the model in the control system
simulation, a 6-DOF dynamic equation is established. In order to realize the flight balance
and movement of the co-axial twin-rotor aircraft, it is necessary to have a mathematical
model of the system first, and then analyze the characteristics and control of the system.
Therefore, the establishment of the mathematical model has a particularly important
influence on the control of the whole system [5-8]. According to the Newton Euler formula,
the state equation describing the motion characteristics of the co-axial twin-propeller
aircraft is derived, and the mathematical model of the aircraft is established. As can be
seen from the following Figure 1, the common axis dual-rotor UAV is mainly composed of
upper and lower rotors, fuselage, control panel, control mechanism and controller battery
core cabin. The lift is generated by the up-and-down counter-rotor rotation of the UAV. The
structural model diagram is shown in figure. The lateral movement generates the lateral
force component through the tilt of the control panel, and the control quantity includes four
input quantities: throttle input, roll, pitch and yaw [9,10]. The structural model diagram
of coaxial twin-rotor UAVs includes the kinematic model and dynamic model, as shown
in figure.
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Figure 1. Structural model diagram of coaxial twin-rotor UAV.

The whole system of the coaxial twin-rotor UAV is complex, and the coupling degree
between modules is high. In order to better analyze the dynamics and kinematics math-
ematical model of coaxial twin-rotor UAVs, the coaxial twin-rotor UAV is divided into
several subsystems. Formula 1 is the nonlinear model.

X = f(xuw) @

2.1. Dynamics Model of a Coaxial Twin-Rotor UAV

Before deriving the dynamic model of the co-axial twin-rotor UAYV, it is assumed that
the UAV is a rigid body, its center of mass is on the central axis of the UAV, and the whole
UAV is completely symmetric. The six degrees of freedom kinematic equation and the
Newton-Euler dynamic equation follow. The dynamic equation of UAV can be expressed
as Equation (2).

4V
LE=mg @)
M=

—
In the abovementioned formula, F is the resultant force of the external force of the

coaxial dual-rotor UAV. Y7 is the linear velocity at the center of mass. m is the total mass of
the rotor UAV. M is the total moment of external force. L is the total momentum moment.
The above-mentioned dynamic equations are obtained in the static coordinate system, but
the UAV is always moving when it performs its mission; thus, the dynamic equations in
the dynamic coordinate system should be considered when studying the dynamics of UAV.
According to Euler’s equation of motion, the absolute derivative in dynamic coordinate
systems can be obtained as follows.

— = - = — - = =
zP:(m‘{){) +Q><P<:>ZF:m(V+Q><V
— d? mtﬁ — — - = = - = ®)
ZM:(#) +Q><L<:>ZM:I~Q+Q><<I><Q)
rot

Combining the dynamic equation with the motion of coaxial twin-rotor UAVs, the
matrix expression of its dynamics can be obtained as follows:

_ {Fb] _ [wb X (th)] @)

M, wp X (Iwy)

Vy

|:m13><3 03><3]
wy

033 I

where V), represents the speed of the coaxial dual-rotor UAV in the body coordinate system
relative to the geographic coordinate system; w;, represents the coaxial dual-rotor UAV in
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the body coordinate system relative to the geographic coordinate system angular velocity;
I3 3 represents the unit matrix of the moment of inertia; I represents the moment of inertia
of the coaxial dual-rotor drone; F, represents the external force on the coaxial dual-rotor
drone in the body coordinate system combined; M, represents the external moment that the
coaxial dual-rotor UAV in the body coordinate system is combined. In order to facilitate the
calculation and understanding in the future, the linear motion of the UAV is represented by
the geographic coordinate system, and the attitude change of the UAV is represented by
the body coordinate system. Thus, the formula above (4) can be changed as follows.

- [AZJ - Lub 33?13%)} )

During the flight of the coaxial twin-rotor UAV, the resultant force is mainly composed
of three forces, which are the lift generated by the rotation of the blades, the gravity of the
UAV itself and the air resistance during the flight of the UAV. In the airframe coordinate
system, the force formula of UAV is as follows in Formula (6).

Vi

rn13x3 03x3]
wy

03x3 I

Y F, =Fr — Fg + C}Fp (6)

where C}, is the rotation matrix. The lift generated by the upper and lower blades of the
UAV is F; and F, respectively, and the direction of the generated lift is perpendicular to the
blade tip. When the UAV is flying in an environment with no wind or low wind speed, the
influence of air on the UAV’s flight attitude can be neglected. The lift force of the UAV in
hovering state is shown in Formula (7).

0
Fpr = 0 (7)
F + F;

where Fj, F, are the lift generated by the rotation of the upper and lower blades. F,,
represents the projection of the lift generated by the lower blade on the z-axis. The lift
generated by the rotation of the blades can be calculated using the following formula.

Fr = bw? (8)

where b represents the Blade lift coefficient. w represents the rotational angular velocity of
the blade.

2.2. Kinematic Model of Coaxial Twin-Rotor UAV

From the above definition, we can determine that the speed of the coaxial dual-rotor

UAV in the body coordinate system is Vj, = [u v w]T. Convert it to the speed in the Earth
coordinate system through the rotation matrix and express it as follows.

x = ucosfcos i+ v(sin @ sin ¢ cos P — cos P sinP) + w(sin 6 cos ¢ cos P + sin ¢ sin )
y = ucosfsiniy + v(sin 6 sin ¢ sin P + cos ¢ cos P) + w(sin 6 cos ¢ sin i — sin ¢p cos ) )
z = —usin® + vsin ¢ cos 6 + w cos ¢ cos 6

The relationship of the line motion of the drone was discussed above. Next, using the
previous rotation formula to convert the angular velocity of the coaxial dual-rotor UAV in
the body coordinates into the angular velocity of the geographic coordinate system is as
follows.

0 0 ) 1 0 —sin@ ¢
] = R(x,¢)R(y,0) (0) +R(x,¢) |0| + [0] = [O cos ¢ singbcos@] 0 (10)
0 0

P 0 —sing cos¢cost P
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Equation (10) can also be transformed into the following.
¢ =p+ (rcos¢ + gsin¢) tand
6 =gcos¢p —rsing (11)
P = Colse(rcosgb +gsin¢)

In the kinematics model of the UAV, when the coaxial twin-rotor UAV is flying at a
slow speed or hovering in the air, the air resistance of the airframe is very small and can be
ignored. Moreover, because the blade selected by the UAV is made of carbon fiber, and its
weight is relatively light, the gyro effect produced by the blade can be neglected, which
will not affect the flight of the UAV.

The designed coaxial twin-rotor UAV is a nonlinear system with four inputs and six
outputs. Its four inputs are the rotational speed of the upper and lower blades and two
steering gears. In order to establish a controller for its system model and its characteristics,
the system inputs are defined as Formula (12):

Uy =F+ b,
U, = Mrp,

12
Us = My, (12)

Uy = Myp — My,

where U is the height control quantity; U, is the pitch control quantity; Us is the roll
control quantity; Uy is yaw control.

Formula (12) is merged with Formula (9) to obtain the following mathematical model
of coaxial twin-rotor UAVs:

X = (sin9c0s¢cos¢+singbsinlp)%
y = (sin 6 cos ¢ sin P — sin ¢ sin 1/;)% (13)
z= %cosd)cos@ -8

Combined with the above requirements, the general nonlinear system model of coaxial

UAVs is as follows. B [
= L=y + 2
o= by + 4 o

. Ix_I .. u
Y=o+ T

2.3. Attitude Estimation Methods

Common attitude estimation methods include the Mahony complementary filtering
algorithm, extended Kalman filtering algorithm, etc. Aiming at the structural characteristics
of coaxial twin-rotor UAVs and considering the sensor noise, the extended Kalman filtering
algorithm and unscented Kalman filtering algorithm models are established [11]. The
established nonlinear equation is shown in Equation (15).

xp = f(Xp—1, Uug) + wi
{ zp = h(xg—1) + vk (15)

where wy ~ (0,Qx), vk ~ (0, Ry). Considering the discretization equation of the nonlinear
system, Equation (16) can be expressed as follows.

{ x(k) = fla(k — 1),k — 1) + w(k —1) (16)

where x (k) is the state matrix of the time system at time k; z(k) is the observation matrix
at time k; f(x(k),k) and h(x(k), k) are measurement state functions, which represent the
predicted state of the nonlinear discrete system. Here, it is assumed that the state quantity
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of the system is x(k) = (qo(k) q1(k) g2(k) g3 (k) buwx (k) bwy(k) bwz(k)), where x(k) includes
the attitude quaternion and random drift quantity of three rotating axis gyroscopes.

. bx by bz

qo 0 Wy TWyp _wrbzb q0

1 ngl; 0 Wi | || (17)
G| 2w,y —wi 0 wip | |42

T Wi wy —wly o0 | LB

In order to better analyze the data processed by the computer, the above formula
is discretized by the Runge-Kutta method of order 4, and the simplified equation after
discretization is as follows.

q(k) = F(k=1) x q(k —1) (18)
where F(k — 1) is the following expressions:
T T 5 T3 4 T
F(kfl) - I‘|‘EM(‘U)+§M (w)+@M (w)+@M (w) (19)

Because of MEMS gyroscope drift wide randomness, compensation is not easy. There-
fore, we will decide the gyroscope drift, as state variables, and quaternions together to
form the final state variables.

X = [q0/ ‘71/ Q2/‘73, ,Bx/ ,By/ﬁZ]T (20)

The gyroscope random drift satisfies the following measurement value updated equa-
tion, as shown in the following formula.

B (k) -1/% 0 0 By(k—1) Mgy
lﬁy(k)] = [ 0 -1/z 0 ] lﬁy(k—l) + | gy (21)
8. (k) 0 0 1/t [pk-1)| |ng

The state equation of the system can be derived from the gyroscope random drift
formula and the discrete quaternion state variable equation.

ool ey e

The system utilizes accelerometers and magnetometers to compensate for errors
caused by gyro drift because the angular velocity measured by the gyroscope is used
for the quaternion update. Therefore, the quaternion is calculated using the output of
the accelerometer, and the magnetometer is selected as the measurement variable. If
the measured values of the design accelerometer and magnetometer are, respectively,
f=[fufy f2] Tandh = [y, hy, iz T then the attitude angle calculated using the measured
value is shown in the following formula.

fy

P= arctan(ﬁ)
6 = —arctan(—

IR 3)
P = arctan( hz sin ¢p—hy cos ¢ )

hx cos 0+hy sin ¢ sin 0+ cos ¢ sin §
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From the attitude angle Formula (23), the measured value is calculated according to
the quaternion formula.

qo0
cos%cos%cos%+sin%sin%sin%

q1 ) 6 ¥ P B ¥

_ |sin5cos5cos % —cos 5 sinysin (24)

cos%sin%cos%—sin%cos%sin%

12 P oclaind b bW
COS 7 €OS 5 Sin § — sin 7 sin 5 Cos %

L 493 |

Considering noise is unavoidable in the actual environment, therefore, the observation
equation of the system is as follows.
z(k) = H(k)x(k) + v(k) (25)
where v(k) is the observation noise of the system, H(k) is the measurement noise, the
expression is as follows.

Hk = [14><4/ 04><3]

The state equation and the observation equation of the system constitute the filtering
model of the system. The small coaxial unmanned helicopter is suitable for working in
unknown environments. Electromagnetic radiation, hard magnetic material, soft magnetic
material and other magnetic fields interfere. Magnetometers are susceptible to interference,
resulting in large noise in the measured values. System noise parameters greatly affect the
performance and stability of the unscented Kalman filter.

(26)

2.4. Filtering Model

The statistical characteristics of the observed noise in the system’s observation equation
in the framework of the UKEF filter algorithm are unchanged. When the noise changes,
there is some error in the model, which leads to an increase of the filter estimation error.
Therefore, the accuracy of the azimuth measurement cannot be guaranteed for the coaxial
UAV under interference. In order to improve the adaptive ability of the UKF algorithm to
noise interference, an adaptive estimation algorithm is combined with UKF to adjust the
covariance of the measured noise according to the real-time measurements of the two side
variables and improve the filtering accuracy [12-14]. The EKF algorithm structure diagram
as shown in Figure 2.

b, noise
MEMS | @ Attitude R(k)
gyroscope solution
Yy v attitude
MEMS " ‘ Extended Kalman angle
acceleromete »  Filter Attitude
r ‘ Algorithm
A
MEMS m Heading and
magnetomete 2 attitude =
r caleulation

Figure 2. EKF algorithm structure diagram.
Initializing the state, assuming that the initial value filter is as shown in Equation (27).

{ £§ = E(xo)

27
B = E[(x0 - £1)(x0 — £)7] &7
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The EKF filtering step, time prediction update estimation Formula (28) is shown.
Rpe—1 = f(R—1jk—1, k) (28)

Peje—1 = BePeo1p1 B + Qx (29)

In Equation (29) above, Qy is the process noise covariance matrix at time k. In the
measurement update formula, Py;_; is the corresponding covariance matrix at time k.

e = 26— (S ) (30)

Sk = HyPeye_1 H{ + Ry 31)

where H; is the measurement Jacobian matrix at time k, and R; is the observation noise
covariance matrix at time k in Equation (31).

Ky = Py H] S ! (32)
where the Ky Kalman gain is calculated and % is updated by the observed variable.
Rk = Tppe—1 + Kilk (33)

The error covariance is updated, and the measurement update equation uses the values
of the observed variables to correct the state and covariance estimates. The Accord ratio
matrix of the state transition matrix and the measurement matrix is shown in Equation (34).

of | .
k= 5 [ Sl (34)
where Hy = % _ is the process Accord ratio matrix.

Xklk—1

3. Adaptive UKEF Filtering Algorithm
3.1. Adaptive Estimation of Measurement Noise

The measured value derived from the real value is often used to estimate the optimal
value of the noise parameter of the system. The adaptive filtering method based on the
maximum likelihood criterion can estimate the changes of the statistical characteristics
of the system noise in real time through the covariance matrix of the system state and
the covariance matrix of the measurement noise to ensure that the filter can adapt to
the changes better. The maximum likelihood criterion is estimated from the perspective
of the maximum probability of measurement occurrence, which takes into account both
the change of new interest rate and the change of covariance of new interest rate [15,16].
According to the maximum likelihood criterion, the adaptive measurement noise variance
matrix is satisfied in Formula (35).

s 1 &
Ry =5 Y. eiei’ — HPyg HY (35)
i=k—N+1

where N is the number of Windows and represents the amount of new information used.
In nonlinear systems, it is very difficult to calculate Ry using the adaptive measurement
equation formula, thus it is necessary to simplify and improve it.
When N = 1, the measured value of the measurement noise covariance matrix is
Formula (36).
Ry = exer” — HiPyy—1 HY (36)
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The weighted average of R and the predicted value R, of the measurement noise
covariance matrix at the current time is taken as the estimated value of the measurement
noise covariance matrix at the current time, i.e.,

Ry = R — u(R; = R}) (37)

where y is an adjustable parameter, and the new information sequence contributes more
to the measurement noise covariance estimate. By substituting Ry in the above formula
into the filtering algorithm, the measurement noise covariance matrix can be estimated
in real time, and then the filtering gain can be adjusted, which is the adaptive ability of
the filtering algorithm to noise changes. The parameter y is determined by the simulation
method.

3.2. Filtering Algorithm

Based on the filtering model, the principle of sensor data fusion using the adaptive
UKF filtering algorithm is shown in Figure 3.

MEMS Gyroscope | Quaternion Pose
measurements g Predictor
Adaptive Quaternion
Unscented
MEMS Accelerometer Kalman > pose
measurements Filter estimation
Quaternion attitude
measurements
MEMS Magnetometer

measurement

Figure 3. The adaptive UKF algorithm.

According to the established model and the implementation process of the UKF
algorithm, the specific steps of sensor data fusion using adaptive UKF filtering are as
follows.

(1) Determine the statistical characteristics of the initial filtering state [17].

It is necessary to determine the initial quaternion, the initial value of the gyroscope
drift and the error covariance matrix of the initial state vector. The calculation formula is as
follows.

%0 = E(x0) (38)

Py = E[(x0 — %0) (x0 — %0)] (39)

(2) Select three particle sigma point sampling strategies to calculate sigma points and
their weights.

The sampling strategy of proportion correction was adopted, and sigma points were
selected according to the following formula.

Co
+(/(n+x)P);, i=12,...,n (40)

€z+n= — (V1 + X))y,
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The weights of the corresponding mean expectation and variance are A and B, as
follows.

wm = _X_

0 n+x
wg:wg;;+1+ﬁ—a2 ,i=12,...2n (41)
[SR—

i 2(n+y)

where 7 is the state dimension, x = txz(n + x) — n, where « is usually 0, « usually takes
a very small positive number, and  has the best value of 2 in Gaussian distribution. UT
transforms the approximation of the true expectation and variance.

(3) Time update.

According to the choice of sigma points and weights, to determine the state variable
step predictive value £j;_; and step prediction error covariance matrix Py;_1:

klk—1 _
7 = £ 42)
2n
. Klk—1
Xlk—1 = sz'm’h‘ (43)
i=0
21 klk—1 klk—1 T
Pekor = 2 Wi = 2D (i = Ripee1) + Qk (44)
i=0

where Q. is the system state noise covariance matrix.
(4) Measurement update. Calculate the measurement variable step forecast Zy;_; and
variance Py, as well as the mutual covariance matrix Py, z, .

Zkk—1 = Hi—1Xgjk—1 (45)
Py = Hg_1 Py Hg—1 " + Ry (46)
Pz = Pk|k71HkT—1 (47)

where Ry, is the measurement noise covariance matrix, which is the key parameter calculated
in the adaptive UKEF filtering. It can be calculated by using the estimated value of the
measurement noise covariance matrix.

After obtaining the new quantity measurement Z;, obtain the optimal estimate of the
system state £ and the state covariance matrix Py.

The Kalman filter gain is as follows.

Ki = Pyz P, 7! (48)
The new rate sequence is as follows.
€k = Zk — Zkjk—1 (49)
The optimal estimate of the system state matrix is as follows.
X = Zp—1 + Kk (50)
The state covariance matrix is as follows.
Pe = Pyi-1 — KiK' (51)

4. Attitude Control Test Methods

In order to complete the attitude control experiment task, a coaxial UAV experimental
prototype is built by using machining and 3d printing technology. The coaxial UAV
experimental prototype is composed of upper and lower rotors, fuselage, rotor structure
bearing, landing gear and so on. The whole body of the prototype adopts a barrel structure
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shape made of carbon fiber pipe, and the power of the prototype adopts the structure of the
common axis counter-rotor. The two steering engines and the aluminum alloy central shaft
controlling the tilting disc maintain a plane, and the plane of the tilting disc is perpendicular
to the lift force of the lower propeller of the UAV; thus, the human-machine attitude can
be changed by changing the tilting angle of the tilting disc. The power part of the UAV
consists of two motors and two steering gear [18,19]. The up and down propeller rotation
is realized by the motor speed regulating and driving the gear transmission. The attitude
control of the UAV is accomplished by two steering engines and the central axis controlling
the tilt plate plane. The electronic part of the UAV is mainly composed of flight control,
electrical adjustment, steering gear, receiver, data transmission, GPS and other parts. As the
core control unit of the UAYV, the flight control completes data fusion, attitude calculation,
attitude control and position control. The receiver is responsible for the communication
between the operator and the UAV, and the PPM modulation is responsible for the receiving
and sending of RC remote command at the ground end [20]. Relevant parameters of the
UAYV and UAV test platform are shown in Table 1.

Table 1. Table of relevant parameters of the UAV and UAV test platform.

UAV Test Platform Platform Related Parameters
UAV Coaxial twin rotor with diameter of 80
UAV remote control Fs-i6s
Battery 1800 mah 35 c4s14.8 v
ESC Platinum-25A-65-V4
Paddle 19.5cm * 5 cm * 0.5 cm
Electric motor HKII-2213-14 3200kv
Steering engine KST DS215MG V3.0
Attitude sensor Six axis wireless Bluetooth attitude sensor
Vibration sensor Digital MEMS vibration sensor
CPU: Intel Core 17 8700,
Computer Memory: 8 GB (1333 MHz), Hard disk: solid
state drive 240 G
Pressure sensor DAYSENSOR DYLF-102
Power 15 V DC power supply

In order to verify the effectiveness of the attitude control method, a complete test
platform for a coaxial twin-rotor flight test prototype was built. The platform includes
experimental prototype, external sensor, external processor, current regulator power supply,
ground station communication system and other parameter analysis software modules [21].
As shown in the Figure 4, the flight simulation test platform of the co-axial folded twin-rotor
aircraft adopts the cantilever suspension design as a whole, which saves the freedom of
rotation in one direction and connects the top of the UAV with a safety rope. The universal
joint of the common axis UAV base and the support rod structure is fixed, and the whole
UAV and the universal joint connection part can rotate and move up and down freely. The
physical measurement platform includes a pneumatic lift and power test, torque and speed
test, tilt plate control angle test and vibration test. The test project can complete the test
methods of lift, vibration acceleration and attitude data of the co-axial dual-rotor aircraft,
and it can detect the attitude data of the UAV through the IMU of the internal flight control
and the external sensor [22]. The vertical flight process of the co-axial twin-rotor aircraft
is mainly affected by the aerodynamic force generated by the rotor rotation and its own
gravity. The lift force of the UAV can be detected by collecting the base tension sensor.
According to the analysis of the different motion states of the UAV, the change of throttle
volume is adjusted to verify the influence of the vibration characteristics on IMU [23].
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Upper blade

Lower blade

Steering gea control panel
Attitude sensor: flight control system
Two ESC Drone body

Battery Landing gear

Figure 4. Structure diagram of the prototype of a coaxial twin-rotor.

The experiment is divided into static and dynamic testing. Static testing mainly tests
the relationship between the UAV attitude vibration acceleration and the gas volume,
compared with the no trace of the Kalman filtering algorithm, the Kalman filter algorithm
and the gyroscope integral algorithm to solve the attitude angle. The effect of dynamic
testing mainly verifies the no trace of the accuracy of the Kalman filter to solve attitude
angle [24].

4.1. Test Scheme

The prototype uses an inertial measurement unit (IMU) consisting of a three-axis
accelerometer, a three-axis gyroscope (MPU6500), a three-axis reluctance meter (HMC5583L)
and a high-performance STM32 microprocessor. The raw data measured by the sensor are
sampled with the sampling frequency of 100 Hz by the microprocessor, and the raw data
are sent to the industrial control computer through the serial port without filtering. The
extended Kalman filter designed by MATLAB is used to process the data on the computer
in order to obtain accurate attitude information. Finally, the experimental results are shown
by curve description, and the calculation results are compared and analyzed. In order to
verify the effectiveness of the proposed algorithm, five groups of experiments are carried
out. The measurement value of the sensor of the test system in the static state is collected
through the static measurement platform, as shown in the following Figure 5. The attitude
angle information is measured and collected through the inertial sensor and sent to the
main controller module through the serial bus [25,26].

Suspended
type platform
Computer Protective
screening
Remote control
UAV

Dc power supply

Switch support structure

Figure 5. Static test platform diagram of the coaxial twin-rotor.
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4.2. Vibration Test

According to the experimental requirements, the duty cycle of the input quantity
is adjusted by external remote control, and the RC signal is collected by oscilloscope
to ensure the accurate quantization input of the signal. Considering the input range
{0.20,0.40,0.60,0.80,0.90}, the industrial control computer completes the quantization sam-
pling and processing of the attitude information of the IMU and external sensor.

The test results {0.20,0.40,0.60,0.80,0.90} show the attitude vibration curve as shown
in Figure 6. When the throttle input quantity gradually increases, the throttle control
quantity ranges from 0.20 to 0.90. The vibration amplitude of the UAV becomes larger
and larger, and the amplitude in the XYZ direction increases with the throttle volume.
In Figure 6: for the coaxial unmanned XYZ, three directions of vibration amplitude, and
the relationship between the input figure, the test process of uniform stability of input
sampling 1500 sampling points, and remote control throttle sigma from sigma duty ratio
0.2 to 0.9 between the platform under different excitation vibration amplitude of the data,
it can be seen that the vibration of the UAV vibration amplitude increases with the increase
of the excitation source. agb is the response value of 0.90 excitation, which shows that the
amplitude reaches a maximum range of 1.1 g. The influence on IMU can be reduced by
analyzing the characteristics of the measurement noise and establishing a noise model.
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Figure 6. Variation of vibration acceleration in the XYZ direction.

According to the processed image of the vibration acceleration data measured in the
test as shown in Figure 7, it can be seen that the amplitude range of vibration acceleration
under the control of the roll (pitch, yaw) parameters and overall parameters is mostly
within £1 g. Among them, there is a maximum acceleration peak of roll motion vibration,
which is not more than 1.25 g. According to the acceleration of vibration and the frequency
of acquisition, the amplitude of vibration obtained can be indirectly calculated according
to Equation (11) below. The frequency of the data collected by the vibration sensor is
100 Hz, the estimated amplitude of the vibration is about £0.15 mm and the amplitude
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of the roll motion is not more than 0.2 mm. According to the test results, it can be seen
that the controller has good controllability, indicating that it can control the flight of the

aircraft [27-29].
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Figure 7. Relationship between throttle volume and maximum vibration peak value.

4.3. The Static Test

The UAV is still placed on a horizontal platform. With a roll angle and pitching
angle of 0, the coaxial UAV attitude Angle measurement environment is a relatively closed
environment. There is no wind. Using the extended Kalman filtering and no trace of
Kalman filtering algorithms, the UAV static and accelerometer were not influenced by
the body vibration and the acceleration of gravity disturbance. The attitude calculated
by accelerometer and the magnetometer is taken as the measurement value, the angular
velocity information measured by the gyroscope is fused and the static attitude is solved
with high accuracy. The roll angle calculated by the fusion algorithm is more accurate.
The variation curve of vibration acceleration in pitching motion is shown in Figure 8. The
vibration acceleration curve of the rolling motion is shown in Figure 9. The variation curve
of yaw vibration acceleration is shown in Figure 10.
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Figure 8. Variation curve of vibration acceleration in pitching motion.
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Figure 10. Variation curve of yaw vibration acceleration.

When the throttle value is 0.50, the change of attitude angle is detected, and the
comparison results of the static roll angle are calculated by the EKF fusion algorithm. The
roll angle calculated by the EKF filter has angle drift, and the error is close to 1, while the
error of the UKF filter algorithm is less than 0.5. When the throttle value is 0.50, the change
of the attitude angle is detected, and the comparison results of the static pitch angles are
calculated by the EKF fusion algorithm. The roll angle calculated by the EKEF filter has
angle drift, and the error is close to 2, while the error of the UKEF filter algorithm is less than
0.6. When the throttle value is 0.50, the change of the attitude angle is detected, and the
comparison results of the static yaw angle are calculated by the EKF fusion algorithm [30,31].
The roll angle calculated by the EKEF filter has angle drift, and the error is close to 0.5, while
the error of the UKF filter algorithm is less than 0.4.

4.4. Dynamic Flight Experiment

In order to complete the prototype flight test and verify the attitude following effect,
the flight test was carried out in the outdoor environment of the campus of the University
of Science and Technology, where the GPS signal was unobstructed and there was no wind
disturbance. The coaxial UAV flew 90 m in the X direction and 27 m in the Y direction,
and the flight altitude was controlled at about 2 m. After the flight was completed, the
flight log of 400 s was selected and analyzed. From the flight log, the actual flight trajectory
and expected value approximation of the UAV could be obtained. For good follow-up
attitude, the maximum flying speed is 1.32 m/s and the maximum flying altitude is 2.1 m.
Figures 11-13 shows the expected value and actual value of dynamic flight XYZ direction.
Figure 14 shows the expected value and actual value of dynamic flight path. Figure 15
shows the actual flight diagram.



Sensors 2022, 22,9572

16 of 19

100

80 1

=]
=)
1

X Position /m
HS )
;

T T T
- = - Actual
expectation| 1

Figure 11. Expected value and actual value of dynamic flight X direction.

200 300 400
Time/s

35

0o

Y Position /m

T T T
Actual
expectation|

Figure 12. Expected value and actual value of dynamic flight Y direction.

100

T T
200 300 400
Time/s

3.0

height/m

- Actual
expectatiorn

0.0

Figure 13. Expected value and actual value of dynamic flight Z direction.

T
100

T T
200 300
T'ime/s

400



Sensors 2022, 22,9572

17 of 19

Actual |
55 — cxpeoctation |

Figure 15. Actual flight test figure.

5. Conclusions

Aiming at the problem of error accumulation and large interference of a single attitude
measurement device for coaxial UAV attitude measurement, a data fusion method of EKF
and UKF is proposed to ensure a more accurate attitude angle. The dynamic performance
and attitude angle test platform of the coaxial UAV half-in-the-loop flight was established.
The platform analyzes the performance of UAVs at different rotor speeds and attitude
angles. The main noise sources and main random errors of the coaxial UAV are mainly
analyzed. Aiming at the attitude calculation problem of the coaxial dual-rotor UAV, an
optimized adaptive unscented Kalman filter algorithm and an extended Kalman filter
algorithm are proposed to advance the model [32-34]. In contrast, the algorithm uses
the gradient descent algorithm to reproduce and adjust the process noise covariance to
optimize the state prediction and estimation, which effectively reduces the error of the
state solution. In the process of attitude calculation, the attitude quantity is represented by
quaternion, and the variation trend of roll angle, pitch angle and yaw angle is analyzed
in the outdoor flight attitude verification test. The flight results show that the attitude
algorithm has good attitude estimation characteristics, indicating that the research strategy
of this subject has sufficient engineering application value.
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