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Abstract; A gradient descent algorithm with adjustable parameter for attitude estimation is developed, aiming at

the attitude measurement for small unmanned aerial vehicle (UAV) in real-time flight conditions. The accelerome-

ter and magnetometer are introduced to construct an error equation with the gyros, thus the drifting characteristics

of gyroscope can be compensated by solving the error equation utilized by the gradient descent algorithm. Perform-

ance of the presented algorithm is evaluated using a self-proposed micro-electro-mechanical system (MEMS) based

attitude heading reference system which is mounted on a tri-axis turntable. The on-ground, turntable and flight ex-

periments indicate that the estimation attitude has a good accuracy. Also, the presented system is compared with

an open-source flight control system which runs extended Kalman filter (EKF), and the results show that the atti-

tude control system using the gradient descent method can estimate the attitudes for UAV effectively.
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0 Introduction

In recent years, as unmanned aerial vehicles
(UAVs) is progressing, small UAVs, thanks to
their small size, simple structure, ease to oper-
ate, etc. , have attracted increasing attentions'-.
The attitude measurement system of small UAV
is the key component of autonomous flight, di-
rectly determining the stability and the position
accuracy of UAVI,

velopment of micro-electro-mechanical systems

Benefited from the rapid de-

(MEMS), the attitude estimation system is e-
volved into a low cost, light weight, easy inte-
grated and portable attitude and heading reference
system (AHRS)™'. An AHRS is composed of
tri-axis gyroscopes, tri-axis accelerometers and

However, the MEMS

sensor itself has a severe time-varying drifts™®;

tri-axis magnetometers-'"",

the gyroscope has high dynamic performance,
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with big accumulated error over time; the accel-
erometer has no integral error, but in high dy-
namic condition, it will be disturbed by linear ac-
celeration or rotational acceleration; the magne-
tometer is very susceptible to interference of am-
bient magnetic field. Therefore, neither gyro-
scope nor accelerometer nor magnetometer can in-
dependently provide accurate attitude estimation,
and it is necessary to develop the appropriate atti-
tude estimation algorithm to compensate sensor
data errorst™,

At present, commonly used algorithms for
attitude estimation system include Kalman filter
(KF), Extend Kalman filter (EKF), comple-
mentary filter (CF), gradient descent (GD) algo-
rithm and so on. KF has been widely used in

UAYV attitude system with expensive computing

resources. It is difficult to establish a stable and

How to cite this article: Guo Jiandong, Liu Qingwen, Wang Kang. Gradient descent algorithm for small UAV parameter
estimation system[]J]. Trans. Nanjing Univ. Aero. Astro., 2017.34(6):680-687.

http://dx. doi. org/10. 16356 /j. 1005-1120. 2017. 06. 680



No. 6 Guo Jiandong, et al. Gradient Descent Algorithm for Small UAV Parameter--- 681

reliable attitude equation, to determine the appro-
priate measurement noise and process noise co-
variance matrix. CF is not suitable for dynamic
environment™ ) due to its low precision and seri-
ous attitude drift.

We design an attitude estimation system by
introducing the gradient descent method with
self-designed STM32F4XX as the core controller,
the MPU6050, LSM303D and LL3GD20 as the at-
titude sensors. The embedded system is devel-
oped to verify the performance of the presented

algorithm.

1 Gradient Descent Algorithm
Design

The procedure of the algorithm is as follows:
Firstly, the angular rate differential quaternion is
calculated by using the angular rate output from
the gyroscope and the quaternion differential
equation. Secondly, the measured accelerometer
and magnetometer data are preprocessed. based
on the error function and its derivative of acceler-
ometer and magnetometer. The gradient descent
equation of attitude is obtained, and then the gra-
dient descent method is utilized to compensate the

cosfcos¢
C! = |sinfsingcos¢g — cosgsing
cosgsinfcosyg + singsing

Since the Euler angle will present a singular
point in the description of the attitude, the full
position analysis cannot be achieved. However,
the quaternion equation in the description of the
attitude can avoid the singular point successfully
with low computing cost and high real-time quali-
ty, satisfying the requirements of flight control
system. The general form of the quaternion is

given asH®”

q=q T+ qi+qs] +qk (2)

Ignoring the influence of the earth rotation,

the continuous and discrete domain of the equa-
tion of quaternion of the current and the previous

estimation of orientation can be expression as/

(.Iu).I :O- 5(1usl,z ® [OF

. (3)
Qi = Qestst T Qo AL

quaternions error, and an accurate quaternions is
derived. Lastly, the quaternions are obtained by
integrating angular rate of gyroscope to the gradi-
ent descent method to solve the optimal quaterni-
ons of attitude. It realizes the compensated atti-
tudes and improves the accuracy of attitude meas-

urement.
1.1 Quaternion expression

Before describing the UAV attitude, the
proper coordinate system must be established.
The two coordinate systems commonly used in
UAYV attitude determination system are the body
coordinate system marked with & and the earth
coordinate system marked with e. Usually, the
center of gravity of the body is the origin of the
body coordinate system, and XYZ are the longi-
tudinal, the lateral and the vertical axes, respec-
tively, UAV rotating around X axis generates the
roll angle ¢, rotating around Y axis the pitch an-
gle 0, rotating around Z axis the yaw angle ¢.
Neglecting the earth rotation, the ground coordi-
nate system can be regarded as an inertial coordi-
nate system. The transformation of the two coor-
dinate systems can be represented by the trans-

formation matrix

cosfsing — sinf
sindsingsing + cosg¢cosy  singcosfd @)
cosgsinfsing — singcos¢g  cosfcosg

where w, is the angular rate along the three direc-
tions in the body coordinate system relative to the
inertial coordinate system, gq,., the current orien-
tation quaternion, q..., the estimated quaternion,
and At the sample time. In initial condition with
the known quaternion, the tri-axial angular rates
measured by the gyroscopes can be used to update
the quaternion and finally obtain the attitudes™*.
The transformation between the inertial coordi-
nate system and the body coordinate system can
be expressed by the quaternion as!*
C'=

qﬁJﬁq?*q?*q% 2((11112+(1(»(13> 2((1|(13*(10(12)
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Combining the tri-gonometric transformation
matrix and the quaternion transformation matrix,
the relationship between the Euler and the quater-

nion isH"

o Z(QQQS JrQoCh)
¢ =arctan|—; 2 2 2

O =@ — ¢ TG
§=—arcsin(2(q1q;s — qoqz) )
2(q19, +949;) )
g +qt — ¢ — 4

¢=arctan< (5)

1.2 Quaternion compensation using the gradient

descent method

The gradient descent method solves the mini-
mum value of the expression in the direction of
gradient descent. The expression is given as

Xy =2, —aV F(x,) (6)

The gradient descent method adopts the first
order convergence by solving optimal value in
Eq. (6), where V F(x,) is the gradient at x, and
indicates the negative direction of the gradient,
and ¢ the sampling step in the gradient direction.
The error function takes the direction of gradient
asVF(x,)/ | VF(z,) ||. When the error func-
tion is infinitely approaching zero, it can be con-
sidered that Eq. (6) has reached the stable point,
and the gradient iteration is completed. In this
paper, the error function is a multivariate vector,
and the independent variable is also a quaternion
vector. Before the initialization of the algorithm,
the quantized gyroscope, accelerometer and mag-

netometer outputs in body coordination are given

1].p.=[0p, 0 p.].
1.2.1

The error of the quaternion, obtained by in-

Error equation design

tegrating the gyroscope angular rate, is increasing
over time. In order to reduce the drift error, the
error function represented by the quaternion and
the accelerometer can be solved by the gradient

157 The quaternion matrix error

descent iteration
function can be obtained as
2(q1qs — qog2) — a,
f.(q.a) = [2(qoq + q2q5) —a, 7
1—2(g + ) —a.

The value of the gravitational acceleration in
the inertial coordinate system, which is rotated
by the quaternion method into the body coordi-
nate system, substracts the measured value of the
current accelerometer. In order to obtain the opti-

mum value of the error function, the gradient in

Eq. (7) is given, and the Jacobian matrix is

—2q; 2q; —2q, 2q
Jg ((}) - 2q, 2q, 2q; 2q, (8
O - 4(11 - 4(12 O

Then the gradient formula of the accelerome-

ter can be expressed as
Vfelqga)=J; (@) * f,(q.a) €))

Similarly, the error function of the magne-
tometer and the Jacobian matrix are expressed,
respectively
fo(qspsm) =

20,(0.5—q} — ¢} +20.Cq1qs —qog:) —m,

as:0, =0 w, wyw.]» a,=[0a,a,a.],m,=[0m, 20.(Cq1q: —qugs) +2p.(quqi —q2qs) —m, (10
m,m. ], and the local gravity vector and the earth 20.(qoq:+q1q;) +2p. (0. 5—qi —q) —m.
magnetic field vector are expressed as: g, =[0 00
- ZP;QZ 2[qu3 - 4‘0.:% - 2;0:(]0 - 4(01(13 + Z‘O:Ch
J,(q.p) = |— 20,9 + 20.91  20.q> +20.90  20.91 +20.95  — 2p.q0 + 2p.q- (1D
20.9> 20.935 — 4p:q; 20.90 — 40.q> 20.9:
The gradient formula of magnetometer is J. (@ " f.(q.)
T P where V f= L * . . . |sand g is
VL= I Gp) % o Gapen) (12) me} Lfm,p,mj
According to Eq. (6), defining the attitude the sample step as
quaternion ¢y ., which is obtained from acceler- =7 o |l A p>1 s

ometer and magnetometer by using the gradient
descent method as

vSf

: (13)
M

qv.. —4v.—1 —

where At represents the sampling rate, and 7 the
measurement noise from the accelerometer and

the magnetometer. Therefore, whenV f/ || V f ||
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is infinitely approaching zero, Eq. (13) achieves a
stable point, which is the exact quaternion of atti-
tude.
1.2.2 Algorithm fusion

The quaternion solved by Eq. (3) is gq,.,» and
the accelerometer and magnetometer attitude qua-
ternions is ¢v.,» and the estimated attitude qua-
ternion is ¢..,. 1he fusion process is described by
Eq. (15)

et =aqv.. + (1 —adg,, 0<La<<1 (15)

where ¢ and (1 — @) are the weights applied to
each orientation calculation. The right side of Eq.
(15) consists of two parts: The former is suit for
low speed state, and the latter is applied to high
speed state. So « is a self-adapted value. An opti-
mal value of ¢ can be defined as the one that en-
sures the weighed divergence of g, equal to the
weighted convergence of ¢v.,. Eq. (15) can be re-

arranged to define o as

(l—a)ﬁ:a% (16)

where g is an adjustable parameter, which is the
divergence rate of g,., and expressed as the magni-
tude of a quaternion derivative corresponding to
the gyroscope measurement error. Since the con-
vergence rate of the gradient descent method is
related to the speed of motion, p,/At is relatively

larger at this time, and 8 is small, then

o~ BB an
M
Substituting Egs. (3), (17) into Eq. (15)

yields the attitude fusion as
_ - vSf
QCst./ *q“t./fl + (q(m/ ﬁ H Vf H ) At (18)

In summary. the steps of the presented algo-
rithm are as follows:

(1) The parameter, output from the attitude
sensor and gyroscope, is normalized and the value
of B is determined.

(2) The angular rate differential quaternion is
obtained through solving quaternion differential
equation which utilizes the angular rate of the gy-
roscope.

(3) The error function and its derivative are

developed involving the values measured by the
accelerometer and the magnetometer.

(4) The gradient formula is developed using
the error function in (3) and its derivatives, and
then the gradient descent method is involved to
obtain the optimum attitude quaternion.

(5) The angular rate of differential quaterni-
on in (2) and the attitude quaternion in (4) are
used to derive the fused quaternion.

(6) The latest attitude angle is updated with
the fused quaternion in (5).

(7) Repeat the above steps to constantly up-

date the attitude.

2 Hardware Platform Description

The attitude estimation system is designed
with 32-bit ARM microcontrollers based on the
Cortex-M4 kernel of STMicroelectronics as the
main controller. Its frequency is up to 180 MHz
with a single cycle multiplication and hardware
division. Fig. 1 shows the proposed attitude and

heading reference estimation system.

Fig.1 Homemade prototype of AHRS (left) and its

circuit component (right)

The estimation system structural diagram of
the hardware design is shown in Fig. 2. The sys-
tem is equipped with three types of MEMS sen-
sors, MPU6050, LLSM303D and LL3GD20 respec-
tively, which constitutes a low-cost, redundant-
sensor, and a nine-axis attitude estimation sys-
tem. All sensors providing digital outputs are
collected by using SPI peripheral with time-sha-
ring of sensor MCU. The estimated attitudes are
sent to data log module using RS232 by wireless

radio modem.
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Fig. 2 Estimation system block diagram

3 Experimental Results and Analysis

To verify the proposed estimation algorithm,
three kinds of experiments are carried out. The
first test is implemented on a ground vehicle to
validate the static accuracy, the second is imple-
mented on a tri-axis turntable for movement per-
formance testing, and the third uses a Hex-rotor
equipped with a matured open-source attitude ref-
erence system to validate the robustness of the at-
titude estimation in real flight situations.

In the experiments, the frequency of data
read from the three type sensors is 1 kHz. The
full-scale range of the gyroscopes, accelerators
and magnetometers are £ 1 000°/s, =4 g and
+4 Gauss. One step of the gradient descent cal-
culation is within 0. 95 ms, so the calculation cy-
cle of the gradient descent algorithm is set as 1

ms by one timer.
3.1 Ground test

The ground test of the AHRS is to analyze
the attitude estimation system data in the static
state. Fig. 3 (a) shows the estimation output of
the pitch angle when the system is placed horizon-
tally, and Fig. 3 (b) shows the output of the roll
angle, and Fig. 3 (c) shows the output of the yaw
angle. Fig. 3 indicates that the pitch angle oscil-
lates between 0. 1° and 0. 2° and no divergence
during the horizontal test, which effectively elim-
inates the integral error of gyroscope. Also, the
roll and the yaw angles exhibit good stability and
accuracy in this condition. The outputs from the

designed filter are considered as white noise in the

Fig. 3 Tri-axis attitude estimation in ground test

system, with the average deviation of about 0. 1°.
3.2 Tri-axis turntable experiment

The movement performance of the proposed
algorithm is evaluated by a high-precision tri-axis
turntable system as shown in Fig. 4. The system
is initially fixed on the table with its X-Y-Z axis

aligned with the front-upper-right.

Fig.4 Physical map of the tri-axis turntable testing

Since the turntable is able to obtain a posi-
tion accuracy of =5" at a rate range from 0. 001 to
400 (°)/s, its motion feedback is regarded as the
reference. Since the turntable is ferrous material
and the magnetometer is influenced by it, the ac-
curacy of the pitch and the roll angles are evalua-
ted in the turntable test.

Fig. 5 shows the pitch angle of the test in
turntable condition. The red dash curve repre-

sents the orientation estimated by the proposed
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algorithm, and the blue solid curve is the turnta-
ble reference. In Fig. 5 (b), it can be observed
that the proposed algorithm is able to estimate
the attitude correctly within 1. 0°, compared with

the reference.

Time / s

Fig.5 Pitch angle by the proposed vs. the turntable

reference

Fig. 6 shows the roll angle accuracy of the
test situation. The presented method also tracks
the roll motion in time, and the error is smaller

than 1. 2°, as show in Fig. 6 (b).

Fig. 6 Roll angle by the proposed vs. the turntable

reference

Fig. 7 shows the performance of the coupled
pitch and roll angle estimations in the movement
situation. As shown in Fig. 7 (a), the pitch
movement is a sine signal with an amplitude of

30°. Meanwhile, the roll remains zero. In Fig. 7

(b), the coupled estimated ¢ is within £ 0. 5°,
produced by the proposed AHRS. The same ac-
curacy is also reflected in roll movement vs. pitch

zero, as show in Figs. 7 (¢, d).

Fig. 7 The coupled performance of the pitch and the

roll angles

3.3 Flight test

The flight test is implemented on a small
Hex-rotor platforms, which is installed with the
self-designed estimation system and the open-
source flight controller. In order to analyze the
accuracy of the attitude estimation system in real
flight condition, the Pixhawk flight logs and the
self-designed estimation system data are com-
pared within time range as follows.

Fig. 8 shows the accuracy of the pitch angle,
with high frequency motion and big angles given
as £20°. It can be seen that the two types of fil-
ters have a similar estimation accuracy. The pres-
ented algorithm can track the true motion in real
time, compared with the open-source system with
EKF. The same property of the roll angle is veri-
fied in Fig. 9. Fig. 10 shows the heading motion
character. There are about 1.5° deviation be-
tween the two types of filters in the easily dis-
turbed magnetic field.

It can be concluded from Figs. 8—10 that the
attitudes estimated by the gradient descent meth-
od have no divergence, which effectively compen-

At the

sate the gyroscope integration errors.
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same time, the deviation of the pitch and the roll
angles derived from the two systems are within 0.
5°, and the deviation of heading is within®+1. 5°.
Therefore, the presented algorithm for attitude
estimation system can meet the actual flight re-

quirement of UAV,

Time / s

Fig. 8 Pitch angle in flight test

Time /s

Fig. 9 Roll angle in flight test

Time / s

Fig. 10  Yaw angle in flight test

4 Conclusions

We have discussed the derivation process for
the gradient descent algorithm with an adjustable
parameter to decrease errors from accelerators in
maneuver flight environment. A series of experi-
ments are implemented to verify the property of
the presented attitude estimation system, and the
conclusions are drawn as:

(1) The quaternion attitude estimation algo-
rithm based on gradient descent is developed, so
that the accelerometer and the magnetometer data
can be used and the error compensation for gyro-
scope measurement can be derived.

(2) Performance has been evaluated using a
self-designed orientation sensor and reference sys-
tem in ground, turntable and flight conditions,
with low computing cost, high accuracy, and a
less-than-1 ms running time.

(3) Performance is also benchmarked against
the open-source EKF-based algorithm of orienta-
tion sensor, which satisfies the attitude control

for small UAV.

Acknowledgment

This research was supported by the Fundamental Re-

search Funds for the Central Universities ( No.

56 XAA17075).
References:

[1] PHAM ST, CHEW M T. Sensor signal filtering in
quadrotor control [ C] // 2014 IEEE International
Conference on Sensors Applications Symposium.
Queenstown. New Zealand: IEEE, 2014. 293-298.

[2] CHU S B, YUAN L. Study on measurement and simu-
lation of the low cost and compact four rotor UAV [J].
Computer Simulation, 2015, 32(2):67-73.

[3] LIWP, TANG H Y. Attitude solution of quad-ro-
tor aircraflt based on STM32 [J]. Microcomputer &
Embedded Systems, 2016(6): 13-16.

[4] WANG H X, CHEN M, ZHANG K. Attitude esti-
mation of quadrotor based on quaternion and Kalman
filtering [J]. Technique and Method, 2016, 35(14)
71-73, 76.

[5] JIA R C. Attitude estimation algorithm for low cost

MEMS based on quaternion EKF [J]. Chinese Jour-



No. 6 Guo Jiandong, et al. Gradient Descent Algorithm for Small UAV Parameter--- 687

nal of Sensor and Actuators, 2014, 27(1) . 90-95.

[6] HEC, L1Z, WANG ] Y. Research on attitude opti-
mal estimation of quad-rotor aircraft based on STM32
[J]. Measurement Control Technology and Instru-
ments, 2015, 41(12) . 61-64.

[7] ZHANG H, REN Q. Data fusion method of quad—
rotor aircraft attitude measurement system [J]. Ord-
nance Industry Automation, 2013,32(1).28-31.

[8] LIANG Y D, CHENG M, HE F B, et al. Attitude
estimation of a quad— rotor aircraft based on comple-
mentary filter [ J]. Transducer and Microsystem
Technologies, 2011,30(11) :56-62.

[9] CHEN L, YANG L Y, XIAO Q G. Attitude and
heading system based on gradient descent algorithm
and quaternion complementary filter [J]. Electronic
Design Engineering, 2016,24(24) :38-45.

[10] JTIANG Y. CHEN H Y, CEN R P. Attitude solution
algorithm for four rotor aircraft based on four ele-
ment number[J]. Machine Building & Automation,
2015, 37(12). 77-80.

[11] CAO Y C. Rotor aircraft attitude measurement sys-
tem design based [J]. Software, 2015, 36(1):104-
109.

[12] KRAJNIK T, VONASEK V, FISER D. et al. Ar-
drone as a platform for robotic research and education
[C] //2011 Research and Education in Robotics,
Czech Republic. Prague: Springer, 2011 172-186.

[13] ZHANG T G, WANG X P, WANG L X, et al

Strapdown inertial navigation technology [ M]. 2nd

Edition. Beijing: National Defense Industry Press,
2010. (in Chinese)

[14] LONG Y X, CHEN Y, TONG X. Quadrotor atti-
tude calculation and filtering [J]. Computer Meas-
urement & Control, 2016, 24(10): 194-198.

[15] SEBASION O H M, ANDREW J L. H, Ravi V. Es-
timation of IMU and MARG orientation using a gra-
dient descent algorithm[C] // 2011 IEEE Interna-
tional  Conference on  Rehabilitation Robotics

(ICORR). Rehab Week Zurich, Switzerland; IEEE,
2011:1-7.

Dr. Guo Jiandong received Ph. D. degree in Flight Vehicle
Design Institute, College of Aerospace Engineering {rom
Nanjing University of Aeronautics and Astronautics, Nan-
jing, China, in 2014. Now. he works at Key Laboratory of
Unmanned Aerial Vehicle Technology, Nanjing University
of Aeronautics and Astronautics. His current research has
focused on unmanned aerial vehicle control, flight dynamics
and navigation guidance and control.

Mr. Liu Qingwen is a post-graduate student in College of Auto-
mation Engineering from Nanjing University of Aeronautics
and Astronautics, Nanjing. China. in 2017. Now, he studies
in control and strap-down navigation for micro-UAVs.

Mr. Wang Kang is a post-graduate student in College of
Automation Engineering from Nanjing University of Aero-
nautics and Astronautics, Nanjing, China, in 2017. Now,
his main research interests are in the areas of flight control

law design and embedded for small UAV.

(Executive Editor; Zhang Bei)



688 Transactions of Nanjing University of Aeronautics and Astronautics Vol. 34




