2019 Chinese Control Conference
Proceedings of the 38th CCC

S=T/\EFEZEFSVOLE

s GBS EA S R T A

S S0 i o
ghag 5R A
il N B 2
W HE i IEEE{Z I R Get/h o<
s ‘ SEE RN SSRGS
Sl S Cra N

ENRER

E&Z= S

IEEE =

> ; . ‘ 4o o O LDAA N (@
e < 1) . 3 \wg ST) 5 SIE
IEEE Catalog Number: CFP1940A-USB 08 Qs a8 controlsystems I CIRON
) " VRS i\’ W
ISBN: 978-988-15639-6-5

] ot9s7AZ- 08 -




Proceedings of the 38th Chinese Control Conference, July 27-30, 2019, Guangzhou, China

A Robust Integrated Guidance and Control Approach for the Missile with Swing Nozzle
............................................ LIU Xiaodong, ZHANG Yu, ZHANG Huiping, GAO Bo
Accuracy Performance Evaluation Method of Integrated Navigation System Based on Two-level FCE
.................................................... CHENG Jian-hua, DONG Mingtao, LIU Jiaxin
A MFKF Based SINS/DVL/USBL Integrated Navigation Algorithm for Unmanned Underwater Vehicles
in Polar Regions ...................... ZHAO Lin, KANG Yingyao, CHENG Jian-hua, FAN Ruiheng
Application of Improved Wavelet De-noising Method in MEMS-IMU Signals
........................................ DONG Ping, CHENG Jian-hua, LIU Ligiang, ZHANG Wei
Inertial Monocular Visual Odometry Based on RUPF Algorithm
................................................ HOU Juanrou, WANG Zhanqging, ZHANG Yanshun
Improved Adaptive Hatch Filter Method to Minimize Effects of lonospheric Anomaly for GBAS
................................................................ HU Jie, YAN Yongjie, SHI Xiaozhu
Non-smooth Guidance Law with Terminal Angular Constraints for Missiles Against Surface Targets
.................................................................... ZHANG Gongping, MA Kemao
A Switch Unscented Kalman Filter for Autonomous Navigation System of DSS Based on Relative Mea-
SUTEIIENTS .ot vttt ZHANG Ai, LI Jing, JIA Lidong, MIAO Yuanming
Meshing Scheme Research of Our National Mid-low Latitude Region
................................................ JIANG Ping, LI Haixia, LU Chuiwei, CHENG Hua
Robust Output Feedback Drag-Tracking Guidance for Uncertain Entry Vehicles
............................................................. YAN Han, WANG Xinghu, HE Yingzi
Quick Orientation of Rotary Magnetic Field Based on Feature Vector
.................... LI Qinghua, ZHENG Yuanxun, XIE Weinan, ZONG Hua, HU Jiekai, YU Wang
Improved Differential Positioning Algorithm for GBAS Based on Fuzzy Adaptive Kalman Filter
................................................................. HU Jie, XIE Xiaoyu, YAN Yongjie
A New Precision Evaluation Method for Signals of Opportunity Based OnCRAMER-RAO Lower Bound
in Finite Error . ZHENG Yuanxun, LI Qinghua, WANG Changhong, SHAO Xuehui, YANG Baisheng
High Order Uncompressed Coning Algorithm in High Dynamic Environments
............................................. ZHAO HUI, SU Zhong, LIU Fuchao, LI Chao, LI Qing
Research on Non-uniformity Correction Method of Resistance Array Based on Flood Technology
......................................................................... LI ZE HAO, LIAO Shouyi
Fixed-time Guidance Law for Intercepting Maneuvering Targets with Impact Angle Constraint
.................................... WANG Xinxin, HUANG Xianlin, DING Shuchen, LU Honggian
Quantitative Research on GPS Positioning in an East-North-Up Coordinate System
....................................................... GUO Yanbing, MIAO Ling-juan, ZHANG Xi
Multi-objective Trajectory Optimization Method of Parafoil Based on Particle Swarm Algorithm
.................................. ZHANG Limin, GAO Haitao, LI Weixun, XI Li, GUO Chenguang
A Fast-Online Guidance Method for Trajectory Correction Projectiles
......................................... MOU Yuhan, ZHANG Jing, YANG Lingyu, FENG Xiaoke
Graph Optimization Based Long-distance GPS/IMU Integrated Navigation
....... GU Xiaojie, ZHANG Fengdi, XU Jian, YUAN Qing, MA Hongwei, LIU Xiangdong, LI Zhen
3D Multi-UAV Collaboration Based on the Hybrid Algorithm of Artificial Bee Colony and A*
................................................. BAI Xin, WANG Ping, WANG Ziye, ZHANG Lan
Integral Active Finite-time Disturbance Rejection Control for Attitude Tracking of Quad-rotor
............................... CONG Yongzheng, ZHOU Jun, DU Haibo, WU Di, JIANG Canghua

33

3863

3869

3875

3881

3885

3892

3898

3904

3910

3916

3922

3927

3934

3940

3946

3952

3958

3964

3970

3976

3982

3988



Proceedings of the 38th Chinese Control Conference
July 27-30, 2019, Guangzhou, China

A Fast-Online Guidance Method for Trajectory Correction Projectiles

Yuhan Mou', Jing Zhang', Lingyu Yang!, Xiaoke Feng!

1. School of Automation Science and Electrical Engineering, Beihang University, Beijing 100191
E-mail: mouyh@buaa.edu.cn, zhangjing2013@buaa.edu.cn, yanglingyu@buaa.edu.cn, 18580530093 @163.com

Abstract: The fast-online guidance problem of trajectory correction projectile is investigated in this paper. The dynamic
mathematical model of spin-stability projectile is briefly presented and a simplified process for the nonlinear seven degree of
freedom model is given in detail. Then a linear approximate model is introduced to calculate trim points along the projectile
trajectory, and the trajectory characteristics is given through the trim results. A real-time method for calculating the control angle
of the course correction fuse is also proposed base on the above trim method. Finally, simulation results are given to validate the

proposed method.

Key Words: Course correction fuse, trajectory correction, flight control, spin-stability projectile

Nomenclature
1.5 Angle of attack, Angle of sideslip
Euler pitch and yaw angles
9,2 e yawang
Ou, vz Flight-path angles
y Control roll angle
Mass, gravitational accelerate
m,g
Pitch and yaw rates
w’? B (1){
Roll rates of the head and rear
a)f’::v a)uera
Moment of inertial about the axis frame
Cu, A
¢ and 5 axes
S1d Reference area, length and diameter of
7 projectile
Cp.Cus, Drag and lift coefficients
Cuss.. Coty Static rpoment and damping moment
coefficients
Cirs Magnus moment coefficients
Mpo,
Lift and static moment coefficients of
CLa; , CM(SL.
the canards
X.Y.Z Positon .Vector components of the
composite center of mass
v Magnitude of airspeed
Angular rates vectors of the trajectory
ar,W 4

and axis frame with the respect to base
frame

1 Introduction

The requirements on high deliver accuracy and long range
of modern weapons are increasingly strict with the
development of the war. The poor accuracy of the unguided
shells could reduce the efficiency of combat and even leads
to damage on friendly sides. Thus, it is necessary to modify
the existing shells to improve its performance and remain
inexpensive meanwhile. Course Correction Fuse (CCF) is an
effective approach to transform the existing unguided shells
to smart ammunitions. An unguided projectile of howitzer or
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mortar could become a Trajectory Correction Projectile
(TCP) after simply replace its fuse by CCF. The CCF
concept is illustrated in Fig. 1. Two pairs of canards are
installed in the CCF. The canards 1-3 are installed in
opposed angle to provide control force F. while the canards
2-4 are installed in same angle to provide axial moment.
Control roll angle 7. is used to describe the direction of F..

#4

Fig. 1: Concept of the course correction fuse

The CCF considered in this paper is used in the 155mm
howitzer which maintains the stability by the gyroscopic
effect, i.e., a spin-stability projectile. Thus, a structure called
dual-spin projectile is considered in the design. Dual-spin
projectile includes two parts, the head part and the rear part,
as shown in the Fig. 2. Motor and Bearings are used to despin
the canards attached to the head part and keep F. in the
designated direction, while the rear is keep a high spin rate to
maintain the stability.

High spin

/ speed rear

Course Correction Fuze

=

Y SR

C()u;

Bearing

Fig. 2: Dual-spin projectile structure

The modelling of the TCP are widely studied. An
important feature of the TCP model is that it has an extra



degree of freedom (DOF) compared to common projectiles.
Nicolas [1] study the problem of aerodynamics of TCP by
calculation fluid dynamic (CFD) methods. Eric [2,3]
acquires the aerodynamic parameter through the software
Missile DTACOM. Dr. Cheng [4] builds the mathematical
model of TCP based on CFD and experiment
comprehensively, which laid the foundation of simulation
and analysis.

The canards 1-3 are fixed on the CCF, so the y. control
both the vertical and lateral sides of the trajectory correction
simultaneous, which causes serious couple in the vertical and
lateral moments. More complicatedly, due to the unique
dynamic characteristic of the spin-stability projectile, the
direction of control load lags in phases with the y.. Above
features make it hard to solve the y. accurately when a
designated direction of load is needed. Seve Florian [5]
simplified the 6 DOF model of shell based on the stability
assumption and studies the flight characteristic. Philippe
Wernert [6] and Spilios Theodoulis [7] provide another
method to simplify the model of TCP and calculate trim
point of the projectile. Although the CCF considered in this
paper is different from theirs, the similar method is adopted
in this paper. Dr. Cheng [4] points that there is an
approximate phase lag = between y. and direction of load.
Nevertheless the systematic error exist in this method as the
system is time varying.

A novel method based on the simplified model to solve y.
is proposed in this paper, and the calculation is simplified to
run online of the CCF.

The article is organized as follows. Section 1 introduce the
background of the research. Section 2 builds the 7 DOF
model of the TCP and given the simplified model. Section 3
details the methods to solve y.. Section 4 gives the
simulation results, and the conclusion is drawn in section 5.

2 TCP modelling and simplify

Three coordinate systems (CS) are introduced [8] as
follows: axis CS O g¢, base CS Oy — x-, and trajectory CS
Or—x,y,z. ¢2,04 are defined to transform the base CS into
axial CS. y»,0, are defined to transform the base CS into
trajectory CS. d2,0: are defined to transform the trajectory
CS into axial CS.

According to momentum theorem and moment of
momentum theorem, the kinetic equations is given as Eq.(1).

dv oG
ma—m5+mwr><v—Fr (1)
dG  0G B ’

& or +waXG=M4

where v denotes the speed vector, G denotes momentum
moment vector, and the aerodynamic coefficients used to
calculate Fr and M4 are obtained with CFD methods. The
angle J. is defined to describe the air speed with respect to
the canards as the canards despin with the rear of projectile.
The 7 DOF model of the TCP can be built with the kinetic
equations (1) and geometric Eq. (2).

sind> = cosy2sin@> — siny>cos@2cos (p. — O.)

sindi = cosgasin (¢pa — Ga) /c0s 2 )

sind. = sindicosy. + sind>cosdisiny.

Spilios Theodoulis [7] states that the spin-stability
projectile experiences two major phenomena include
precession and nutation. Precession denotes the low
frequency motions and nutation denotes the higher ones.
Without loss of generality, we select the lower frequency
motion states [V, waz, @2, Y] as the parameter vector p, the
higher frequency motion states [J1,d2,@,,w:]" as the state
vector x, the acceleration [a,,ac]” inaxis CS as the output
vector y . Then we could acquire the four-order dynamic Eq.

).

do S
T; - %Cos(oa - vq.m [Cpoi+ Crs, 01+ C1s, (5 + 0c)cosye] + (wr + o tang202)
% =- 95 [Cpo2+ Crs, 02+ Crs. (0 + Oc)siny.] + (-, + w tangp261)
3 , 3)

d Sl d d . Ca

TR [’ Cutz, 02 = = Cata0n + = Cotps, @acd1 — Curs (3 + &)sm)&-] T G T ocactang:
d SZ d d Ca

(Cil;tf _ q7 [Cm,.él _ ;CMq w: + vi,-CMpér @az02 + Cus, (6 + ) cos yL-] + g QO — g O¢ tang>

] ) . ..
where g— oV denotes dynamic pressure. A solution process to solve trim point is proposed based

2

The nonlinear system reach stable states when condition

do: do: da)q da){

de’ de” de 7 de
which regards as the trim point could denotes the
lower-frequency motion approximately. The nonlinear
equations (3) can be solved by fix-point iteration method.
Nevertheless, this method is not proper to run online on the
CCEF for its complexity.

T
} =0 is satisfied, i.e. the state x
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on linear equations in this paper, and the linear equations are
acquired by simplifying the nonlinear Eq. (3). di, o2 , @2,
W2, 0a— 04, wcoctang: and w,wstang: can regard as
small quantities [8] for a normal trajectory, and the
assumptions o1 = @, — 0., 02~ @2 — Y2 also stand. Ignore
the higher order item in (3) and let x =0, then we can
acquire the linear equation Px = b and solve the trim point
through x = P'b. The analytical formats of P and b are
as Eq. (4) and Eq. (5).



kv (Cp + Crs, + Crs.c08%y.)
—kvCrs,.cosycsiny.

—kvCrs,8Iny.CO8 Y.
—kyv(Cp + Crs, 4 Crs.sin’y.) 1 0

0 1

P=| Lk, (i Crtps, Waz — Cirs,COSySin y() ka(=Chus, — Cus.siny.) ka (* viCMq> - % Was , (4)
. d 1\ G d
ko (Cuss, + Chs.cos?ye) ka o Chrips, Wae + Cis, COS pSiny. — O kal- o Cuy

b:( gcosq)g+kam(.5cosyc kvCrs.0sinye  kaCus,dsiny. fkaCMg(chcosy(>, (5)

Vr

qS _ 95!
vrm’kai A

where k, =

The output equations are given in Eq. (6).

S
ay = % [Cp6i 4 Crs, 01 + Crs. (6 4 6.) cosy.]
(6)
S .

ae =T [Cpa + Cuo b2+ Cua (94 0)siny.]

Select the parameter vector p from a typical trajectory of
155mm howitzer at 80s, then we can acquire trim points
though either linear simplified calculation method (LSCM)
or nonlinear fix-point iteration method (NFPIM). The

comparison of the results by two methods are shown as Figs.
3-6.

—e— B (NFPIM)
3 (LSCM)

Bl(degree)

0 100 200 300 400
'yc(degree)

Fig. 3: Angle of attack at trim points

—e— 82(N FPIM)
62(LSCM)
—8— error

Bz(degree)

1] 100 200 300 400
'yc(degree)

Fig. 4: Angle of sideslip at trim points

1t —e— a (NFPIM)
an(LSCM)
"_; 0.5 —8— error

£
::

0 100 200 300 400

v (degree)
Fig. 5: Vertical acceleration at trim points

1L —e— ac(NFPIM)
08 aC(LSCM)
'12 0.6 — 8 error
:u

0 100 200 300 400
7c(deg ree)

Fig. 6: Lateral acceleration at trim points

The root mean square error (RMSE) of LSCM is shown in
Table 1. It can be seen from Figs. 3-6 and Table 1 that the
computational complexity can be reduced by the LSCM with

the guarantee of accuracy.
Table 1: RMSE of trim points by LSCM

Item o1 02 ay ac
0.071° | 0.03m/s> | 0.03m/s?

RMSE | 0.074°

The effect of the CCF on trajectory can be analyzed from
the trim results. It can be seen from Fig. 6 that the maximum
value of lateral accelerate on the opposite side of the axis {
is close to zero under the control of canards at 80s. That
means origin AOS exists in trajectory of the unguided shell
due to the magnus and gyroscopic effects. Thus, the CCF can
only correct the origin lateral shifting at 80s and the trim
results cannot use for trajectory correction directly.
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3 Impact correction with trim point

After we obtain trim points according to different y. by
LSCM, the reflection from y. to the direction of load can be
simply gotten in the trajectory. Nevertheless, the response
load cannot represent the effect of CCF as the origin AOS
always exists.

Without loss of generality, we can suppose that the load
caused only by CCF add to the origin lateral load of
unguided shell linearly. Then we have Aa = a. — ao, where
Aa denotes the acceleration caused by CCF, a. denotes the
acceleration at trim point, o denotes the origin acceleration.
The ao can be obtained by letting the aerodynamic
coefficients of canards, C.s, and Cus,, equal to zero. Then
the Aa on axis # and axis { can be solved by LSCM, and
the results are shown in Figs .7-8.

—— Aan(nonlinear)

s 22
= o =

Aﬂn(linear)

(=

~
T

Acceleration of proj ectile(m/sz)
=
¥

s 2
PO

100 200 300 400
Control angle(degree)

Fig. 7: Vertical acceleration of control canard

0-8 .............................
0.6 —— Aac(nonlinear)
0.4 Aag(linear)

.I
o

-0.4

Acceleration of projectile(m/sz)
=
e

0 100 200 300 400
Control angle(degree)

Fig. 8: Lateral acceleration of control canard

Define the orientation angle of the load caused by CCF as
e =atan2 (Aa,,Aac), then the reflection from y. to & can
be calculated as Fig. 9-10. It can be seen that the reflection
are approximately linear and an approximate phase lag «
between y. and € can be assumed. Then a more accurate
method to calculate the y. can be further studied.
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200 ¢
g 100
I
w
0_.
-100 ' . ;
0 100 200 300 400
yc(degree)

Fig. 9: Reflection from y. to &

Ay
Direction of e
command N\
overload €
4
W
4 Y Approximate
direction of F,

Fig. 10: The approximate relationship between the load and control
force

The vertical load Aa, can be decomposed into Aa.> and
Aa,: in trajectory CS, which both have an influence on the
range of TCP. The positive Aa,2 or Aa.. can increase the
range in terminal guidance section and vice versa. Thus, we
have the assumption Aa: =~ Aa-, Aa, =~ Aa. . Nevertheless,
this assumption does not stand in the ascent trajectory.

CCF need to provide control load in designated direction
according to the guidance law, which requires corresponding
y. being calculated online on the CCF. As is states above,
there is an approximately linear reflection from y. to ¢, so it
is reasonable to calculate some particular trim points in the
neighborhood of possible orientation and use linear fitting to
solve the reflection online.

An possible value of control roll angle y., which is
corresponding the command angle ¢ can be calculated by
Yo = € + m because of the approximate phase lag. Then
select y.; =y, T in/18 (i=0,1,2) and the corresponding
&: can be solve by LSCM, respectively. It is supposed that a
linear reflection j. = ke + b exists from & to Ye. A least
square fitting is used here and the parameters k&, b can be

solved in (7).
5 1 5 5
Zi:l EiYei — gzi:] &i Zi:l Yei
5 1 5 2
Zle&zfg(zf:l&) @)
b - ]A)c - i(g
It can be validated by the following simulation that the real
time fitting calculation method (RTFCM) can obtain a more

accurate impact correction than the approximate phase lag
method (APLM).

k:



4 Simulation Results

4.1 Initial condition of simulation

A 155mm shell model equipped with CCF is used in the
simulation and its aecrodynamic coefficients are acquired by
CFD methods. The initial conditions are in Table 2.

Table 2: Initial conditions of the simulation

Item value
velocity 980m/s
elevation 51°
azimuth 0°
rotation rate 1885rad/s
mass 45kg
polar moment of inertia 0.16kg - m?
altitude Om
equatorial moment of inertia 1.8kg - m?

4.2 Verification of the trim point

The axis ¢ of the projectile oscillates around the
equilibrium axis because of the gyroscope effect of the
spin-stability projectile, i.e., the nutation process. A
comparison on the airflow angle between 7 DOF model and
trim points by LSCM is made to validate the correctness of
the simplified trim point. A fixed control y. = 0 is given to
the model at 15s, and the results are shown in Figs. 11-12.

AOA in trajectory
AOA at trim point

Sl(degree)

0 20 40 60 80 100
Time(s)
Fig. 11: Compassion between trim point and true value of AOA

It can be seen in the Fig. 11-12 that the trim points reflect
the procession progress of the spin-stability projectile,
especially in the terminal guidance section. This result
provides a theoretical basis for control and guidance.

AOS in trajectory
3 . AOS at trim point

Q
o

Sz(degree)

60 80 100
Time(s)
Fig. 12: Compassion between trim point and true value of AOS

4.3 Simulation for impact correction

An open-loop guidance is used to correct the impact of
TCP in this scenario. The position of the impact can be
controlled with the base of assumption Aa: =~ Aa- ,
Aa,~ Aa. in the terminal guidance section. Define the
orientation angle of impact as 4 = atan2 (AZ,AX), i.e., 4
denotes the location of guided shell in relation to the
unguided trajectory. The control of TCP starts at 50s after
the apogee of trajectory, and a fixed ¢ value is given in the
simulation. We finally acquire eight typical trajectories as
we let A =nn/4, where n=1,2,...,8.

Fig.13-14 show parts of the simulation results and
A=41°, —47° under the commands A.=45°, —-45°,
respectively. Other results are listed in the Table 3 and the
APLM is used as contrast. The RMSE and absolute error
(AE) are also calculated in the simulation.

It can be seen from Table 3 and Table 4 that the y.
calculated by RTFCM obtains more accurate results than the
contrast in impact control. In addition, the parameter needed
for RTFCM include air speed, rotation rate and position can
be obtained from the GPS directly, thus the method is
suitable to apply in engineering.

500

AZ(m)

1000

trajectory without control

trajectory with control

1500 :
0 1 2 3 4

AX(m) x 10"

Fig. 13: Top view of the trajectory with the command 45°
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load can be provided by canards with the effect of the high
spin rate of howitzer. The RTFCM uses parameters which
can be obtained from sensors and costs little computation
time, i.e., it is suitable for online calculation. Future work
will involve the research of the guidance law such as
proportion navigation or impact prediction for the TCP, then
the close-loop control can be realized on the TCP.

500 |

AZ(m)
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