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ABSTRACT

The paper presents methods for trajectory correction using lateral pulse jets on flying devices
using global navigation systems (GNSS). In the control algorithm, the activation time between
two consecutive pulses, instead of being a given constant value, is determined according to the
characteristics of the flying device and trajectory parameters. Results of simulation and
comparison between cases show that the proposed method of trajectory correction is better than
the remaining methods because it requires the smallest number of pulses within the threshold of
impact point deviation.
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1. INTRODUCTION

One of the most current tendencies in the field of precision-guided artillery research is to
extend the range and use low-cost control mechanisms and guidance systems to reduce the
number of projectiles consumed and minimize damage to surrounding civilian infrastructures.
An appropriate solution of control for correcting the trajectory of projectiles is using one-time
lateral pulse jets.

The GNSS system, with its specialized structure, is used to determine position, velocity, and
rotational motion around the symmetry axis (roll angle, roll rate) through a single-patch antenna
structure [1, 2]. Studies and experiments have shown that the error in measuring rotational angles
around the vertical axis is less than 5°. However, the drawback of the GNSS system is the large
startup time (up to several tens of seconds), so due to the influence of dynamic noise, at the start
time of control significant deviations of rocket trajectory compared to the reference trajectory
may occur. This feature of the GPS navigation system has not been taken into account in
published studies.

Another difficulty is that the pulse jets control mechanism has low control capability due to
the limitation of the number of pulse jets. To overcome this difficulty, many studies have
focused on building control methods divided into two main directions: reference trajectory
tracking and impact point prediction.

The reference trajectory tracking method [3, 4] proposes an algorithm to activate the
appropriate lateral pulse jet when the flying device's position deviation from the reference
trajectory exceeds the required threshold. The disadvantage of this method is that it requires the
use of a large number of pulse jets for the flying device to follow the reference trajectory
throughout the flight, especially when large deviations appear in the initial correction stage (from
the time the GNSS system has been operating stably).

To reduce the number of required pulses, Pavkovic, Pavic and Cuk [5, 6] added an active
damping control mechanism to calculate the appropriate time between two pulses, however, this
study has not overcome the disadvantage of the GNSS system in the initial correction stage.
Nguyen Van Khoi [7] proposed an improved reference trajectory tracking method, which added
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a pulse jet activation condition. In this case, the control signal will be activated if two conditions
are simultaneously satisfied: The deviation exceeds the threshold and this deviation lies outside
the the line connecting point i with the target MT (figure 3). However, this study only examined
cases where the time between two pulses is a constant value.

The impact point prediction method uses ballistic linear theory to determine and correct the
predicted impact point error relative to the target location [8-10]. However, the disadvantages of
this method are:

- High demands on the on-board control computer to calculate the predicted impact point;

- More information from the navigation system is needed to solve the problem of determining
the predicted impact point;

- The accuracy of the predicted impact point depends not only on the linear ballistic model
but also on the accuracy of the GNSS system (the accuracy of the initial conditions for solving
the linear ballistic model after each trajectory correction).

From the above analysis, it can be seen that published articles haven’t considered both factors
in the study: Calculating the reasonable time interval between two pulses and the characteristics
of the GNSS system in building the trajectory correction algorithm using the lateral pulse jets.
Therefore, in this paper, the authors conduct a comparative simulation of the published methods,
thereby proposing a method to improve the trajectory correction accuracy by combining the
advantages of the proposed methods.

2. PROBLEM

2.1. Model of lateral pulse jets controller

Due to the one-time use characteristic of the pulse engine, the control system needs to activate
the corresponding pulse engine when satisfying the following conditions [7]:

1) Only generates activation signals for previously unused pulse jets.

Suppose, S is a pulse jet matrix with N; rows and M; columns where N; — Total number of
pulses in a face and M, — Total number of pulse generating faces.

In this case, the i"" pulse of the j™ face satisfies the following condition:
+) Sjj = 0 - The pulse is not activated;
+) Sjj = 1 - The pulse is activated.

2) The time for the next activation of the pulse jet, measured from the time of the nearest
previous activation, must be greater than a specified threshold, that is:

t—t" > At (1)
where, t” the time of the nearest activation of the pulse jet; E
Aty - The threshold for the time between two pulse bai
firings. A
3) To ensure accuracy in the phase of the jet pulse, 7 »
there must be a relationship between the selected pulse jet 5 -

for activation and the phase error that satisfies the
following condition (figure 1):
|¢Ji tQ, +@y —7T— 7/| < 5Thres (2)

where, &, - The threshold for the phase error of the
selected pulse jet.
The phase v of the selected pulse is determined in the body

7p

z T,

Figure 1. lllustration selected
pulse jet for activation.

4 N. V. Khoi, B. Q. Dung, “Method for improving accuracy ... using lateral pulse jets.”



Research

frame according to the following expression:
y:mod((;/p —74),27[); 7, =mod(¢,27) (3)

where, ¢ — Roll angle.
From figure 1, the phase of the selected pulse jet is determined by the following expression:

B 27r(i —1)
b= )
where N; is the total number of pulses in one face.
The angle ¢, is determined by half of the rotation angle during the pulse duration of a pulse
jet. The angle ¢, is determined by the activation delay of the pulse jet. Therefore,

o (t+7T
0, +g, =20 )
where, 7 - The pulse duration of a pulse jet,; z, - The activation delay of the pulse jet.

Expanding condition (2) results in the expression for determining the position of the pulse jet
to be activated:

i, <i<i, (6)
where,
N N

1+i(7r+7—a)x%J—ié}hres if y<nx
L, = ;

1+l2\|—73[(—71'+7/—a)X %j—’;—;&hreg if y>nx

1+m(ﬂ+7/—a&%)+ L Oes If yS<7
=

T

Based on the trajectory correction method, the pulse jet controller selects and activates the
appropriate pulse jet to reduce the guidance error.

xﬂ
2.2. Method for improving accuracy of trajectory correction A predicted point of impact
2.2.1. Reference trajectory tracking method (TT) g o Yoo %
According to [3], the positional and phase deviations of the
flying device from the reference trajectory are determined by Maiseg
the following expressions: @
Az
G= Q/Ayrf +AZ; Vo= mod(arctan 2( o }27;} @) Xt, Ve, Zt
Ayn Zn crossrange  Yn
The controller activates the appropriate pulse jet when the On

deviation magnitude exceeds the threshold, i.e.: ) .
Figure 2. Error of predicted

G > Gy (8 impact point by method IPP.
where, Gines — Threshold of pulse activation.
2.2.2. Impact point prediction method (IPP)
According to [8], model of impact point prediction has the following form:
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The positional and phase deviations of the predicted impact point from the target position are
determined by the following expression (figure 2):

G={AC+AY:; 7, = mod[—arctan 2 iyn ,zﬁJ (10)
X

n

2.2.3. Modified reference trajectory tracking method (MTT)

According to the TT method, the controller activates the lateral pulse jets when the deviation
magnitude begins to exceed the threshold. This is only true when the trajectory deviation from
the reference trajectory is small. In practice, due to the characteristics of the GNSS system, the
lateral pulse jets only activates after a period of time (up to several tens of seconds) after launch,
that is, the deviation magnitude from the reference trajectory is much larger than the threshold.
To reduce the number of pulse jets at this stage, the following additional condition is proposed.

The controller activates the appropriate pulse jet when 0 Ak, I, MI x
the deviation magnitude exceeds the threshold and the '
flying device tends to move away from the reference
trajectory (In figure 3, at the calculation time i+1, the
flying device's position deviation is outside the line
connecting point i with the target MT), that is:

> G, Jm ~Fnint (11)  Figure 3. lllustration of error in

G, > va G
> G the method MTT.

i+1
l mt Xn,i
where, Gies — Threshold of pulse activation; i — The number of sampling time ti; Xn.i, Xmt — Flying
device and target positions.

2.2.4. Proposed method for improving accuracy of trajectory correction (IMTT)

From the published results, it can be seen that the MTT method has taken into account the
characteristics of the GNSS system. However, due to the limited number of pulses, to ensure the
number of pulses and the accuracy of trajectory correction, the time between two pulses needs to
be calculated reasonably. In the initial and terminal stages, the number of pulses used needs to be
larger because it is necessary to correct the trajectory to ensure the accuracy of the flying device,
in the intermediate stage, the number of pulses used is smaller to maintain the trajectory error
within the allowable threshold.

According to [5], in the lateral pulse jet model, the activation time threshold, instead of being
a constant value ( At =const ), is now a function dependent on the cutoff frequency wc, given
by the expression:

hres

Aty =7 @, (11)

The cutoff frequency . depends on the flying device's characteristics (such as reference area
S, reference length D, moment of inertia Iz, derivative of the moment coefficient of attack angle,
velocity V and air density p) as expressed in the following equation [11].

Thus, the proposed IMTT method in the paper is a method that combines MTT method with
expression (11), calculating the reasonable time interval between two pulses in depending on
cutoff frequency of the flying device.
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3. SIMULATION AND DISCUSSION

3.1. Input data

The 6DOF flight dynamics model is determined according to [7]. The simulation program is
built using Matlab/Simulink 2022b software (figure 4). The parameters for the simulation include:

1) Basic characteristics of the flying device: Length 3996 mm, diameter 160 mm, mass 135 kg,
center of gravity at 2.017 m, inertia Ix = 0.539 kg-m?, Iz = 159.35 kg-m?, pulse engine 12000 N, burn
time 1.9s.

2) Control system parameters: Grhres =5 m.
3) Pulse jet parameters: N; = 40; M; = 2; T; =100 + 1000 N; tg = 5 ms; T =40 ms.

4) Noise model of the navigation system GNSS: Information update frequency 10 Hz,
position deviation 36 = 5 m; velocity deviation 36 = 0.1 m/s; angle deviation 3¢ = 5°.

5) Noise model of launch angles: 64, =0,1°; oy, = 0,1°.

‘ —— e ]
|
- - | e
—a—— E— h [ o ™ ~——
o> = —_— e - B | (TR ) - T S
= e e | o . i [ C—— i wvo
o ) -l ==} S |
——] Thuat phong wong e <
‘ mlwos_TL  as = e ]
™ "~ N a_n
I (B ORI e SR o] ere enn) -
_a
EEEE- | ~|DELTA - —‘M Drnn* —{Dm‘. um.._m,} —lcnnn_nb Eulurl -—[Euu.v cJ.)| —EE ]

Figure 4. Interface of the trajectory correction simulation program.
3.2. Simulation results and comments
Position: Flying device (N11057,209"; E109016,201"; h = 20 m); target (N11054,303;
E109034,127'; h = 6 m). Based on the firing table built from the simulation program to determine
the flying device's reference trajectory, the determined firing element is the flying device's
launch angle: The launch angle is 68.89°, the azimuth angle is 99.37°.

The simulation determine the error value G and the number of pulses required to activate for
the process of trajectory correction by TT, IPP and MTT methods. Simulations performed for
both cases: when At, . =10s and when At, . determined according to expression (11).

Results of simulation are shown in the following figures.
1) Trajectory correction by method TT:
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Figure 5. Deviations by TT method (top) Figure 6. The number of used pulses by TT
and TT combined with (11) (bottom). (top) and TT combined with (11) (bottom).
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Discussion:

- At the beginning of the control (after 22 s), the deviation from the reference trajectory is
large. The TT method quickly reduces the deviation to the threshold (10 m), leading to sliding
and fluctuation around the reference trajectory. Therefore, the total number of pulses (80 pulse
jets) for the entire tracking process is insufficient (figure 5).

- The TT method combined with (11) increases the tracking time along the reference
trajectory (over 100 s). However, the total number of pulses required for the entire correction
process (over 140 s) is insufficient (figure 6).

2) Trajectory correction by method IPP:
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Figure 7. Deviations by IPP method (top) Figure 8. The number of used pulses by IPP
and IPP combined with (11) (bottom). (top) and IPP combined with (11) (bottom).

Discussion:

- The method IPP with constant value of the activation time threshold does not guarantee the
accuracy of the impact point due to the insufficient number of pulse jets for the entire correction
process. This is due to the errors in the GNSS system and the impact point prediction model. As
a result, after each update, the predicted impact point position varies, requiring frequent
correction by the pulse jet controller to correct this discrepancy (figure 7).

- The method IPP combined with (11) reduces the required number of pulse jets for the
correction process (around 55 units). However, to ensure the accuracy of the impact point
position, the activation pulse value needs to satisfy Jr > 1000 N. This value becomes more
challenging for the pulse engines design problem as it increases (figure 8).

3) Trajectory correction by method MTT:
Discussion:
- The trajectory correction method MTT, in both cases of At . =10s and when combined

with (11), produces deviations within the threshold (10 m) when the pulse value Jr > 500 N. The
number of required pulse jets for the correction process is much smaller compared to the method
TT va IPP (around 30 pulse engines).

- The number of required pulse jets for the trajectory correction process using the method

IMTT is smaller compared to when the activation time threshold is fixed, especially at the pulse
value Jr =500 N (24 pulse engines compared to 32 pulse engines).
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Figure 9. Deviations by MTT method (top) Figure 10. The number of used pulses by MTT
and IMTT method (bottom). (top) and IMTT (bottom).

- At the pulse value Jr = 300 N, only the method
IMTT keeps the deviation of the predicted collision
point within the threshold. This can be explained as
follows: according to figure 11, the value of
activation time threshold is changed over time. In
the middle phase of the trajectory, this value is

larger so fewer pulses are used. In the terminal ol ‘ | _ . | | _
phase, we have At,,,., <1,0s, therefore, the pulse jet CooE e e
controller will activate more pulse jets to reduce the Hinh 11. Activation time threshold
deviation of the impact point. according to (11).

Overall comments:

- Comparing the simulation results of the TT, IPP and MTT trajectory correction methods, it
is found that these methods use controller with activation time threshold according to formula
(11) (instead of constant value) increases the trajectory correction accuracy (MTT method) and
reduce the number of required pulses (all three methods).

- The IMTT method proposed in the paper (MTT method combined with (11)) has advantages
over the remaining methods, including accuracy under conditions of small pulse value (T; = 300
N) and the smallest number of pulses required for the correction process (Ny).

4. CONCLUSIONS

Based on the constructed mathematical model, the paper presented trajectory correction
methods for flying devices using the Global Navigation Satellite System (GNSS) and the
algorithm of the lateral pulse jet controller. From there, the entire controlled flight process of the
flying device in 6DOF was simulated.

By comparing the simulation results, it was observed that the proposed method IMTT ensured
that the deviation of the flying device's impact point from the target was less than 10 m, while
requiring fewer pulse jets during the control process compared to the methods TT, IPP and MTT.

The research results provide a scientific basis for optimizing the pulse jet controller, as
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well as designing control system for flying devices using the GNSS and a one-time lateral
pulse jet controller.
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ABSTRACT

Phwong phap néng cao d§ chinh xac hi€u chinh quy dao
bang ma tran djng co xung bén

Bai bdo trinh bay cac phuwong phdp hiéu chinh quy dao bdng ma trdn dong co xung
trén thiét bi bay sir dung hé thong dan dwong dinh vi toan cau (i GNSS). Trong thudt toan
diéu khzen ma trdn dong co xung, thoi glan kich hoat giita hai lan xung lién tlep khong
dwoc co dinh ¢ mgt gid tri cho trudc ma dugc xdc dinh theo dac trung cua thiét bi bay va
tham s6 quy dao. Két qua mé phong va so sanh gitta cdc truong hop cho thdy, phwong
phap hiéu chinh quy dao dé xudt trong bai bao ¢6 uu diém hon cdc phwong phdp con lai
khi yéu Cau $6 lwong xung va gid tri moi xung la nhé nhat dé dam bdo sai léch diém va
cham nam trong nguong cho trudc.

khoa: Ma tran dong co xung; Bam sat quy dao tham chiéu; Dy doén diém va cham.
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