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Impact point prediction guidance parametric study
for 155 mm rocket assisted artillery projectile

with lateral thrusters

Themodified configuration of the 155mm rocket assisted projectile equipped with
lateral thrusters was proposed. Six degree of freedommathematical model was used to
investigate the quality of the considered projectile. Impact point prediction guidance
scheme intended for low control authority projectile was developed to minimize the
dispersion radius. Simple point mass model was applied to calculate the impact point
coordinates during the flight. Main motor time delay impact on range characteristics
was investigated. Miss distance errors and Circular Error Probable for various lateral
thruster total impulse were obtained. Monte-Carlo simulations proved that the impact
point dispersion could be reduced significantly when the circular array of 15 solid
propellant lateral thrusters was used. Single motor operation timewas set to be 0.025 s.
Finally, the warhead radii of destruction were analyzed.

1. Introduction

One of the most current tendencies in field artillery precision guided munition
research area is to extend its range and apply the low-cost control mechanisms
to reduce the existing collateral damage. The rocket-assisted projectile (RAP) is
a kind of shell with a small solid propellant rocket engine at the base to increase its
range [1]. The rocket motor ignites with some delay after muzzle exit, and operates
for a short period of time to increase the flight velocity rapidly. After that, the
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projectile flies as a standard unpowered artillery shell. In such a way, the range
extension requirement could be fulfilled.

On the other hand, uncontrolled artillery munition is characterized by a sig-
nificant dispersion, especially at the long ranges and at high gun elevation angles.
There exists a lot of disturbances [2] which can create a significant dispersion of the
impact points, e.g., muzzle velocity variations, tip-off effect or side wind. One of
the current development tendencies aimed at improving the delivery accuracy is the
use various correction systems, like body-fixed aero fins, roll decoupled canards,
lateral thrusters, spin brakes, foldable plates or internal movable masses to reduce
the collateral damage [3, 4]. In this way, the total number of fired shells could be
decreased significantly. Low-cost solutions based on microelectromechanical sys-
tems could be used to realize this task. One of the most suitable method to control
such relatively small projectiles is to use a set of solid propellant lateral thrusters.
This kind of control is present on some existing guided munitions, e.g., STRIX
mortar round or AccuLAR rocket artillery projectile. On the other hand, the second
requirement is to extend the projectile range. An effective way to obtain this goal is
to equip the shell with its own source of propulsion. For field artillery projectiles,
lateral thruster control is less frequent, so there exists a need to investigate this type
of control in detail.

The main problem with such a control system intended for a guided artillery
munition is its low control authority due to the limited number of thrusters. The
other issue is the pulsatile nature of work of this kind of systems. These types of
control mechanisms are able to translate the rocket point of impact in the target
plane only by several hundred meters. To overcome this difficulty, various control
laws have been developed to date. The guidance approaches intended for precision
guided munition could be divided into three main groups [4]: reference trajectory
tracking, impact point prediction and trajectory shaping. The authors of [5] and
[6] proposed a trajectory tracking guidance scheme based on pulse frequency
modulation. The main disadvantage of this method is that a high thrust of the single
thruster is required to realize the guidance process effectively. In [7], the trajectory
tracking and proportional navigation were compared and it was concluded that
the second one presents a poor performance in the vertical plane resulting from
a trajectory curvature due to gravity. In [8], the modified linear theory was used
successfully to reduce the munition dispersion significantly. In [9], the method of
using pairs of impulse thrusters for spin-stabilized and fin-stabilized projectiles
was investigated.

In the literature, there are scarce publications on the subject of rocket-assisted
projectiles equipped with lateral thrusters. A variety of technical difficulties appear
in such a sophisticated combined solution. The purpose of this paper was to develop
the impact point prediction control law intended for RAP with single-use side
thrusters-based control mechanism to achieve better dispersion reduction and to
reduce its collateral damage.
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2. Modified projectile configuration and control mechanism

The modified 155 mm artillery shell was proposed as a test platform for the
purposes of this work. It was assumed that the projectile is equipped with a solid
propellant rocketmotor. Themotor firingmight be delayed bymeans of the inhibitor
layer. The burnout gases fill the volume at the base of the projectile, reducing the
base drag force and resulting in extended ranges. A set of 15 small, solid propellant
lateral thrusters was added to achieve the controlled flight functionality (Fig. 1).
These thrusters are spaced uniformly around the projectile body near the center of
mass, because such a location ensures the lack of moment arm and quite a high
control authority [10]. The nozzle of each of the motors is perpendicular to the shell
longitudinal axis. By firing some of the thrusters, the shell is steered to the desired
point. The main drawback of the proposed configuration is that each of the motors
can be used only once. The control system includes also onboard computer, to
calculate the prespecified control commands, and the strapdown Inertial Navigation
System (INS) located in the projectile middle section to obtain an adequate velocity,
angular rates, position and attitude.

antennawarheadlateral
thruster

motor INS

prefabricated fragments

onboard
computer

(a) projectile scheme (b) cutout drawing

Fig. 1. Proposed configuration of the modified 155 mm shell

The use of lateral thrusters on spin-stabilized projectiles is difficult because
the time of operation of a single thruster should be less than 25% of the single
revolution. To solve this problem, it was assumed that the shell is stabilized by
a set of eight rectangular deployable fins to reduce the axis spin. The shell rotates
clockwise (looking from base) due to small leading edges cant angles with max-
imum rate of 11000◦/s around the longitudinal axis during the flight. The main
dimensions of the projectile are presented in Fig. 2.

Finally, using 3D CAD model, the shell mass and inertia parameters were
obtained. Before the launch, they were assumed to be: the mass m0 = 45.5 kg, the
moments of inertia Ix0 = 0.145 kgm2, Iy0 = Iz0 = 1.73 kgm2 and the center of
mass location (from the base) xcg0 = 0.395 m. After main motor burnout, these
parameters become: mk = 42.5 kg, Ixk = 0.143 kgm2, Iyk = Izk = 1.70 kgm2,
xcgk = 0.42 m.
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Fig. 2. Dimensions of the modified 155 mm shell (in millimeters)

2.1. Radius of destruction estimation

It was assumed that the shell is equipped with a fragmentation warhead com-
posed of trinitrotoluene. Additionally, prefabricated fragments in the form of small
steel circular balls are spaced equally behind the warhead to increase its effective-
ness (Fig. 1). The radius of destruction Rsk of the shell was calculated as [11]
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charging (the ratio between the mass of the charge and the total mass of the projec-
tile) and its value is typically 15% for fragmentation warhead. Ejsk is the required
unit effective energy of the fragment which, for eliminating the unprotected live
force, was assumed to be 98 J/cm2. D is the detonation velocity of explosive mate-
rial (for TNT equals 6900 m/s), e � 2.7182818 is base of the natural logarithm. q is
mass of the single fragment assumed equal to 3 g according to [12]. The diameter
d of the single fragment was calculated as [11]

d = 2 3

√
3q

4πρsteel
, (2)

where ρsteel is the density of the ball material (7800 kg/m3 for steel). The obtained
fragment diameter is 9 mm. The radius of destruction of the projectile warhead at
the impact point was calculated to be in the range from 64.5 m to 66.7 m, but for
further calculations the worst case, smaller value was used.
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3. Projectile flight dynamics model

To investigate the performance of the considered projectile configuration, the
computer simulation was developed. Flat Earth approximation was used in the
presented analysis. The projectile was modeled as a variable mass rigid body with
six degrees of freedom (6DoF) and axial symmetry. Base drag variation due to
main motor burn was included into the model. The shell equations of motion were
derived in the body-fixed coordinate system Obxbybzb (Fig. 3).

Fig. 3. Coordinate systems used in simulation

The 6DoF equation of motion of the projectile were [13–16]
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where U, V , W are projectile velocity components in body-fixed frame; P, Q, R
are angular rates; xn, yn, zn are position coordinates in inertial frame and Φ, Θ, Ψ
are shell roll, pitch and yaw angles. The dot symbol above some variables denotes
the first derivative with respect to time. m is the projectile mass and I is the inertia
matrix in the form

I =



Ix 0 0
0 Iy 0
0 0 Iz


. (7)

The total forces Fb and moments Mb acting on the projectile were calculated
as [17]

Fb =



Xb

Yb
Zb


= Fg + Fs + Fa + Fc , (8)

where Fg are gravity, Fs propulsive, Fa aerodynamic and Fc control forces gener-
ated by lateral thrusters, respectively. In a similar way

Mb =
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are corresponding moments.
The gravity loads Fg and Mg in the body coordinate system Obxbybzb were

calculated according to [13].
Main motor thrust misalignment was included into the model. The propulsive

forces are [13]
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and the moments
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where T (t) is the main motor thrust time history (Fig. 6b), ΘT and ΨT are thrust
pitch and yaw misalignment angles. ln is the distance from center of mass to the
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main motor nozzle exit plane. Using the data from [18], the propellant mass was
assumed to be 3 kg and the total impulse 7593 Ns.

The aerodynamic force which acts on the projectile is

Xa =
1
2
ρV 2

0 S



−CX (α, β, M, Estate)
CY (α, β, M)
−CZ (α, β, M)


(12)

and the aerodynamic moment is described by the formula
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where ρ is the air density, V0 is total aerodynamic velocity, S = πd2/4 is the
projectile fuselage largest cross section area and d is shell diameter. α is the angle
of attack, β the angle of sideslip and M is Mach number. CX , CY , CZ are axial,
side and normal force nondimensional coefficients. CL is spin driving moment
coefficient due to fin leading edge cant angles, and CLP, CMQ, CNR are roll,
pitch and yaw damping moment coefficients. Estate is the main motor state (0 –
powered, 1 – unpowered flight). Aerodynamic coefficients were implemented into
the software using the lookup table method.

The aerodynamic characteristics were calculated using semi-empirical engin-
eering-level codes and analytical methods. The Magnus force and moment were
neglected because they were small compared to other loads due to low spin rate of
the projectile. The non-dimensional aerodynamic coefficients were assumed to be
dependent on the angle of attack, the sideslip and the Mach number. In Fig. 4, the
zero-yaw axial force and the normal force for zero sideslip angle coefficients are
presented.

The interference effects between the lateral thruster and the flow field around
the shell were neglected. The air thermodynamic properties were obtained using
the US 76 Standard Atmospheric Model [19].

The control forces and moments were calculated as a sum of loads generated
by individual side thrusters

Fc =

15∑
j=1

FT j , Mc =

15∑
j=1

MT j . (14)
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(a) zero yaw axial force coefficient
(after main motor burnout)

(b) normal force coefficient

Fig. 4. Projectile aerodynamic coefficients

The force from j-th lateral thruster in the body fixed coordinate system
Obxbybzb is

FT j = Tlt



0
sinΦj

cosΦj


(15)

where Tlt is the thrust force of the thruster and Φj is angular location of the nozzle
(Fig. 6b). The moments generated by the single lateral thruster are

MT j = Tlt



0
xT sinΦj

xT cosΦj


(16)

where xT is the distance from the shell center of mass to the plane including the
lateral thrusters ring. The lateral thruster thrust curve was modeled as a trapezoidal
pulse with the time duration of 0.025 s (Fig. 5b). Various thrust amplitudes between
200 N and 1000 N were considered.

(a) main motor (b) lateral thruster

Fig. 5. Projectile rocket motors thrust curves
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4. Impact point prediction guidance

It is assumed that the lateral thrusters are fired sequentially, according to
Fig. 6a.
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(a) lateral thrusters firing sequence (b) firing geometry

Fig. 6. Projectile lateral thrusters firing conditions (view from nose)

There exists a set of conditions to be defined when the single lateral thruster
should be used [17]:

• the j-th lateral thruster has not been fired already
• the time from the previous motor firing is greater than tmin

t > tprev + tmin , (17)
where t is the current flight time, tprev is the last moment in which one of the
thrusters has been fired and tmin is a threshold parameter which could be tuned
during the flight.

• the thruster which should be fired is exactly on the opposite side of the
fuselage with respect to the desired lateral projectile movement (Fig. 6b)

���γ − Φj − π − P (τd + τsk )��� < ε , (18)
Φj is the angle of the j-th lateral thruster, γ is the desired flight direction, P is the
projectile roll rate, τd is the lateral thruster igniter delay and τsk is the half time of
thruster burning time. ε is an angular activation threshold. The Φj angle is changed
after each rocket firing. The time τlt was calculated as

τlt =

tlt∫
0

Tlt (t)t dt

tlt∫
0

Tlt (t) dt

, (19)

where tlt is the total burning time of the lateral thruster.
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• the lateral thrusters are fired when the shell pitch angle is smaller than
a pre-specified value and the time from launch is greater than tg

Θ 6 Θg

∧
t > tg . (20)

Only 15 lateral thrusters firings are available, so it not recommended to use them
too early, for example immediately after launch, because in such a situation a lack of
control authority might occur in the terminal phase of flight. The abovementioned
constraint (20) allows for preventing from firing the thrusters too quickly.

The miss distance mdist between the target location and the achieved point of
impact in the target plane was calculated as

mdist =

√(
xt − xp

)2
+

(
yt − yp

)2
. (21)

During the flight, this parameter is compared with the threshold value mdist g. The
correction is performed only when mdist > mdist g. The mdist g was chosen to be
significantly smaller than the radius of destruction of the warhead. It was assumed
that the target location coordinates xt yt zt are known and implemented before the
launch in the software of the onboard computer.

Various flight dynamics models could be used to predict the projectile impact
point location during the flight [20, 21]. 6DoFmodels are numerically expensive, so
the simplified analytical approaches have been developed. Projectile linear theory
was described in [22] and [23], but is limited only to low launcher elevation
angles. To overcome this drawback, the modified linear theory was extended to
high elevation angles in [8] and [24]. The considered projectile spins slowly around
the longitudinal axis, so it is assumed that the spin drift has a little influence on
the shape of trajectory. It was decided that the point mass model would be suitable
for the considered application. Only gravity and drag forces were included to the
predictor model. The equations of motion in Onxnynzn coordinate frame used in
the algorithm were as follows [20, 25, 26]

ẍn = −
ρSCX0V0

2m
ẋn , (22)

ÿn = −
ρSCX0V0

2m
ẏn , (23)

z̈n = −
ρSCX0V0

2m
żn + g. (24)

The atmosphere thermodynamic properties were the same as those used in the
6DoFmodel. The axial force coefficientCX0 was parametrized usingMach number
Ma. The main advantage of this model is its simplicity and short calculation time.
Nowindmodelwas considered in the predictor. Themain drawback of this approach
is that the lateral motion due to projectile axial spin is neglected.
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In the subsequent calculations, the initial conditions are obtained from the
latest projectile state. Using the target coordinates xt , yt and predicted impact
point location xp, yp, the longitudinal xp−xt and lateral yp−yt errors (Fig. 7) were
calculated [27, 28]. The guidance correction kit was able to generate the control
forces in the Obybzb plane, so the transformation between errors in the horizontal
target plane and the Obybzb were provided [29, 30].

target

ra
n
g
e

crossrange

𝛾𝑝  

𝑥𝑛  

𝑦𝑛  𝑧𝑛  

𝑂𝑛  

predicted point of impact
𝑥𝑝 ,𝑦𝑝 , 𝑧𝑝  

𝑥𝑡 ,𝑦𝑡 , 𝑧𝑡  

𝑚𝑑𝑖𝑠𝑡𝑔  

Fig. 7. Impact point location error

When the prediction errors in the target plane are known, the angle of correction
γp ∈ (0; 2π) is calculated as [23, 25, 28]

γp = mod
(
− arctan 2

yp − yt

xp − xt
, 2π

)
. (25)

5. Simulation results and discussion

The developedmathematicalmodelwas implemented into aMATLABR2018a
software. The equations of motion of the projectile were numerically integrated
using the ode3 (Bogacki-Shampine) discrete step-solver with the step size 1e-4 s.

Firstly, the potential profit from the use of main motor was examined. To
increase the range, the motor could be fired with some delay, so it was necessary
to study the influence of this parameter on the achieved range. In the first case,
unpowered flight was considered. For the subsequent simulation scenarios, the
main motor was fired with various time delays 0 6 td 6 24 with 4 s step. In this
way, the optimum point at the trajectory of main motor firing was evaluated to
extend the range. No lateral thrusters were fired in this part of simulations. The
obtained shell axial velocity U time histories and trajectories in Onxnynzn frame
are presented in Fig. 8.
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Fig. 8. Projectile flight parameters for various main motor firing delays

For the unpowered flight, the shortest range was obtained. After main rocket
motor ignition, the projectile velocity increases rapidly. The RAP shell, having the
same dimensions, has a longer range, higher vertex point and a longer time of flight.

Table 1.
Projectile range as a function of main motor ignition delay td

td [s] Range [m]

Unpowered flight 32141.10

0 44563.73

4 44642.31

8 44588.05

12 44328.19

16 43848.53

20 43212.15

24 42453.34

The maximum range of 44642.31 m was achieved for the time delay td = 4 s.
In this case, the range of the projectile was increased significantly with the help of
main rocket motor when compared to unpowered flight.
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Using the above results, the projectile footprint was calculated to evaluate the
available projectile control authority. To realize this task, the series of simulations
for 0 6 γ 6 360◦ with step size 10◦ were evaluated. The thrusters were fired from
the trajectory vertex up to the end of the flight with the time interval tmin = 0.5 s.
The angular tolerance of firing was set to ε = 2.5◦. The obtained trajectories are
presented in Fig. 9 and the last phase of flight is visualized in Fig. 10. The black
circles centered at the impact point of the unguided shell are equidistant lines with
the interval of 100 m.

Fig. 9. Projectile trajectories

Fig. 10. Projectile footprint visualization

Next, the predictor convergence was analyzed. Single uncontrolled flight sim-
ulation for td = 4 s was run in such a manner that the miss distance at the end
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of flight was zero. During this simulation, the impact point predictor was called
with the frequency of 10 Hz during the whole flight and the equations (22)–(24)
were integrated numerically using the variable-step ode45 method, but the lateral
thrusters were deactivated. The “true” impact coordinates were known from 6DoF
model, so it was possible to compare them with the predicted location of point of
impact. The differences between the predicted impact points and target in the range
xp−xt and the cross-range yp−yt were calculated and presented in Fig. 11.

Fig. 11. Predictor convergence

The control process could be realized only when both of the errors have low
value, for example smaller than 5 m. When one uses a perfect predictor, this error
should be equal zero for the whole range of time, but on the other hand, such a
highly accurate calculation requires a complicated model and is not necessary for
practical purposes. At the beginning of flight, the range error is very high because
no thrust force is included in the predictor, so it consequently works fine only for
the unpowered phase of the flight. The cross-range error amplitude after 5 s is
generally higher than for the range, because of neglecting the lateral drift due to
projectile axial spin in Eqs. (22)–(24). Despite this fact, the cross-range error is
under 10 m after 40 s of flight. Later, the absolute value of both errors decreases
monotonically in time and, at the end of flight, is under 1 m.

Later, the influence of the lateral thruster force amplitude on the correctness of
the guidance process was analyzed to initially obtain the most suitable total impulse
Ilt of the propellant and to assess the maximum possible dispersion reduction. To
achieve this goal, two kinds of trajectories were analyzed: a disturbed unguided,
and a disturbed guided one (Table 2).

Six simulation scenarios were assumed and the amplitudes of the pulse were:
200 N, 400 N, 600 N, 800 N and 1000 N in subsequent cases, which corresponded
to total impulses Ilt : 5 Ns, 10 Ns, 15 Ns, 20 Ns and 25 Ns. The stationary target
was used in the considerations and its coordinates were 44.64 km in range and
−0.28 km in cross range. The control system was activated after the trajectory
vertex was reached, in the descending phase of flight, so Θg 6 0◦. The minimum
time tmin between two pulses was assumed to be 3 s. The visualization of the shell
trajectories is shown in Fig. 12.
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Table 2.
Shell initial launch parameters

Parameter Nominal Disturbed
Ui [m/s] 32 32.4

Initial linear velocities Vi [m/s] 1 1.2
Wi [m/s] 1 1.2
Pi [◦/s] 1356 1340

Initial angular rates Qi [◦/s] 0 0.1
Ri [◦/s] 0 0.1
Φi [◦] 0.0 0.5

Initial attitude Θi [◦] 43 42.8
Ψi [◦] 0 0.3

Main motor thrust misalignment
ΘT [◦] 0 0.01
ΨT [◦] 0 0.01

Mass and moments of inertia

mi [kg] 45.5 45.55
m f [kg] 42.5 42.55

Ixi [kgm2] 0.145 0.147
Ix f [kgm2] 0.143 0.145

Iyi = Izi [kgm2] 1.73 1.75
Iy f = Iz f [kgm2] 1.70 1.72

Fig. 12. Predictor trajectories

Fig. 13 and Fig. 14 present the projection of the shell trajectory in the guided
phase on the horizontal Onxnyn and vertical Onxnzn planes.

When the guidance process starts, each of the trajectories are curved to the
target. In the first three cases, the control force generated by an individual motor
was too small to eliminate the miss distance. The most significant lateral correction
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Fig. 13. The projectile trajectories in horizontal plane

Fig. 14. Terminal phase of flight in vertical plane

capability was observed for the largest Tlt . The greatest range corrections were
obtained in the last case, for the biggest Tlt . A small miss distance in range is
observed in each case.

Table 3.
Miss distance variations for various lateral thrusters force amplitude

Tlt [N] 200 400 600 800 1000

mdist [m] 201.5794 143.4550 85.5522 27.8893 0.7214

The miss distance decreases monotonically with the increase of the total im-
pulse of the lateral thruster and takes the smallest value for Tlt = 1000 N. On
the other hand, the reduction of the hit error exactly to zero is rather not required
because of the warhead blast effect.
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In Fig. 15, there are presented the forces generated by lateral thrusters in the
plane perpendicular to the longitudinal axis of symmetry (view from the projectile
base) and in vertical plane.
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Fig. 15. Forces generated by the lateral thrusters

In each from the simulation scenarios, all the 15 thrusters were applied. In each
case, a single thruster generates forces approximately by 1/3 of the roll cycle. The
components of horizontal plane forces have mainly negative values, which means
that the projectile is steered left looking from its base. The last 8 s of flight was
unguided because of lack of the control authority.

The total angle of attack αt = tan−1
(√

V 2 +W 2/U
)
was used to evaluate the

influence of Tlt on dynamic behavior of the shell. The total angle of attack time
histories are shown in Fig. 16.

Fig. 16. The total angle of attack time histories

At the beginning of flight, small oscillations are observed due to the launch
process. An amplitude increment occurs after each motor firing. The maximum
value of the total angle of attack is achieved for the biggest thrust force and, in each
case, it is smaller than 1◦, which is an acceptable value for this kind of projectile.

The launch of the projectile was modeled as a random process. The Monte-
Carlo simulation was used to investigate the shells dispersion and to assess the pro-
jectile accuracy and precision of the proposed guidance method. It was assumed
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[17] that each of the disturbances separately could be described by a Gaussian
distribution (Table 4). The Philox 4x32 algorithm was used to generate the pseu-
dorandom input data. Standard deviations were assumed according to the data of
similar projectiles [23, 30]. The calculations were performed on PC with IntelTM

i7@3.6 GHz and 16 GB RAM.
Table 4.

Parameters for Monte-Carlo simulation

Parameter Mean Std. deviation
Ui [m/s] 880 5

Initial linear velocitie Vi [m/s] 1 0.5
Wi [m/s] 1 0.5
Pi [◦/s] 1356 12

Initial angular rates Qi [◦/s] 0 1
Ri [◦/s] 0 1
Φi [◦] 0.0 0.2

Initial altitude Θi [◦] 43 0.1
Ψi [◦] 0 0.1

Main motor thrust misalignment
ΘT [◦] 0 0.01
ΨT [◦] 0 0.01

Mass and moments of inertia

mi [kg] 45.5 0.05
m f [kg] 42.5 0.05

Ixi [kgm2] 0.145 0.01
Ix f [kgm2] 0.143 0.01

Iyi = Izi [kgm2] 1.73 0.01
Iy f = Iz f [kgm2] 1.70 0.01

Circular Error Probable (CEP) was used to compare the dispersion in both
cases. CEP is a radius of the circle centered at the target that contains 50% of
impact points. It was estimated as a median from radial miss distances.

To choose the best possible combination of guidance algorithm settings, a
parametric study of on the model was performed. It was assumed that the main
requirement was to achieve the CEP smaller than 5 m.

In order to evaluate the effect of minimum time that elapsed between two
consecutive firings on the achieved CEP, a set of 100 Monte Carlo simulations was
realized for various tmin and lateral thruster thrust amplitudes Tlt . The resulting
CEP was listed in Table 5. The miss distances for 200 N (small), 600 N (medium)
and 1000 N (large lateral thrust) are visualized in Fig. 17 in the form of histograms.
The size of the single bin was set to 10 m.

The smallest CEP was observed for tmin = 4 s and Tlt = 600 N. The two
minimal times between two consecutive pulses, 0.5 s and 1 s, are too small. For
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Table 5.
CEP for various combinations of tmin and Tlt

Tlt [N]tmin [s]
200 400 600 800 1000

0.5 43.18 10.18 11.36 14.58 20.13

1 44.51 7.59 8.67 11.11 12.49

2 50.23 4.92 6.11 8.12 7.62

3 58.07 3.37 3.20 3.72 2.78

4 69.93 2.69 0.85 0.93 1.03

Fig. 17. Miss distance histograms for various tmin

Tlt = 200 N, an increase in tmin results in a larger CEP. The accuracy requirement
CEP < 5 m is fulfilled forTlt equal to at least 400 N. In the most favorable situation,
the miss distance histogram should be composed of a single bin at the left side of
the graph, which corresponds to hit errors not bigger than several meters.

Next, the same methodology was used to assess the influence of Θg on the
resulting CEP. The achieved results are presented in Table 6 and Fig. 18.

The CEP varies significantly in the subsequent cases, and its minimal value
is obtained for Θg = −20◦ and Tsk = 800 N. The thruster amplitude 200 N seems
be too small to achieve the required accuracy. For Θg = −40◦, a satisfactory
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Table 6.
CEP for various combinations of Θg and Tlt

Tlt [N]
Θg [◦]

200 400 600 800 1000

0 59.42 3.37 3.20 3.72 2.78

−10 68.65 20.80 2.03 2.75 2.29

−20 79.86 43.48 6.69 1.00 1.24

−30 91.64 66.98 42.56 18.13 1.50

−40 102.44 88.80 74.99 61.60 48.18

Fig. 18. Miss distance histograms for various Θg

result wasn’t achieved in any case, which means that is not appropriate to start the
guidance process in the terminal phase of flight. When the guidance is initialized at
trajectory vertex, the use of thrusters with thrust amplitude of at least 400 N makes
it possible to obtain CEP not bigger than several meters.

In a similar way, in order to investigate the influence of ε on the resulting shell
dispersion, a set of 100 Monte Carlo simulations was run for various parameter
values. The following algorithm parameters were assumed: tmin = 3 s, Θg = 0◦
and mdistg = 2 m. The obtained CEP is presented in Table 7 and in Fig. 19.
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Table 7.
CEP for various combinations of ε and Tlt

Tlt [N]
ε [◦]

200 400 600 800 1000

4 59.421 3.3686 3.1972 3.7155 2.78

8 59.739 3.5917 2.8827 3.3896 2.67

12 60.425 4.378 2.3078 3.34 3.16

Fig. 19. Miss distance histograms for various ε

The results indicate that the CEP changes very little with the increase of ε. It
means that the actual roll angle of the shell must be estimated with a precision of
several degrees. The smallest CEP was achieved for ε = 12◦ and Tlt = 600. The
accuracy requirements are met if the thrust amplitude is no smaller than 400 N.

Finally, the comparison between an unguided flight and guided flights with
optimum parameters was evaluated for a larger statistic sample. One assumed
tmin = 3 s, Θg = 0◦ and ε = 4◦. The number of simulations was set to 600 for
each simulation scenario. The resulting hitting patterns are presented in Fig. 20,
where the target coordinates are (0,0). The CEP is marked as a black circle. The
green circles centered at each impact point are added to show the calculated radii
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of destruction. The impact angles of the individual shells were similar, so it was
assumed that the radii of destructions of all individual shells were equal.

(a) uncontrolled shots (b) controlled shots

Fig. 20. Monte-Carlo hitting patterns

For guided projectiles, the impact points are much more concentrated around
the target. TheCEP for a controlled simulation scenario is 60.5 times smaller than in
the ballistic case. The green area covered by explosion effects is also much smaller
for guided flights, which means that the collateral damage effects are reduced
significantly.

The histograms in Fig. 21 show comparison of miss distance between uncon-
trolled and guided flights.

(a) uncontrolled shots (b) controlled shots

Fig. 21. Miss distance histograms

In the case of guided flight, 385 projectiles achieved miss distance smaller than
10 m. The maximum hit error didn’t exceed 200 m. It shows that precision and
accuracy of lateral thruster steered RAP are higher than of a standard unguided
shell.
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6. Conclusion

In this paper, a modified fin-stabilized 155 mm rocket-assisted projectile
equipped with 15 solid-propellant lateral thrusters was proposed and investigated.
Numerical simulations were performed to examine the efficiency of the guidance
method. The use of rocket motor allows for extending the range approximately by
12.5 km. To achieve the maximum range, the main rocket motor should be fired
with at least 4 s delay after the muzzle exit. The projectile control authority is 200
m when the lateral thrusters are used as a control mechanism. To overcome this
difficulty and obtain functionality of the controlled flight, one developed prediction
guidance of the impact point. It was found that, for a slow-spinning shell, the 3DoF
point mass model makes it possible to realize the predictive guidance effectively
when the control process stars in the terminal phase of flight. Assuming that the
operation time of a single lateral thruster is 0.025 s, the total impulse should not be
smaller than 5 Ns. The minimum time between two pulses should be in the interval
from 2 s to 4 s. The hit accuracy depends strongly on the pitch angle threshold
Θg and the optimum value of this parameter is between 0◦ and −20◦. The most
appropriate thrust amplitude should be in the range from 600N to 1000N. The CEP
does not vary significantly with angular activation thresholds remaining between
4◦ and 12◦. Monte-Carlo simulations indicated that, for a guided projectile, 60.5
times smaller dispersion could be observed, when compared to unguided shoots. It
proves that the collateral damage could be reduced significantly when one applies
the presented approach.

Manuscript received by Editorial Board, October 01, 2019;
final version, February 29, 2020.
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[28] W. Park, J. Yun, C.-K. Ryoo, and Y. Kim. Guidance law for a modern munition. International
Conference on Control, Automation and Systems 2010, pages 2376–2379, Gyeonggi-do, South
Korea, 27-30 October, 2010.

[29] M. Gross and M. Costello. Impact point model predictive control of a spin-stabilized projectile
with instability protection.Proceedings of the Institution ofMechanical Engineers, PartG: Jour-
nal of Aerospace Engineering, 228(12):2215–2225, 2014. doi: 10.1177/0954410013514743.

[30] J. Rogers. Stochastic model predictive control for guided projectiles under impact area con-
straints. Journal of Dynamic Systems, Measurement, and Control, 137(3):034503, 2015. doi:
10.1115/1.4028084.

https://doi.org/10.1177/0954410013514743
https://doi.org/10.1115/1.4028084

	Introduction
	Modified projectile configuration and control mechanism
	Radius of destruction estimation

	Projectile flight dynamics model
	Impact point prediction guidance
	Simulation results and discussion
	Conclusion

