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ABSTRACT

With the developing technological process, it is expected that the usage of robots will increase in defense
systems as in every field. One of the main objectives of the robotic studies for the defense industry is to capture
the targeted success under all kinds of disruptive effects with robotic systems and to present this technology to the
service of the army. A weapon system with a single degree of freedom was placed on a quadruped robot. System’s
dynamic behavior, which has 12 degrees of freedom and planar movements, is modeled mathematically. Simulations
of the shots made to the fixed targets were carried out during the walking of the quadruped robot. The gun barrel
stabilization was realized to achieve accurate shots under disruptive effects. The sliding-mode control method was
used to perform the barrel stabilisation. In this study, it is shown that a quadruped robot with a weapon system can
perform successful shots against fixed targets. MATLAB is used for simulations and the results are shown with

figures, graphics, and tables.
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NOMENCLATURE
M Robot body’s mass
X Robot body’s position on horizontal axis
y Robot body’s position on vertical axis
m,_g Robot leg limbs’ masses
0 Angular position to ground by vertical axis of Robot

body
0,4 Angular positions of Leg limbs
Iy Robot body’s length
|, Length of Leg limb
a Length of gun turret
b Length of gun barrel
X_g Robot leg limbs’ positions on horizontal axis
Yig Robot leg limbs’ positions on vertical axis
| Robot body’s Inertia Moment
o Gun barrel’s relative angular position to body
X, Gun barrel’s position on horizontal axis
A Gun barrel’s position on vertical axis
m, Gun barrel’s mass
§ Barrel reference angle
g Gravity
hStep Leg’s height from the ground
w Step motion frequency
L, Step length
Fise  Bullet force
Foero The surface frictional force of gravity and atmosphere
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Vv, Bullet velocity

R, Repulsion pressure

A Pressure surface area

C, Friction coefficient between air and bullet
Xiager ~ larget position on horizontal axis

Yiagee  1arget position on vertical axis

€, Horizontal position error

e, Vertical position error

Yi Foot-end’s position on vertical axis

1. INTRODUCTION

Significant advances have been made in military
technology throughout human history and the history of
wars, which has caused serious changes in military conflicts.
With this process, one of the enemy’s desire to reach superior
weapon systems than the other is a critical point!.In general,
the basic definition and functional expectations of robotic and
autonomous systems, which are defined as ‘intelligent agents’,
are not very new. A machine concept that can artificially
imitate people’s movements, decisions, and behaviours have
been part of a common culture for nearly 100 years?.Weapon
systems, which are used during the war, must be operational
and should be able to work in environments where they are
under disruptive effects®.

By adapting technological advances to the defense
industry, new generation weapons are being developed today.
The main purpose of these weapon systems is to ensure that,
despite any disruptive effect, the target is successfully hit. In
addition, weapon systems are preferred in combat conditions,
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which are more mobile and react faster. Military advantage has
always been aided by the capacity to inflict damage from a
distance.*Here, the problem that needs to be overcome, is to
reduce the error value between the target and the bullet. For
this reason, the shooting control must be adjusted®.No matter
how effective the destructive power is in moving weapon
systems, the most critical efficiency factor is the stability of
the gun barrel. For gun barrel stabilisation, the effectiveness
of the shootings made on the mobile vehicle is also possible
in these weapon systems. The shooting efficiency for the tanks
is measured in today’s technology, as with similar weapon
systems, not only by shooting while the tank is stationary but
also in motion. To shoot the target while it was in motion, the
gun barrel was stabilised. The stabilisation system ensures
gun barrel’s angular position remains constant regardless
of the position of the vehicle. In other words, the operator’s
intervention in the non-stabilised system is required to maintain
the gun barrel’s angular position relative to the ground. In the
stabilised system, with the help of the control algorithm there
is no need to require such an intervention. Thus, it is easier
to track target®. The basis for stabilising the gun barrel is to
control the angle of movement of the gun turret system.
The ability to control the gun turret in a combat vehicle

is critically important for the development of defence
industry technology. The control of a two-axis gun turret
system is ensured by the proper operation of azimuth and
elevation angles to compensate for the distortions caused

by the movement of the vehicle’.

Robotics technology made a serious improvement
especially in the field of joint-legged robots, which has
contributed to the world’s defence industry. Compared to
most wheeled and tracked robots, leg biomimetic robots
can easily pass through rough terrain. Depending on the
specification, legged robots can have one, two, four, six,
or more legs. Among these are the most widely used
quadruped robots in this field. The leg mechanism has a

Four Legged

and accuracy in tracking the target. Therefore, it has been
effective in using the SMC control method in our system
that these and similar studies in the literature for gun barrel
stabilisation

To demonstrate the performance of the stabilisation of the
gun barrel, randomly selected fixed targets were positioned in
the range of 5-15 m opposite the robot. In Fig. 1, an image is
given from the simulation of the shots made by a quadruped
robot to fixed targets. The hitting success of these shots is
given as a table in the study. During the shooting, mathematical
expressions representing planar dynamic behaviour and
ballistic of the projectile core were used in the simulations.

Throughout the simulation, Blarget (target angle) was auto-
updated and simultaneously calculated, taking into account the
variable robot’s position towards fixed targets while walking.
The gun barrel reference angle can also be called the angle
of elevation. The barrel reference angle is calculated using
the right triangle hypotenuse, depending on the horizontal
and vertical axis position error to the target. Simulations
were carried out using the method of the numerical approach
developed in MATLAB by Runge-Kutta.
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high DoF, real-time feedback, and large working space in
the process of movement?.

A weapon system has been mounted on the quadruped
robot and a planar model has been developed in this study and
the results are presented graphically. The main purpose of the
study is to transmit the oscillations with the PID controller
during the trot walking as a disruptive effect to the gun barrel
system and to stabilize the barrel with the sliding mode
controller (SMC). It is thus aimed at hitting the fixed targets
whose positions are determined randomly during walking with
successful shots.

To examine the dynamic behaviour of the robot’s walking
motion, a walking pattern must be determined. Trot walking
was used in this system. From some studies, it has been used to
prefer trot walking®-1°.

The sliding mode control method is one of the active
control methods. One of its main advantages is that the
sliding mode control is insensitive to external influences and
parametric changes®.

Rahmat®?, et. al. used the SMC control method in their
two degrees of freedom gun turret for target tracking. They
concluded that the SMC controller has achieved high precision

Figure 1. Shooting from the quadruped robot to fixed targets.

2. MATHEMATICAL MODEL

Figure 2 shows a physical model expressing the planar
movement of a quadruped robot on which a uniaxial weapon
system is placed. It is assumed that each leg has 2 DOFs and
rotating joints in the robot’s physical model. The system has a
total of 12 degrees of freedom.

Mathematical equations of the planar motion of the robot
are obtained. For this, the Euler-Lagrange method was used.
Mathematical equations of the planar motion of the robot
are obtained. For this, the Euler-Lagrange method was used.
Euler—Lagrange (EL) systems represent a crucial dynamical
system, for which the motions’ equations can be derived via
the EL equation'®. To obtain the equations of the moving joints,
the main expression of the Lagrange method was used as in
Eqn. (1).

40 -2 Lad) s 1i<n 1)

dr 5 g 0g,
here is the degree of freedom, g, is the position of the moving
joints, i shows the moving joints index.
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Figure 2. Physical model of the armed quadruped robot.

Lagrange equation (L) is based on the principle of total
energy change. It is calculated by taking the difference between
the total kinetic energy (T) of the system and the total potential
energy (V). T and V equations are given in Eqns. (3) and (4).
Descriptions of the parameters in the equation are given in
nomenclature.

L=T-V @)

2 2 2

1 o2 L2 1 2 1 . .2 1 . .
T:EM(X +y )+E|e +5m1(x1 Y )+Emz(xz +Y, )

1 2.2 2 .2 2 .2
+Em3(x3 +Y, )+Em4(x4 +Y, )+Em5(X5 +Ys )
2 2 2 2 2 2

1 . . l . . 1 . .
+Em6(x6 + Y )+Em7(x7 +Y, )Jramg(x8 +Ys )

1 W2 .2
Fom (% +Y, ) 3)
V& ng+ m gy, + m,gy, + m;gy, + m,gy,

+M;gys + Mgy, + M, gy, + Mgy, +m, gy, “4)
In the Lagrange method, the robot body’s position

equations, gun barrel, and all legs for the equations of motion
are given in Eqns. (5) - (22).

I

X, :x—Egcosechose1 6)
I, .

Yy, = y—Esme+Ils|n 0, (6)
Ig

X, :x+5<:ose+lzcose2 (7
ly )

Yy, = erEsmeJrlzsme2 ()
|9

X, :X_ECOSGHI cos0, +1, cos(6, +6,) 9
ly . . ,

Y, = y—Esm6+|l sin6, +1, sin(6, +6,) (10)
Ig

X, :X+?c0s6+|2cosez+|400s(62+64) (11)
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y4:y+§sin6+lzsin92+|45in(92+94) (12)
Ig

x5:x—5cose+lscose5 (13)
|, .

Y, = y—53|ne+lssm 05 (14)
Ig

X, =X-+--c0s0 +1; cos O, (15)
I, .

Vo =Y+-sin6-+1;sino; (16)
IQ

X, :X_ECOSO.HS cos 6, +1, cos(0; +0,) (17)
l, , .

Y, :y—Esm6+I5sm65+l7 sin(0, +0,) (18)
Ig

Xg :x+50056+lscosee+le cos(0, +6;) (19)
|, ‘ .

Vg = y+Es1n6+ ls sin O + I, sin(6; +6;) (20)

X, = X—asin®+bcos(a +6) 21

Yy, =Yy+acos0+bsin(a +0) (22)

The expressions of velocity to be used in the measurement
of kinetic energy were calculated by taking the time-based
derivatives of the position expressions. Using these velocity
equations, the general Lagrange function is obtained equations
of motion (torque) were calculated and applied to the
simulations.

Jacobian matrices are required to compute the effects of
the reaction forces on the robot body that were applied from
the ground to the robot’s toes. The Jacobian matrix is the
most accurate of the computational-based methods because
it provides a transformation between velocities and kinematic
structure in the work area®. Only the ground reaction forces
x and y components are considered for planar motion. The
necessary Jakobien matrix was obtained using the expression
Eqn. (23). To find out the effect of the reaction force on the gun
barrel during the shooting, the Jacobian matrix in Eqn. (24) is
used.

Dl o0 o0 o v oon o v oo o | @

24

The numerical values of the physical parameters of the
robot are given in Table 1.

The robot legs are subjected to reaction forces from the
ground in horizontal and vertical directions as they come
into contact with the ground. The mechanical behaviour of



TATAR, et al.: SHOOTING CONTROL APPLICATION FROM A QUADRUPED ROBOT WITH A WEAPON SYSTEM VIA SMC

Table 1. Numerical values of the robots’ physical parameters

Parameter Value Parameter Value
M 12 kg m;, m,, m,, m 1.5 kg
1, 0.8 m m,, m,, m,m, 0.5kg

1,,1,,1,1,  024m a 0.1 m

1,1,,1,1 0.2m b 0.3m
m 1lkg

n

the structural material constituting the ground is modelled
as shown in Fig. 3 with spring (kgroun 5 and damping (C )
elements. The physical model of the deformation formed by
the contact of the foot with the ground is formed by spring and
damping elements.

Robaot Body

Figure 3. Physical modelling of the ground’s mechanical
behaviour.

Depending on the mechanical properties of the surface, the
weight force exerted by the foot end on the ground surface or
the impact force caused by it will cause the ground to collapse.
The ground reaction force was calculated with the magnitude
Fn, in Eqn. (25), depending on its mechanical properties.

F, =k i 25)

i ground yi - Cground d t

When the robot feet come into contact with the ground,
they are also subjected to surface friction forces in the horizontal
direction. The ground reaction force that may occur during the
contact of a moving leg with the ground is shown in Fig. 3
as Fs,. These frictional forces are formed in the x-direction
parallel to the surface. The surface dry friction coefficient is
defined as p parameter. The parameters to which the frictional
forces (Fsi) of each leg are connected are respectively; The
Fn, force perpendicular to the surface is the viscous damping
coefficient (Cs) and the horizontal velocities of the feet on the
surface. Based on these parameters, the frictional forces are
calculated as in Eqn. (26).

. dx, dx.
Fs, = —uFn.sign| — |-Cs— 26
i = —uFn;sig (dtj 7 (26)

By means of the Jacobian matrix (J) in Eqn. (23), the
reaction torques (1) caused by these reaction forces acting on
each leg in the quadruped robot joints were calculated as in
Eqn. (27).

| 27
Ti = Fn, 27

3. WALKING PATTERN OF THE QUADRUPED

ROBOT

The reasons for the wide use of PID control are simple
structure, robustness, and easy application. The optimal
parameters of PID control have a very important effect on
the system where the control is applied®. The control signal
according to the PID control method can be calculated as in
Eqn. (28).

de(t) b
u(t) = K e(0)+ K, — 1+ K,,je(z)d, (28)
0

here e(t) refers to the error value. Proportional gain coefficient
K, =500, the derivative gain coefficient K, =50, the integral
gain coefficient K; = 0.1 was found by the trial-and-error
technique.

While the robot is walking, it is only intended to
keep the body at a certain height. As a result, the reference
coordinates for moving the legs were specified and, following
these references, it was allowed to perform the walking.
Afterward, the PID control method was used for the robot
leg joints to track the reference joint angles for the selected
walking pattern.

In this study, the trot walking sequence®® shown in
Fig. 4 was used for simulations. The oscillations in the robot
body resulting from this walking sequence are reflected as
disruptive effects on the stabilisation of the gun barrel.

One leg tracks the curve route in the x-y plane during
the robot’s walk as shown in Fig. 5. Each step is made up of
air and ground phases. The legs carry out in the air sinusoidal
movements. In the stance phase, the leg is in constant contact
with the floor and the foot is moved parallel to the ground
directly. Thus, the body of the robot is held parallel to the ground
by the leg in the stance phase. The walking has two half periods.
The robot has two crossed legs in the air in this walking pattern
and the other two legs touch the ground every half-period.

Trot

LF

RF

RR

LF: Laft Forward Leg, LR Laft Rear Leg
RF: Right Forwardleg, RR: Right Rear Leg

Figure 4. “Trot” walking of the quadruped robot.
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Figure 5. Swing and stance phases of the robot leg.

4. THE GUN BARREL STABILISATION WITH

SLIDING MODE CONTROLLER

The SMC method gives a steady performance, simple
designing, and a robust control'’. The sliding-mode control
design has a two-stage process. These stages are respectively;
determining a sliding surface and defining a control rule for
achieving the defined sliding surface. The control rule forces
the dynamics of the system to reach the sliding surface. When
the system dynamics reach the sliding surface, it is forced to
keep on it. In this case, sliding mode occurs. In sliding control,
the system is insensitive to parameter uncertainty and external
disturbances®®. Chattering in applications for sliding mode
control is caused by oscillations around the balance point. The
system wants to reach and it exposes the system’s unmodified
high-frequency dynamics. The SMC expression with a sign
function can be written as in Eqn. (29).

U =-K,,.Sign(s) (29)

Here, S is given in Eqn. (30) and it is the sliding surface
function depending on the error (e) and taken from the system
and the derivative of the error (de). The K_  coefficient in the
expression is the largest value of the control output.

The error (e) here is the difference between the reference
angle By, =the gun barrel absolute angular position f=(o-+0)
relative to the x-axis) of the barrel and the absolute angle that
the barrel makes relative to the x-axis (¢ = p_target-p). Here,
the (8) parameter is the swing angle of the robot body. The (o)
parameter is the relative angle of barrel’s rotation to the body.

S=C,.e+de (30)
The sliding surface has a certain slope as seen in Fig. 6.

This slope is indicated by the coefficient C_ _in Eqn. (30).
Control signals chattering has negative system effects.

The SMC expression using a saturation function can be written

as in Eqn. (31) to reduce the chattering problem.

#de

Sliding Surface

mJF

Figure 6. Sliding surface.

s
U=-K__sat| — 31
smc (q)j ( )

Here ¢ is the boundary layer thickness. Accordingly, the
saturation function can be calculated as in Eqn. (32).

(3
(i

A e
4 -

5. SIMULATION RESULTS
5.1 Trot Walking Simulation of the Quadruped

Robot

The trot walking of the robot is simulated in MATLAB.
Fig. 7 shows an image taken from different stages of walking
movement in the simulation. The robot proceeds a 4 m path at
the end of a 7 s walking simulation.

The angular displacement of the robot body’s center around
the axis perpendicular to the plane and linear displacements
in the horizontal and vertical axis during the simulation are
shown in Fig. 8. The vertical displacement is 3-4 cm in the
first moments of the walk and the rolling amplitude is 2-3 cm.
Oscillations appear on linear and angular position graphs. The
cause of the oscillation in the vertical linear position (y-axis);
is aimed to keep the body at a certain height.

(X}
ol
ar
G —
B5—
-] I'. ; -

LHE
LA

o lI-1 U] 1

Figure 7. Trot walking simulation of the quadruped robot.
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Figure 8. Graphics of position and velocity from the trot walking simulation.

5.2 Simulation of Barrel Stabilisation

While the robot is trot walking, the barrel angle of the gun
turret mounted on the robot is aimed to be held in the targeted
position in this analysis. The sliding-mode control system is
used for this purpose. The control coefficients were obtained as
K.,,.=50, C_ =63, 9=0.6 with trial-and-error technique.

15
. ,l"‘-"ﬂ\.ll ‘“. IP'\..,JF\.___HIF\.
é 10 H \./I )
&
o :
0 0.5 1 1

Corird el thh

timea {(8)

= L8] 0.5 1 1

To determine the success of the sliding mode control
method, the gun barrel should be kept in the reference position
while walking the robot. For this, the reference angle is set at
12°. In the simulations, the gun barrel start angle was accepted
as 0°.

Accordingly, the control and system responses of sliding-

15

[t poeitioricegee)

0.3

0.2

I} postion am{degres)
o

(1

timai{a)

Figure 9. System responses of the gun barrel in simulation for 12°.
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Figure 10. Shooting simulation diagram.

mode are presented graphically in Fig. 9. Because of the
body movements, the gun barrel’s relative angle o was seen
to be oscillating. The sliding-mode controller has been able to
successfully maintain the gun barrel absolute angular position
B=(a+0) relative to the x-axis, at a target angle with very small
errors and oscillating responses. The gun barrel’s angular error
was obtained at a maximum of 0.24°.

5.3 Simulation of Shooting Fixed Target

In this study, simulations were performed to shots aimed
at fixed targets placed in randomly selected coordinates
and evaluated the success of these shots. The shots were
made under disruptive effects while the robot was walking
and the gun barrel was controlled by the sliding mode
control method. The target hitting simulation diagram is
shown in Fig. 10.

The fixed targets’ coordinates for the shooting simulations
were determined randomly between 5-15 m in the horizontal
axis and 0.5-2 m in the vertical axis. Throughout the
simulation, B (reference angle) was auto-updated and
simultaneously calculated, taking into account the variable
position of the robot towards fixed targets while walking.
Thereferenceangle B, iscalculated asin Eqn. (33), depending
on the position error of the weapon on the horizontal and the
vertical axis.

e {2 2
e, X~ Xam

Table 2 shows the results of the shooting simulations
for different 10 fixed targets. Coordinates of fixed targets and
shooting error results are given in this table. Hit errors” highest
values were seen as 0.14 m in 2nd, 9th and 10th shots. The
smallest hit error value was 0.03 m in the 8th shot. The mean
value of these errors is 0.095 m and the standard deviation is
0.043 m.

If the target distance is increased, it is thought that the

projectile core will reach the target with a greater deviation
because of gravity. To demonstrate the success of the gun barrel

(33)
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Table 2. Shooting results

Target number  x__. (M) Yiarger (M) Error (m)
1 10.86 1.50 0.04
2 6.79 1.41 0.14
3 13.22 1.00 0.05
4 9.7 0.86 0.12
5 11.26 0.90 0.07
6 5.31 1.19 0.10
7 8.95 1.43 0.12
8 12.57 1.75 0.03
9 10.35 0.79 0.14
10 9.34 0.76 0.14

stabilisation, it was found appropriate to perform a simulation
with short distance shots.

6. CONCLUSION

In this study, firstly, the quadruped robot’s dynamical
model is produced and the robot’s trot walking results are
presented with the designed PID controller. Secondly, the
SMC controller was designed to stabilize the turret system
on the robot. As the robot walked, shots were fired at fixed
targets at randomly determined distances. The success of the
SMC controller has been tested by shooting at fixed targets.
Accordingly, the success of the shots directed to 10 different
targets was examined and the numerical values were presented
in a table. As a result of the shots made from these distances,
it was revealed that a fixed target with a diameter of 14
cm could be hit with a very high success rate. With these
successful results, it is clear that the weapon system placed
on the quadruped robot can be used in practice for the defense
industry. In line with the studies to be carried out in this area, it
is thought that the literature contributes.

Future research should focus on the use of optimisation
techniques to determine optimal control coefficients. In



TATAR, et al.: SHOOTING CONTROL APPLICATION FROM A QUADRUPED ROBOT WITH A WEAPON SYSTEM VIA SMC

addition, different control methods can be tried and compared.
Finally, it is recommended that such systems are not used for
any reason other than the purpose of deterrence.
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