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Abstract— This paper proposes a surveillance and defense
system based on a 3SPS-1S parallel manipulator. The manipu-
lator has three pure rotation degrees of freedom thanks to the
central leg, which also increases the stiffness of the robot. The
inverse and forward dynamics of the manipulator are solved.
Two different control methods are presented, one is to control
each leg separately, and the other to control the platform’s
position directly. Some control examples are present for each
method. A prototype of the manipulator as a sentry gun is
shown, and a test scenario is presented in order to show a way
the robot can be used.

I. INTRODUCTION

Automated orientation mechanisms have been used in
various security and defense applications such as Samsung
Techwin’s SGR series surveillance robots or the SGR-A1
sentry gun [1]. These machines can be used as surveillance
systems or as nonlethal defense mechanisms to protect
houses, industries, border crossings, hospitals, etc. Surveil-
lance systems using cameras with high optical zoom (>30x)
need very precise movements to keep track of a target.
Defense systems (sentry guns) must have very good accuracy,
in order to correctly hit their targets, and load capacity, so
that the turret doesn’t move while shooting.

While this precision can be obtained using wrist mecha-
nisms with three intersecting axis, like the ones used in serial
robots, the actuators and sensors needed would probably be
very expensive due to the required precision.

Since parallel manipulators present some advantages over
their serial counterparts, such as more accuracy, higher
load capacity/robot mass ratio and more rigidity, three DOF
spherical parallel manipulators, also known as parallel wrists,
can be used as an alternative to this wrists. Two types of
parallel wrists have been studied: over-constrained and not-
over-constrained.

While over-constrained parallel manipulators such as Gos-
selin’s 3-RRR manipulator [2] always perform spherical
movements, when geometric errors occur they undergo high
internal loads and can sometimes jam [3].

Not-over-constrained parallel wrists don’t have this draw-
back, nevertheless, some conditions must be met in order for
them to present spherical movement. There are two groups of
not-over-constrained parallel wrists. In order for the wrists of
the first group to have spherical movements, some geometric
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conditions must be met [3]–[7]. The second group needs to
have its base and platform linked directly by an spherical
joint [8], which forces the manipulator to rotate around it.

The manipulators from the first group can lose their pure
spherical motion and obtain some translational movements
[3], [7]in certain positions of the platform; furthermore, the
spherical motion strongly depends on the correct manufac-
turing and mounting of each part, errors in these processes
can lead to non spherical movements of the platform.

The spherical joint between the base and the platform
of the manipulators of the second group, does not allow
the platform to translate, therefore they have bigger man-
ufacturing error tolerances than the parallel wrists from the
first group, which leads to a cheaper manufacturing process.
Nevertheless, these manipulators have a drawback, which
is that they generally have smaller workspaces than those
of the first group. Since the workspace is smaller, it is
very important to design the manipulator so that it has a
workspace big enough to suit the needs of the application at
hand.

The central leg of the 3SPS-1S parallel manipulator pro-
posed by [8] eliminates unnecessary movements, forces the
manipulator to have only rotational motion, and improves the
stiffness of the system. These characteristics, along with the
fact that in general parallel manipulators have more accuracy
and are able to carry more load than their serial counterparts,
makes the 3SPS-1S a very good candidate to use in security
and defense applications.

II. MANIPULATOR DESCRIPTION

The 3SPS-1S manipulator analyzed in this paper is shown
in figure 1, whose forward and inverse kinematics have
already been studied by [9]. The base and the platform are
circular, with radii rb and rp respectively. Three identical
legs are attached to the platform and the base by spherical.
The legs have a cylinder and a piston, linked together by a
prismatic actuator. There is also a central passive leg that
connects the center of the base to the center of the platform
using a spherical joint.

There are two coordinate systems. The general coordinate
system xyz is located at the center of the base (point O), and
the coordinate system of the platform uvw with origin on
point P is located at the center of the spherical joint of the
central leg.

III. INVERSE DYNAMICS

It is possible to orient the manipulator using the kinematics
and controlling the length of the actuators, nonetheless,
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Fig. 1. Model of the 3SPS-1S parallel wrist.

sometimes the size and weight of the bodies may be big
enough so that the inertia forces have a considerable impact
on the movement of the manipulator. When this happens it is
better to control the robot using the inverse dynamics instead
of the inverse kinematics.

Let xp be a six dimensional vector describing the posi-
tion and orientation of the platform, q and τ the vectors
representing the position and the force (or torque) of the

actuators respectively, F̂p =
[̂
fpx, f̂py, f̂pz, n̂px, n̂py, n̂pz

]T
the six dimensional wrench applied to the platform, and

F̂i =
[̂
fix, f̂iy, f̂iz, n̂ix, n̂iy, n̂iz

]T
the six dimensional wrench

of the ith limb. By the principle of virtual work, the following
equation can be derived for a general parallel manipulator
[10]

δqT τ + δxTp F̂p +
∑
i

δxTi F̂i = 0. (1)

Since the 3SPS-1S parallel mechanism has only three
DOF, xp becomes a three dimensional vector describing the
orientation of the platform. Also, the moving platform can
only bear the forces Fp = [n̂px, n̂py, n̂pz]

T , which are a
subset of F̂p [11], while the other components are supported
by the passive joints.

The virtual displacement of the platform and of the ith
limb are related to that of the platform by the following
equations:

δq = Jpδxp (2)

δxi = Jiδxp (3)

Since equation (1) holds for any virtual displacement,
using equations (1), (2) and (3) we get

JT
p τ + Fp +

∑
i

JT
i F̂i = 0 (4)

Solving equation (4) for τ we get the solution of the
inverse dynamics

τ = −J−T
p

(
Fp +

∑
i

JT
i F̂i

)
. (5)

Since each limb is composed by two bodies, we can divide
F̂i in two separate wrenches, one for the cylinder and one
for the piston. We can write equation (5) as

τ = −J−T
p

(
Fp +

3∑
1

iJT
1i

iF̂1i +
iJT

2i
iF̂2i

)
(6)

where iJ1i and iF̂1i are the Jacobian matrix and wrench
of the ith cylinder, and iJ2i and iF̂2i the Jacobian matrix
and wrench of the ith piston. Let g be the gravity, AIp =
ARB

BIp
BRA, with ARB = BRT

A, the inertia matrix of the
platform expressed in terms of the fixed coordinate system
xyz, m1i the mass of the ith cylinder, m2i the mass of the
ith piston, . The wrenches can be written as:

Fp =
[
−AIpω̇p − ωp × (AIpωp)

]
(7)

iF̂1i =

[
m1i

iRAg −m1i
iv̇1i

−iI1i
iω̇i − iωi × (iI1i

iωi)

]
(8)

iF̂2i =

[
m2i

iRAg −m2i
iv̇2i

−iI2i
iω̇i − iωi × (iI2i

iωi)

]
(9)

The Jacobian matrices Jp, iJ1i and iJ2i as well as
all the variables from equations (7), (8) and (9) can be
obtained using the same procedure used by [10] in his 6-
UPS dynamics example, taking into consideration that in
this case, there are only three limbs and that the platform
has only rotational movements.

Fig. 2. Desired position, velocity and acceleration trajectories.

Figure 2 shows the desired trajectory of the platform, and
figure 3 shows the corresponding forces calculated using
inverse dynamics. In order to calculate the inertia moments,
it is assumed that the cylinder is a hollow cylinder with an
internal radius of 1.3 cm, an external radius of 1.5 cm and
a length of 16.866 cm. The piston is also assumed to be a
hollow cylinder, with an internal radius of 1 cm, an external
radius of 1.25 cm and a length of 16.866 cm. The masses
were calculated using the supposition that both the piston
and the cylinder are made of aluminum.
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Fig. 3. Required forces.

IV. FORWARD DYNAMICS

It is possible to control the manipulator using inverse
dynamics, however, not always a physical model of the
manipulator is available, so in order to simulate the behavior
of the system, the forward dynamics of the manipulator is
needed.

Getting the forward dynamics from equation (6) is very
complicated, therefore, another method will be used.

In order to simplify the notation, for any vector e with x,
y and z components, a matrix e∗ will be defined as follows:

e× a = e∗a, with e∗ =

 0 −z y
z 0 −x
−y x 0

 (10)

where a is an arbitrary 3× 1 vector.
In order to simplify the model, it is considered that each

leg is just one body that changes its length. Let Ji be the
inertia moment of the leg around its x and y axis, τi be the
force produced by the actuator on point Bi along the unit
vector si, and fN a force perpendicular to si, where si is
the unit vector going from point Ai to point Bi, due to the
inertia. We have:

fi = τisi + fNi (11)

Let MN be the resultant torque of the forces fNi around
the center of the platform. If M is the torque on the end
effector, the moment equilibrium equation may be written
as:

M =

3∑
i=1

τi (PBi × si) + MN (12)

Following the method used by [12] using equations (11)
and (12), we can obtain the forward dynamics of the manip-
ulator:

ẍp = (T1 − V1)
−1
(
JT τ − T2 + V2

)
(13)

where
T1 = Ip

T2 = ωp × (Ipωp)

U1i = −b∗
i

U2i = ωp × (ωp × bi)

V1 =

3∑
i=1

Ji
d2i

b∗
i s∗i

2U1i

V2 =

3∑
i=1

Ji
d2i

b∗
i s∗i

2U2i

and Ip is the inertia matrix of the platform, ωp the angular
velocity of the platform, bi the vector going from point P to
point Bi, and di the length of the ith leg.

V. CONTROL

A. Kinematic control

It is possible to control each leg separately and get the
platform to move to the desired position.

Let dei be the error between the legs desired length,
obtained with inverse kinematics, and the actual length of
the legs. The forces of the actuators can be calculated as:

τi = Kpdei +Kdḋei +Ki

∫
deidt (14)

The block diagram of the control system is shown in figure
4.

Fig. 4. Block diagram.

Figure 5 shows the platform’s position and the error of
the actuators over two seconds using the control law of
equation (14). The parameters of the manipulator used in
the simulation were those calculated by [9], the controller
constants used were Kp = 4, Kd = 1 and Ki = 0.02.

A fuzzy controller was also design using five triangular
functions for both the error and its derivative. The rules can
be observed in the fuzzy associative matrix shown in table I,
where VN=Very Negative, N=Negative, Z=Zero, P=Positive
and VP=Very Positive. The result of this controller can be
observed in figure 6.

Error (dei)
VN N Z P VP

ḋei

VN VN VN VN N Z
N VN VN N Z P
Z VN N Z P VP
P N Z P VP VP

VP Z P VP VP VP

TABLE I
FUZZY ASSOCIATIVE MATRIX OF THE PD CONTROLLER
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Fig. 5. Platform’s position and actuators’ error using a PID controller.

Fig. 6. Platform’s position and actuators’ error using a PD fuzzy controller.

B. Dynamic control

While it is possible to control the orientation of the
platform by controlling each leg separately, sometimes this
can lead to a non-desired position, as it can be seen in figure
7. Instead if the error of the platform’s position is used to
control the system, the platform will always reach the desired
orientation.

In order to use this kind of control, it is necessary
to express the dynamics of the manipulator in the Euler-
Lagrange form as in equation (15).

M (q) q̈ + C (q, q̇) q̇ +G(q) = τ (15)

where M is the inertia matrix, C the Coriolis matrix and
G represents the gravity effects. A method to obtain this
representation has been explained by [13].

Let qd be the desired position, q̇d the desired velocity,
q the platform’s position, and q̇ the platform’s velocity. A
controller of the form τ = Kpq̃+Kv

˙̃q can be implemented,
where q̃ = qd − q and ˙̃q = q̇d − q̇.

Figure 8 shows the error of the platform using a dynamic

Fig. 7. Platform reaching a wrong orientation.

Fig. 8. Platform’s error using a dynamic controller.

controller. It can be seen that this controller has a better
response than the kinematic controller.

VI. APPLICATION AS A SENTRY GUN

A sentry gun, shown in figure 9, was designed using
the parameters h = 25.17 cm, rb = 10.98 cm and rp =
13.54 cm. Figure 10 shows a test scenario, in which the
trajectory of an intruder is represented by a white line.

The twelve points shown in table II are the equivalent to
the white circles shown in figure 10, and represent the X and
Y coordinates of the intruder with respect to the manipulator
at different times. Furthermore, the last two columns of table
II represent the pitch and yaw that the manipulator must have
in order to aim at the target, considering that the height of
the manipulator is 3 meters above ground, and it aims to the
chest of a person as shown in figure 12 located at 1.5 meters
from the ground.

It is important to note that the barrel of the rifle is supposed
to be exactly over the x axis of the platform; therefore, for
any value of the roll, the robot will hit the target; for this
reason, the roll can be set to any value. However, it was
shown in [9] that this manipulator presents singularities when
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Fig. 9. Sentry gun prototype.

Fig. 10. Intruder’s trajectory.

both the roll and yaw are equal to zero, as shown in figure
11; therefore, in order to avoid passing through a singular
configuration, it is important to choose a value different than
zero for the roll; in this case the value chosen was 0.01
radians.

The PD fuzzy controller shown in section V-A was used
to control the orientation of the robot during a simulation of
the trajectory in Simulink using an initial position of 0.01
radians (roll), 0 radians (pitch) and 0 radians (yaw). The
errors are shown in figure 13.

It was demonstrated in [14] that the platform can reach
different orientations with the same length of the legs. Since
the kinematic controller focuses on reducing the error of the
legs and not that of the platform, the reason that the error

Point X(m) Y(m) Pitch(deg) Yaw(deg)
1 30.8 20.8 -2.31 -34.03
2 23.6 15 -3.07 -32.44
3 22 5.6 -3.78 -14.28
4 16.5 0 -5.19 0
5 17.5 -6.5 -4.59 20.37
6 18 -13 -3.86 35.83
7 18.5 -21 -3.06 48.62
8 10 -21 -3.69 64.53
9 5.5 -18.8 -4.38 73.69
10 4.5 -13 -6.22 70.9
11 3.5 -6.5 -11.48 61.69
12 2 -3 -22.58 56.31

TABLE II
COORDINATES OF THE INTRUDER.

Fig. 11. Singularities of the 3SPS-1S manipulator [9]

Fig. 12. Sentry gun aiming.

increased at the beginning of the graph is that the platform
was moving towards an incorrect position that has the same
leg’s length.

Figure 14 shows the error of the platform’s position using
the PD dynamic controller shown in section V-B.

A fuzzy sliding mode controller, as the one proposed by
[15], was also implemented. The results are shown in figure
15.

Comparing figures 13, 14 and 15, it can be seen that
both dynamic controllers are superior to the kinematic one.
Furthermore, it can be noted that the PD controller re-
sponds slightly faster than the fuzzy sliding mode controller;
nonetheless, the errors produced when the intruder changes
his trajectory, produce smaller errors when using the fuzzy
sliding mode controller.

VII. CONCLUSION

It was shown that very simple control systems are able
to orient the manipulator by using just the kinematics. For
illustrative purposes, a test scenario in which an intruder is
trying to enter a factory was created, and using a fuzzy PD
controller, the manipulator was able to follow the intruder
along its path.

Since one length of the actuators can position the manip-
ulator in different orientations, a kinematic controller is not
the best option because it may move to an incorrect position,
as happened in figure 13.
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Fig. 13. Platform’s error using the PD fuzzy controller.

Fig. 14. Platform’s error using a PD dynamic controller.

It was observed that while both dynamic controllers re-
sponded better than the kinematic one, the PD controller
responded faster, whereas the fuzzy sliding mode controller
produced smaller errors, when the intruder changed his
trajectory.

It may seem obvious to use a dynamic controller due to
the facts mentioned above, nevertheless, it must be noted
that the problem arises when implementing the controllers.
The kinematic one is really easy to implement since the only
measurement needed is the length of each leg; nonetheless,
in order to implement a dynamic controller the orientation
and velocity of the platform must be measured, which is
more complicated than measuring the length of the legs.

While this manipulator works very well in this kind of
applications it is important to note that in the test scenario,
a trajectory was given; however, in order to implement
this robot, a system that detects the intruder and plans the
trajectory is needed.
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