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Trajectory Tracking Control for a 3-DOF Parallel
Manipulator Using Fractional-Order PIλDμ Control
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Abstract—In this paper, a 3-degrees-of-freedom parallel ma-
nipulator developed by Tsai and Stamper known as the Mary-
land manipulator is considered. In order to provide dynamic
analysis, three different sequential trajectories are taken into
account. Two different control approaches such as the classical
proportional–integral–derivative (PID) and fractional-order PID
control are used to improve the tracking performance of the exam-
ined manipulator. Parameters of the controllers are determined by
using pattern search algorithm and mathematical methods for the
classical PID and fractional-order PID controllers, respectively.
Design procedures for both controllers are given in detail. Finally,
the corresponding results are compared. Performance analysis for
both of the proposed controllers is confirmed by simulation results.
It is observed that not only transient but also steady-state error
values have been reduced with the aid of the PIλDμ controller for
tracking control purpose. According to the obtained results, the
fractional-order PIλDμ controller is more powerful than the opti-
mally tuned PID for the Maryland manipulator tracking control.
The main contribution of this paper is to determine the control ac-
tion with the aid of the fractional-order PIλDμ controller different
from previously defined controller structures. The determination
of correct and accurate control action has great importance when
high speed, high acceleration, and high accuracy needed for the
trajectory tracking control of parallel mechanisms present unique
challenges.

Index Terms—Fractional calculus, manipulators, parallel
robots, proportional–integral–derivative control, robot control.

I. INTRODUCTION

W ITH THE recent advances in technology, the parallel
manipulators became more attractive in industrial appli-

cations which need higher sensitivity and accuracy. The parallel
manipulators are generally used in flight simulators [1], medical
operations [2]–[5], machine tools [6]–[8], micromotion [9],
pick-and-place operations in industry [10], [11], etc.

Parallel manipulators consist of a moving platform that is
connected to a fixed base by several limbs or legs, and every
limb is controlled by one actuator individually. This structure
results in a closed-loop kinematic chain mechanism. In general,
the closed-loop kinematic chain mechanism has more com-
plicated forward kinematics as compared to the conventional
open-loop kinematic chain mechanism. The kinematic and
dynamic analyses of these types of mechanisms have been the
focus of many research works [12]–[18].

Manuscript received December 13, 2012; revised June 4, 2013; accepted
August 4, 2013. Date of publication August 16, 2013; date of current version
January 31, 2014.

The authors are with the Department of Electrical and Electronics Engineering,
College of Engineering, Ataturk University, Erzurum 25240, Turkey (e-mail:
ahmetdumlu@atauni.edu.tr; erenturk@yahoo.com; keren@atauni.edu.tr).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TIE.2013.2278964

In these types of parallel mechanisms, the actuators are
connected to limbs or legs. This construction is called motor-
mechanism coupling systems. The dynamic characteristic of the
motor-mechanism coupling model is highly nonlinear. When
high speed, high acceleration, and high accuracy are needed,
the trajectory tracking control of parallel mechanisms presents
unique challenges [19]. The high-precision motion of parallel
manipulators depends not only on the position accuracy of each
actuator but also on the position synchronization of all actuators
[20]. Therefore, Su et al. [20] presented a synchronized control
algorithm for the set point position control of parallel manipu-
lators. Ren et al. [19] proposed the convex synchronized control
which is based on the convex combination method to improving
tracking accuracy.

Su et al. [21] used a nonlinear proportional integral derivative
algorithm to synthesize the control law for enhanced perfor-
mance in areas such as increased damping and reduced tracking
error for a general 6-degrees-of-freedom (DOF) parallel manip-
ulator. Ouyang et al. [22] presented the nonlinear proportional–
derivative (PD) control of multi-degree-of-freedom parallel
manipulator systems for a generic task. Müller and Hufnagel
[23] applied a model-based control for a planar parallel mech-
anism which is an efficient formulation in terms of a set of
independent joint coordinates. Ghorbel et al. [24] built and
modeled a planar delta robot and used a PD control approach
for the stability of the robot. Li and Wang [25] applied a neural
network proportional–integral–derivative (PID) controller to
improve the trajectory tracking performance of parallel robotic
systems.

In spite of the new progress on control area, PID-type con-
trollers are unquestionably the most commonly used control
algorithm in industry due to their practicality [26]–[28]. Their
relatively simple structures that can be easily implemented
and the availability of well-established rules for tuning the
parameters of the controllers are the main reasons for making
them preferable in real-time applications.

In classical PID control, there exist four weaknesses such as
error computation; noise degradation in the derivative control;
oversimplification and the loss of performance in the control
law in the form of a linear weighted sum; and complications
brought by the integral control [29].

In order to enhance the robustness and performance of PID
control systems, Podlubny has proposed a generalization of the
PID controllers, namely, PIλDμ controllers. In the proposed
work, the improvement of the proposed controller has been
provided by using an integrator of order λ and a differentiator of
order μ (the orders λ and μ may assume real noninteger values)
[26], [30].
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Numerous design methodologies intended for PIλDμ con-
trollers are reported in the literature [26]–[40]. Among the
many applications of fractional-order controllers to engineering
problems, those to a flexible belt transmission [32], an active
suspension system [33], [34], irrigation canals [35], [36], or the
control of flexible robots [37], [38] can be mentioned. In addi-
tion, an introductory work is given for single input/single output
fractional control [41]. In [41], design basis and basic mathe-
matical consideration for fractional-order control are given with
an illustrative example. Two design techniques for tuning the
parameters of the controller are presented in [42]. In [26], [27],
[43], and [44], applications of fractional-order controllers to
different types of engineering problems are illustrated.

In this paper, a 3-DOF parallel manipulator developed by
Tsai and Stamper [45] is introduced, and the mechanism and
motor dynamic models are formulated first.

Second, in order to improve the tracking performance of the
examined Maryland manipulator, different control approaches
such as classical PID and fractional-order PID control ap-
proaches have been investigated. A pattern search optimization
method has been employed to optimize the parameters of the
classical PID controller, and the gains have been found.

Finally, three different sequential trajectories have been con-
sidered, and results have been obtained for both cases. Using
the PIλDμ controller, overshoot values have been eliminated
for trajectory changes. Employing the PIλDμ controller for
tracking control purpose, not only transient but also steady-state
error values have been reduced. In addition, the sum squared
error (SSE) values between the desired and obtained torque
values showed that the fractional-order PIλDμ controller is
more powerful than the optimally tuned PID for the Maryland
manipulator tracking control. Obtained results are also given in
both the graphical and the tabulated form.

The main contribution of this paper is to determine the
control action with the aid of the fractional-order PIλDμ con-
troller different from previously defined controller structures.
The determination of correct and accurate control action has
great importance when high speed, high acceleration, and high
accuracy needed for the trajectory tracking control of parallel
mechanisms present unique challenges.

The organization of the rest of this paper can be summarized
as follows. The system structure is presented in Section II.
Section III introduces the parallel manipulator mechanism and
motor dynamic models developed by Tsai and Stamper. Both
control strategies using the classical PID and fractional-order
PIλDμ controllers are introduced in Section IV. Simulation
results for both cases are illustrated in Section V, followed by
the concluding remarks in Section VI.

II. SYSTEM DESCRIPTION

Fig. 1 shows the manipulator known as the University of
Maryland manipulator [46].

The manipulator consists of a fixed platform, a moving plat-
form, and three identical limbs that connect the moving plat-
form to the fixed platform. Each limb consists of an input link
and a planar four-bar parallelogram (passive links). For each
limb, the input and passive links and the two platforms are con-

Fig. 1. University of Maryland manipulator [45].

Fig. 2. Schematic diagram of manipulator [46].

nected by three parallel revolute joints. Moreover, each four-
bar parallelogram consists of four revolute joints. Input links
that are individually manipulated by the motors (Inland T-515B
dc torque motor) can actuate by the rotation of the motors.
Therefore, it is possible for the moving platform to move with
only three translational degrees of freedom effectively.

III. MATHEMATICAL MODEL OF

MARYLAND MANIPULATOR

A schematic diagram of the manipulator and the description
of the joint angles are depicted in Figs. 2 and 3. In addition, the
parameters of the manipulator are tabulated in Table I.

The points Ai(i = 1, 2, 3) represent the summits of a fixed
triangular platform. For the purpose of analysis, the reference
coordinate system (x, y, z) to the fixed platform with its origin
located at triangular center O and the z-axis perpendicular to
the platform and the x–y-axes lies on a fixed plane.

The origin of this coordinate central system is located just at
the center P of the moving triangle. Another coordinate system
(xi, yi, zi) is attached to the fixed platform at point Ai such that
the xi-axis is in-line with the extended line of OAi, the yi-axis
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Fig. 3. Description of the joint angles [46].

TABLE I
PARAMETERS FOR MANIPULATOR

is directed along the revolute joint axis at Ai, and the zi-axis is
parallel to the z-axis.

If d = e = 0, a special case of the manipulator is formed.
Therefore, this manipulator has a less complex kinematic
structure and looks like a manipulator devised by Clavel [47]
that employed spherical joints to obtain the desired kinematic
structure. In order to simplify the analysis of the mathematical
model of the manipulator, a special form of the manipulator is
considered in this study.

For the parallel manipulators, inverse kinematics refers to the
use of the kinematic equations of a manipulator to determine
the joint parameters that provide a desired pose of the moving
platform.

In order achieve this, a closed-loop equation can be written
for each limb as

−−−→
AıBı +

−−−→
BıCı =

−−→
OP +

−−→
PCı −

−−→
OAı. (1)

Expressing (1) in the (xi, yi, zi) coordinate frame, we obtain

⎡
⎣ a cos(θ1i) + b sin(θ3i) cos(θ1i + θ2i)

b cos(θ3i)
a sin(θ1i) + b sin(θ3i) sin(θ1i + θ2i)

⎤
⎦ =

⎡
⎣ cxi
cyi
czi

⎤
⎦ (2)

where

⎡
⎣cxicyi
czi

⎤
⎦=

⎡
⎣ cos(∅i) sin(∅i) 0
−sin(∅i) cos(∅i) 0

0 0 1

⎤
⎦
⎡
⎣ px
py
pz

⎤
⎦+

⎡
⎣h−r

0
0

⎤
⎦. (3)

Equation (3) denotes the position of point Ci relative to the
(xi, yi, zi) coordinate frame. Two solutions of θ3i are found by
solving the second element of (2)

θ3i = ±cos−1
(cyi

b

)
. (4)

With θ3i determined by using (4), an equation with θ2i as the
only unknown is generated by summing the squares of cxi, cyi,
and czi in (2)

θ2i = ±cos−1(k) (5)

where k = (c2xi + c2yi + c2zi − a2 − b2)/(2ab sin(θ3i)).
By this way, corresponding to each solution set of θ2i and

θ3i, (2) yields a unique solution for θ1i.
Due to the complex kinematics of the manipulator, the

equations of motion which describe the actuating torques
are derived using the Lagrangian approach. The first type of
Lagrange’s equations will be employed by using three redun-
dant coordinates, px, py , pz and θ11, θ12, θ13, as the generalized
coordinates.

As proposed by Tsai [46], in order to simplify the analysis,
we assume that the mass of each connecting rod, mb, in the
upper arm assembly is divided evenly and concentrated at the
two endpoints Bi and Ci.

The total kinetic energy of the mechanism can be written as

T =
1

2
mp

(
ṗ2x + ṗ2y + ṗ2z

)
+

1

2

(
Im +

1

3
maa

2

)
˙θ21ı

+
1

2
mb

(
ṗ2x + ṗ2y + ṗ2z

)
+

1

2
mba

2 ˙θ21ı. (6)

The total potential energy of the mechanism is given by

P =mpgcpz+
1

2
magca sin(θ1i)+mbgc (pz+a sin(θ1i)) . (7)

The Lagrangian equations of motion become

d

dt

(
∂L

∂q̇ı

)
− ∂L

∂qi
+
∑3

k=1
λk

∂Γk

∂qi
=Qi for i=1 to 6 (8)
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where

L =T − P (9)

qi =

{
px, py, pz i = 1, 2, 3
θ11, θ12, θ13 i = 4, 5, 6

(10)

Qi =

{
Fi i = 1, 2, 3
Ti−3 i = 4, 5, 6

(11)

and where Fi is the x-, y-, and z-components of an external
force exerted on the moving platform and Ti−3, i = 4, 5, 6,
denotes the frictional torques of the ith link in the θ1i-direction.

The three constraint equations relating px, py , pz and θ11,
θ12, θ13 are obtained from the fact that the distance between
joints B and C is always equal to the length of the connecting
rod of the upper arm, b; that is

Γk =
−−−→
BıC

2
ı − b2 = 0. (12)

The dynamic equation of the manipulator is then obtained as
in the following form:

Ti =
∂

∂t

(
∂T

∂q̇ı

)
− ∂T

∂qi
+

∂P

∂qi
+
∑3

k=1
λk

∂Γk

∂qi
(13)

where i = 1, . . . , 6 and the three unknown Lagrangian multipli-
ers λi can be solved from the three simultaneous equations, i.e.,
(8) with i = 4, 5, 6. Once the Lagrange multipliers are found,
the actuator torques are obtained as follows:

τ1 =

(
Im +

1

3
maa

2 +mba
2

)
θ̈11

+

(
1

2
ma +mb

)
gc a cos(θ11)− 2aλ1

× [(px cos(∅1) + py sin(∅1) + h− r)

× sin(θ11)− pz cos(θ11)] (14)

τ2 =

(
Im +

1

3
maa

2 +mba
2

)
θ̈12

+

(
1

2
ma +mb

)
gc a cos(θ12)− 2aλ2

× [(px cos(∅2) + py sin(∅2) + h− r)

× sin(θ12)− pz cos(θ12)] (15)

τ3 =

(
Im +

1

3
maa

2 +mba
2

)
θ̈13

+

(
1

2
ma +mb

)
gc a cos(θ13)− 2aλ3

× [(px cos(∅3) + py sin(∅3) + h− r)

× sin(θ13)− pz cos(θ13)] . (16)

As can be seen from (14)–(16), the desired tracking control
can be achieved by changing or controlling the supply voltage
of the used motor. Three permanent magnet direct current
(PMDC) motors have been used to get the linear relationship
between the supply current and produced torque value.

Fig. 4. Block scheme of general independent joint control.

The time domain equation of the PMDC motor, which is
driving the manipulator load, can be written as follows:

[ dia
dt

dωm

dt

]
=

[−Ra

La
−Kv

La
Kt

Jm
−Bm

Jm

] [
ia
ωm

]
+

[ Va

La

− TL

Jm

]
(17)

where Bm is the damping coefficient (0.07812 N · m · s−1),
ia is the motor current (no-load current = 1.62 A), Jm is
the inertia of the rotor (0.00434 kg · m−2), Kv is the electro
motor force constant (0.095) determined by the strength of
the magnet, reluctance of iron, and number of turns of the
armature winding, Kt is the torque constant, La is the armature
inductance (0.00805 H), Ra is the armature resistance (1.4 Ω),
TL is the load torque (N · m), and Va is the applied voltage to
the motor (rated voltage = 36 V).

The TL load torque value in (17) is equal to one of the τ1, τ2,
or τ3 given in (14)–(17) for the considered PMDC motor to get
actuator torques.

On the other hand, from the torque equilibrium on the rotor

T = Tm − TL −Bωa − Jω̇a (18)

is obtained. Tm in the equation represents the magnetic motor
torque. As well known in a PMDC motor, field current is
constant. The magnetic torque and the generated electromotive
force for a given constant field current if are defined as

Tm = Ktia(t). (19)

Combining (14)–(19), the load torque value for the tracking
function has been acquired.

IV. CONTROL STRATEGIES

In this section, we present two control approaches, rep-
resenting the classical PID and fractional-order PID control
approaches, respectively, to investigate the effect of different
control approaches on the improvement of the tracking per-
formance of the examined Maryland manipulator. The block
scheme of general independent joint control is shown in Fig. 4.

As can be seen from Fig. 4, both of the considered controllers
are employed for the system with the same approach. For this
reason, Fig. 4 can be used to illustrate both controller structures.

A. Classical PID

As a comparison, an optimally tuned PID controller is inte-
grated to the system in the form of

V (t) = KP e(t) +KI

∫
e(t)dt+KD

de(t)

dt
(20)
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Fig. 5. Mathematical model of a dc motor in s-domain.

where KP , KI , and KD represent the proportional, integral,
and derivative gains, respectively. e(t) denotes the error in
the speed signal. The controller is tuned optimally by using a
pattern search optimization method, and the gains are found to
be KP = 0.15, KI = 0.05, and KD = 0.04 [50], [51].

B. PIλDμ Controller Design

The fractional-order PIλDμ controller is a generalization of
the integer-order PID controller exploiting the richness offered
by the noninteger orders of the Laplace variable s. Denoting
CC(s) as the transfer function associated to it, an analog PIλDμ

controller is described as given in the following [28]:

CC(s) =
U(s)

E(s)
= Kp +Kis

−λ +Kds
μ, (λ, μ > 0) (21)

where Kp is the proportional constant, Ki is the integration
constant, and Kd is the differentiation constant. Clearly, for
λ = 1 and μ = 1, controller (21) takes the classical PID form.
The performance of the PIλDμ controller for the control of the
considered manipulator is expected to be better than that of the
classical PID controller due to its higher degrees of freedom for
tuning.

According to their approximation methods, the dynamic
behavior of fractional transfer functions can be classified into
two subsections, either integer or digital transfer functions.
The usefulness of such approximations may be summarized as
follows.

1) While there are numerical methods to solve fractional
differential equations, methods for integer differential
equations are better known and are the ones widely
available in commercial software.

2) While hardware implementations of fractional controllers
are possible, it is often easier and cheaper to implement
in hardware integer transfer functions only.

Additionally, frequency domain approaches and time domain
approaches are other classification techniques for fractional-
order PID controllers. It is possible to find seven main different
design methodologies for the fractional-order PID controller in
the literature.

These include the Crone approximation [32]–[34], Carlson ap-
proximation [52], Matsuda approximation [53], [54], Grünwald–
Letnikoff approximation [41], truncated series approximations
[41], [55]–[58], time response approximations [59], continuous

approximations based on truncated continued fractions pro-
posed by Vinagre [41], etc. [48], [60].

The fractional-order PID controller should ensure that the
given gain crossover frequency and the phase margin are
achieved and the phase derivative w.r.t. the frequency is zero,
i.e., the phase Bode plot is flat, at the gain crossover frequency
so that the closed-loop system is robust to gain variations and
the step response exhibits an iso-damping property [61]. This
expression is the summarization of the approach proposed by
Bode and implemented by Manabe [48], [49]. Since most of
the proposed methods for designing the fractional-order PID
controller in the literature are based on this idea, in order to
design the fractional-order PID controller for the considered
system, the same idea and approach has been used in this study.

In order to determine the controller parameters Kp, Ki,
Kd, λ, and μ, the transfer function of the system is required
primarily.

As can be seen from (17)–(19), in order to make an effective
control, the dc motor used to feed the Maryland manipulator
mechanism should be controlled. As stated in (18) and (19), the
torque value depends on both the armature current and angular
velocity. Equation (17) determines the change of armature
current in relation to angular velocity. According to (17), if
the supply voltage is changed, then both the angular velocity
and torque values are changed gradually. For this reason, the
correct definition of the transfer function of the dc motor has
very important effect on designating the fractional-order PIλDμ

controller. As defined in [48] and as can be seen from Fig. 5, the
transfer function of the dc motor considered is in the form of the
following expression:

GDC(s)=
θ(s)

V (s)
=

Kt

s [(Ls+R)(Jms+Bm) +KvKt]
. (22)

However, for many dc motors, the time constant of the armature
is negligible [48], and therefore, we can simplify model (22).
A simplified continuous mathematical model has the following
form:

GDC(s) =
θ(s)

V (s)
=

Kt

s [R(Jms+Bm) +KvKt]

=
[Kt/(RBm +KvKt)]

s(τs+ 1)
=

KM

s(τs+ 1)
(23)

where the time constant τ = [RJm/(RBm +KvKt)] and gen-
eralized motor time constant is KM = [Kt/(RBm +KvKt)].
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Using aforementioned constants for the selected motor, the
transfer function (23) of the motor will be as the following

GDC(s) =
θ(s)

V (s)
=

1.2325

s(0.0407s+ 1)
. (24)

In order to design the fractional-order PIλDμ controller (FOC)
[48], an approach that has been proposed by Bode and described
by Tustin [49] for the motion control will be used. This princi-
ple has also been used by Manabe in an induction motor speed
control [49].

During the past ten years, in order to tune FOC parameters,
several methods and tuning techniques based on various ap-
proaches were developed [26]–[44], [48].

We will design the controller which gives us a step response
of the feedback control loop independent of payload changes
(iso-damping). In the frequency domain point of view, it means
the phase margin independent of the payload changes.

The phase margin of the controlled system is [48]

Φm = arg [CC(jωg)GDC(jωg)] + π (25)

where jωg is the crossover frequency. In other words, in-
dependent phase margin means constant phase. This can be
accomplished by the controller of the form

CC(s) = k1
k2s+ 1

sδ
k1 =

1

KM
k2 = τ. (26)

Such controller gives a constant phase margin, and the ob-
tained phase margin is

Φm = arg [CC(jωg)GTMS(jωg)] + π

= arg
[
(jωg)

−(1+δ)
]
+ π = π − (1 + δ)

π

2
. (27)

As given in [39] and [48], with regard to the general char-
acteristics of Bode’s ideal transfer function, the desired phase
margin is Φm = 45◦ for the considered mechanism. This is
valid for only δ = 0.5. With these constants, we obtain a
fractional IλDμ controller, which is a particular case of the
PIλDμ controller and has the form

CC = 0.0502
√
s+

0.8114√
s

. (28)

As well known, the behavior of the designed controller for
the considered PMDC motor has to be ensured insensitive for
changes in the load torque value. This property should also be
provided for instantaneous changes for load torque. As can be
seen from (14)–(16) and (18), the correct and effective control
of the PMDC motor will also guarantee the exact and accurate
control of the whole system.

In order to overcome the steady-state error, the integral com-
ponent integrates the error over time. In addition, the derivative
part of the PID algorithm anticipates the future behavior of
the error because the response of the derivative component is
proportional to the rate of change of the error. Therefore, in
general, the derivative action prevents overshoot and eliminates

oscillations. On the other hand, most practical control systems
use very small derivative gain because the derivative response
is highly sensitive to noise in the process variable signal.

Moreover, the proportional gain determines the ratio of out-
put response to the error. In general, increasing the proportional
gain will increase the speed of the control system response and
also decrease the steady-state error which is the final difference
between the process variable and set point.

As can be seen from (28), both integral and derivative terms
are included in the controller transfer function. However, as
mentioned earlier, in order to decrease the steady-state error
value, a proportional gain has to be added. In order to determine
this gain, a pattern search optimization method is also employed
for the fractional-order PIλDμ controller case. As can be seen
from (28), the first term is a differentiator, and the second term
of the equation is an integrator. KI and KD values are calcu-
lated from (28), and the KP value is also considered as con-
stant. According to (28), it is obvious that KD = 0.0502 and
KI = 0.8114. After the pattern search optimization method, the
proportional gain of the optimally tuned controller is found to
be KP = 0.125.

V. RESULTS

As stated in (18) and (19), the produced magnetic torque
using the PMDC motor provides the required torque values
that are given in (14)–(16). The selected PMDC motor is a
driver source for the manipulator load. In order to provide real
system conditions, this type of connection has been considered
and simulated. The input voltage of the PMDC motor has
been controlled using the fractional-order PIλDμ controller, and
then, output torque has been applied to the manipulator.

According to this approach, a controller should be designed
to regulate the position and angle fluctuations induced by the
inertia effects and other disturbances that affect the system. In
this paper, in the closed-loop fractional-order PIλDμ control of
the system, the inputs to the controller are the error, change of
error, and integration of the error in the input link speed, and
the output is the electromagnetic torque value determined with
the aid of the supply voltage and armature current.

In order to examine the system, three different sequential
trajectories have been considered as given in the following:

px = 0
py = 0

pz = 0.35 + t2

1000

⎫⎬
⎭ if t ≤ 5

px = 0.06 cos(t)
py = 0.06 sin(t)

pz = 0.35

⎫⎬
⎭ if 5 < t ≤ 10

px = 0
py = 0

pz = 0.35− t2

1000

⎫⎬
⎭ if t > 10.

Using the previously defined trajectories, a dynamic analysis
will be possible for the manipulator. The graphical representa-
tion of these trajectories for three axes is given in Fig. 6.
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Fig. 6. Graphical representation of three trajectories for three axes. (a) x-axis.
(b) y-axis. (c) z-axis.

The closed-loop step responses of the system for the given
trajectories are given in Fig. 7 for an optimally tuned PID. Both
the obtained torque value and desired torque value for the first
motor are drawn in Fig. 7.

According to the desired and obtained torque values, the
error graphic between these values is calculated and plotted
in Fig. 8.

Fig. 7. Obtained and desired torque values for first motor for an optimally
tuned PID. (-) Desired. (•) Obtained.

Fig. 8. Error graphic between obtained and desired torque values for opti-
mally tuned PID.

Fig. 9. Obtained and desired torque values for first motor for a fractional-
order PIλDμ controller. (-) Desired. (•) Obtained.

Using the fractional-order PIλDμ controller, both obtained
and desired torque values are also given in Fig. 9. The variation
of the error graphic for the PIλDμ controller case is illustrated
in Fig. 10.
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Fig. 10. Error graphic between obtained and desired torque values for
fractional-order PIλDμ controller case.

TABLE II
SSE AND MSE VALUES

As can be seen from Figs. 9 and 10, overshoot values are
eliminated completely for the PIλDμ controller case. In addi-
tion, both transient and steady-state error values are reduced by
using the PIλDμ controller.

In order to show the superiority of the PIλDμ controller, SSE
values with respect to both torque and angle values are tabulated
in Table II for both cases.

As tabulated in Table II, the steady-state error value of
the optimally tuned PID is greater than two times that of
the fractional-order PIλDμ controller. The mean squared error
(MSE) value can also be used to illustrate the performance of
the proposed controller. For this reason, MSE values are also
tabulated in Table II as another performance criterion.

Additionally, in order to show the superiority of the PIλDμ

controller using another way, the error between the desired
input link angle and obtained input link angle has been shown
graphically and assessed in Figs. 11 and 12.

VI. CONCLUSION

The 3-DOF parallel manipulator known as the University of
Maryland manipulator has been considered, and its tracking
control for the given different trajectories has been studied.
First, the dynamic model of the 3-DOF parallel manipulator has
been introduced using the Tsai and Stamper method. Second,
the mechanism and motor dynamic models are formulated.
Then, in order to investigate the effect of different control
approaches on the improvement of the tracking performance of
the examined Maryland manipulator, two control approaches
such as the classical PID and fractional-order PID control
approaches have been considered. The classical PID controller

Fig. 11. Error graphic between desired input link angle and obtained input
link angle for optimally tuned PID.

Fig. 12. Error graphic between desired input link angle and obtained input
link angle for fractional-order PIλDμ controller case.

has been tuned optimally by using a pattern search optimization
method, and the gains have been found. Finally, design stages
for the fractional-order PIλDμ controller have been given in
detail.

In order to examine the system, three different sequential
trajectories have been considered, and results have been ob-
tained for both cases. It is observed that overshoot values
have been removed completely for the PIλDμ controller case.
Moreover, both transient and steady-state error values have
been reduced by using the PIλDμ controller. According to the
SSE values between the desired and obtained torque values,
obtained results for the fractional-order PIλDμ controller are
more superior than that of the optimally tuned PID.

In future, we would like to design an observer based on more
complex controller structure for the considered manipulator.
With the aid of the observer, it is expected that the error value
for desired and obtained cases will be reduced.
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