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ABSTRACT. In order to improve the control precision of two-link robot manipulator servo
system, a sliding mode fuzzy-neural-network (FNN) controller is designed in this paper.
The precise position control of robot servo system is a more complicated problem due to
its friction forces, external disturbances and parameter variations. A five-layer FNN is
designed to control the nonlinear part of dynamics. The robot is driven by the permanent
magnet synchronous motor (PMSM). The current controller of the PMSM is designed
as sliding mode controller (SMC). The overall control system possesses global asymptotic
stability according to Lyapunov stability theory. The simulation results show that the
control method has fast speed responses and good tracking performance.
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1. Introduction. In recent years, a large number of controllers for robot manipulators
are studied. However, robot manipulators are difficult to establish an appropriate mathe-
matical model due to their uncertainties and nonlinearity [1]. The current trend of control
methods focuses on integrating nonlinear control with intelligent control, such as adaptive
neural network [2-4], fuzzy neural network [5], and adaptive fuzzy neural network [6].

FNN is a kind of control method which has the advantages of fuzzy systems and neural
networks. It can be used in the servo control of the robot manipulators and can solve the
problems of robot manipulators servo system due to its good control effect and learning
power. An adaptive fuzzy neural network control compensation method is used to solve
the accurate position tracking of the control vectors in a large range by using the sample
training self-learning and the adaptive variable gain coefficient [7]. The fuzzy neural
network control method based on the hybrid learning algorithm can reduce the amount
of computation of the neural network, and enhance the ability of the robot to respond to
environmental changes [8]. Using the robust fuzzy neural network (RFNN) sliding-mode
control, the motion tracking performance is significantly improved, and robustness to
parameter variations, external disturbances, cross-coupled interference, and friction force
can be obtained as well [9]. As the robot is driven by the motors, the performance of the
robot is affected by the motors’ performance. FNN can be used in the robot manipulators
which are driven by direct-current servo motor [10] or switched reluctance motor [11].
The maintenances of direct-current servo motor and switched reluctance motor are more
difficult, and the reliabilities are poor. The PMSM is a kind of motor which has high
torque to volume ratio, wide speed range, and reliable operation [12]. Therefore, the
PMSM is more suitable for the application in the robot joints. SMC has good robustness
and fast speed response, so it can be designed to control the current of PMSM.

The contribution of this paper is to design a sliding mode fuzzy-neural-network con-
troller. The control method not only has the learning ability of the FNN, but also has
the fast response ability of the SMC. The fuzzy neural network control method is used
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to control the nonlinear part and the uncertain part of the robot dynamics. Learning
and approximation ability of fuzzy neural network can make the system achieve stability.
Permanent magnet synchronous motor with powerful performance can get a good effect
on the robot manipulator. For the current control of PMSM, the sliding mode control is
adopted to get good control effect. At the same time, the integrated controller that has
robot control and motor control, is closer to the actual and is conducive to the implemen-
tation of the industry. Additionally, a suitable Lyapunov function can be constructed,
and it demonstrates that the overall control system is global asymptotic stable.

The rest of the paper is organized as follows. Section 2 outlines the two-link robot
manipulator model. Then, the control principle of the robot manipulator servo system is
described in Section 3. Stability analysis is given in Section 4. Section 5 is devoted to
simulation results. At last, some conclusions are drawn.

2. Robot and Its Drive System Model. Figure 1 shows the architecture of two-link
robot manipulator. The drive motors are in A and B. Rotation range of joint 1 is
0° < #; < 180°. Rotation range of joint 2 is —90° < 0y < 90°. The maximum motion
range of end-effector is a semicircle. The radius of semicircle is L; + Ls. The origin
position of the robot end-effector is Cp, and it can be expressed as (xg, yo).

F1GURE 1. Architecture of two-link robot

2.1. Inverse kinematic model. Let Cy(z4,yq) be the desired position of the robot end-
effector. According to the principle of inverse kinematics, we can get

0 [ 0.4 } arctan(yg/zq) + arccos <(:1:§ +yi+ L2 — L3) J2L\/22 + yfl> M
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2.2. Dynamic model. The dynamics model of a two-link robot manipulator can be
expressed in the following Lagrange equation from [13].

D(q)G+C(q,q)¢+G(q) =T — 7¢ (2)

where q,q,§ € R**! are the joint positions, velocity and acceleration vectors, respec-
tively. D(q) € R**? denotes the inertia matrix, C(q,q) € R**? expresses the matrix of
centripetal and Coriolis forces, G(q) € R**! is the gravity vector, 7 € R**! is the vector
of control torque developed, and 74 € R**! represents the vector of friction, external
disturbance.
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2.3. The model of PMSM. The drive motors of robot are PMSM. The model of PMSM
can be described in synchronously rotating d-q reference frame as [14].

( d
Ldﬁ = —Rsid + nprqiq + uqg
i
Lqﬁ = —Ryig — npwp — nywLgiq + U, (3)
d
de—j =7 — 11, — Ruw = np [(La — Ly) igiy + big) — T — Ry
\

T =n, [(La — Ly) taiq + ¢ig)

where Ly and L, are d-axis and g-axis stator inductances, respectively. iq, 7, and ug, u,
are d-axis and g-axis stator currents and voltages, respectively. Ry is the stator resistance
per phase, n, is the number of pole pairs, J,, is the moment of inertia, and 7 and 7,
are the electromagnetic and load torques, respectively. ¢ is the rotor flux linking of the
stator, and w is the angular velocity of motor, respectively.

3. Controller Design. According to the inverse kinematics model and dynamic model
of two-link robot manipulator, the servo control system is designed as shown in Figure 2.
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FIGURE 2. Servo control system of two-link robot manipulator

3.1. FNN controller design. As shown in Figure 2, when the origin and the desired
position of the robot end-effector are known, from (1), we can get desired angular dis-
placement is gg = 64 — 0. The position error is e(t) = qq — q.

The error function is defined as

r=¢€+ Xe (4)
where X = AT > 0, we get
g=-—7r-+dq+ Xe (5)
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D(q)7 = D(q)(Ga — G + Xé)
= D(q)(fa+ Xé) — D(q)d
= D(q)(Ga+Xé)+C(q,4)g + G(q) — T + 75 (6)
= D(q)(ga+ Xé) — C(q,q)r + C(q,q)(ga + Xe) + G(q) — T + 7f
=F(x)-C(q,q)r — 7

where F(x) = D(q)(§+ Xé) +C(q.q)(q + Ae) + G(q) + T¢. Then, the robot dynamics
equation can be described as

T=F —C(q,q)r — D(q)7 (7)

where F' is an uncertain part of dynamics, and the parameters include the robot uncer-
tainty and external disturbance. According to the principle of the FNN, the structure
diagram is designed as shown in Figure 3. As shown in Figure 3, 1 = e(t), x2 = é(t),
y = F(x). The signal propagation and the basic function in each layer of the FNN are
introduced in the following:
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FIGURE 3. Structure of FNN

Input layer transmits the input linguistic variables x1, x5 to the next layer, where xy,
To are error and error derivative.

Membership layer represents the input values with the following Gaussian membership
functions

/“Lij(xl)_exp[ Clj /0]7 Z.:1727"'7717 j:1727"'7n (8)
where ¢;; and o; are the mean and standard deviation of the Gaussian function which are

determined by self-learning ability of FNN.
Rule layer implements the fuzzy inference mechanism. The output is given as

ak—H,uU, i=1,2,....n, j=12,....n, k=12,...,n 9)
Normalized layer corresponds to the normalization of the results of each rule.
ar = Qg Zak, k:1,2,...,n2 (10)

Layer five is the output layer, and nodes in this layer represent output linguistic vari-
ables. Each node y can be represented as

y=>Y wyay, i=12...n j=12..n k=12 n’ (11)
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where w;; are the weights between the normalized layer and the output layer.

The parameters of the fuzzy neural network can be obtained by self-learning ability.
The error function of fuzzy neural network is defined as F = (y; — y)2 / 2, and we can get
the learning algorithm for parameter as [11]

oF OF OF

&TU

where y, y4 are the expected output and actual output, and 5 > 0 is learning rate.

3.2. SMC design. Asshown in Figure 2, i3, ¢7, 14 and ¢4 are d axis and ¢ axis reference
currents and feedback currents, respectively. The control 25; = 0 is used in the system.

The current error of d axis and ¢ axis are ¢4 = 13 — 14, tq = —%4, respectively.

According to the current errors gq and 74, the designs of the sliding surface sq, s are
81 = Cliq, Sg = C2’l:d (13)

where ¢; = ¢} > 0, cz = ¢} > 0. The exponential reaching law of sliding mode controller
of ¢ axis is designed as [14]

él = —&€18gNns; — k181 (14)

where —eqsgns; is constant reaching; kqs; is exponential reaching; €, is constant reach-
ing coefficient; k; is exponential approximation coefficient. From (13)-(14), we get

81 = C1ig = C1 <z; - 'iq> =c (’L:; — (—Rstiqg — Npw — NpwLgtq + ug) /Lq> (15)

Ug = Rsig — npwd + npwlgiq+ L, <slsgnsl + k131/01 + z;> (16)

In the same way, we can get the control rule for the d axis as follows
uqg = Rsiqg — npwLgiq + La(easgnss + k232)/02 (17)
3.3. Torque to current. As shown in Figure 2, the torque of the robot system is con-

verted into the current of PMSM. From (3) and ¢% = 0, we can get the current of ¢ axis
as

73; =T/nyp (18)

4. System Stability Analysis. Define the Lyapunov function
V =r"D(q)r/2+ s]c151/2 + shcas2/2 (19)
where D(q) >0,c; =cl >0, c;=cL >0,V > 0. From (19), we get
V =r"D(q)7 +r"D(q)r/2 + sTci51 + sLcas, (20)
According to (14)-(17) and [2,14], we get
V = rTD(q)7 + 7T D(q)r/2 + sTci(—e1sgnsy — kysy) + shea(—ex5gns, — kysy)
0

INA I

(21)
Only if »r = 87 = 85 = 0, V = 0. Therefore, V is negative definite and the system is
global asymptotic stable according to Lyapunov’s stability theory.
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5. Simulation Results. The simulations are performed to evaluate the performance
of the robot system by using Matlab/Simulink. The parameters of the PMSM 1 are:
Ry, = 2.875Q, L4 = L, = 0.0085H, ¢; = 0.175Wb, J,,, = 0.025Kg-m?, n, = 4,
nominal power is 1.1KW, and nominal voltage is 220V. The parameters of the PMSM
2 are: Ry, = 2Q, Lg, = L4, = 0.0054H, ¢y = 0.175Wb, J,,, = 0.025Kg-m?, n,, = 4,
nominal power is 0.5 KW, and nominal voltage is 220V. The parameters of the robot
are m; = mo = 1kg, Ly = Ly = 0.bm. The right system parameters are obtained
through debugging. The parameters of controller are A = diag[10 10|, ¢; = diag[100 100],
¢z = diag[50 50], 5 = 10, 1 = €2 = diag[0.05 0.05], k1 = ka = diag[1000 1000].

Figure 4 shows the positions tracking curve of joint 1 and joint 2. The parameters of
positions are: g4 = 0.5sint, gog = 0.5sint. As shown in Figure 4, the system has fast
response, the response time is short and the position error is small. The system has good
tracking performance.
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FIGURE 4. Position tracking: (a) joint 1, (b) joint 2

The parameters of end-effector’s motion trajectory are: semicircle, the origin point is
(2,0), and the end point is (1,0). Figure 5(a) gives the position error curve of joint 1.
The steady state time when PD control and sliding mode control are used is 3s. When
fuzzy neural network control and sliding mode control are used, the time is reduced to
0.6s. Figure 5(b) gives the position error curve of joint 2, and the steady state time when
PD control and sliding mode control are used is 2.5s. When fuzzy neural network control
and sliding mode control are used, the time is reduced to 0.6s. The time to reach steady
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FIGURE 5. (a) Position error of joint 1, (b) position error of joint 2, (c)
trajectory of robot

state is reduced. As shown in Figure 5(c), the trajectory is the same as planning. As a
result, the fuzzy neural network sliding mode control can reduce steady state time and
has accurate motion trajectory.

6. Conclusions. In this paper a novel control method is proposed for two-link robot
manipulator that PMSM as drive motors. An effective FNN control method is developed
in application to the robot position control system. FNN can control the nonlinear part
of two-link robot manipulator servo system due to its approximation and learning ability.
The control 2}; = 0 is used in PMSM control system and a sliding mode controller is
designed to control the current. SMC can improve the active performances of the PMSM
control system. Simulation results show that the proposed control method has good
tracking performance and fast speed responses. In the future work, we will focus on the
practical application of the proposed control algorithm.
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