IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS, VOL. 45, NO. 2, APRIL 1998 307

Implementation of a Neural Network Tracking
Controller for a Single Flexible Link:
Comparison with PD and PID Controllers

L. B. Gutiéerrez,Member, IEEE F. L. Lewis, Fellow, IEEE and J. Andy Lowe

Abstract—The objective of this paper is to show the results of ically stable when the tip position is taken as the output. To
the practical implementation of a neural network (NN) tracking  control the arm, a modified output was defined to yield stable
controller on a single flexible link and compare its performance zero dynamics. However, this output does not correspond to

to that of proportional derivative (PD) and proportional inte- tical tracki biecti tin th t-point d
gral derivative (PID) standard controllers. The NN controller is practical tracking objectives, except in the set-point comman

composed of an outer PD tracking loop, a singular perturbation €ase. In [27] and [29], input-output feedback linearization
inner loop for stabilization of the fast flexible-mode dynamics, and a singular perturbation correction term [11] to stabilize

and an NN inner loop used to feedback linearize the slow pointing the internal dynamics was used to control a multilink flexible
dynamics. No off-line training or learning is needed for the NN. arm. Finally, in [17], a Lyapunov approach is used to stabilize

It is shown that the tracking performance of the NN controller X .
is far better than that of the PD or PID standard controllers. & component of the tracking error, but not the tracking error

An extra friction term was added in the tests to demonstrate the in its entirety.
ability of the NN to learn unmodeled nonlinear dynamics. There are different control techniques for rigid robot arms
available in the literature. These techniques require an exact
knowledge of the nonlinear terms (computed torque), knowl-
edge of bounds on uncertainties (robust control), or knowledge
. INTRODUCTION of a nonlinear regression matrix of robot functions (adaptive
N RECENT literature, there have been many neural ngontrol) [14]. In practice, it is very difficult to have such
work (NN) controllers proposed for robot arms or othe@ priori knowledge of the arm dynamics, especially in the
nonlinear systems [4], [20]-[26]. The performance of theg¥esence of frictional terms, which may not have a known
NN controllers on actual systems has been open to questignamical form.
despite the fact that several of these references provide stabilitfo overcome these limitations, an NN tracking controller
proofs. In this paper, we implement the NN controller derive®r a rigid-link robot arm has been devised in [13] and
in [31] on an actual single-flexible-link robot arm which could15]. In this scheme, there is an outer PD tracking loop,
emulate, for instance, a tank gun barrel in DOD applicationdith the NN used in a feedback linearization inner loop.
It is found that the NN controller far outperforms standardhe weight-training rules include an e-modification term [22]
proportional derivative (PD) and proportional integral derivaand a term corresponding to a second-order term. Using a
tive (PID) controllers, even for the single-link arm, which id-yapunov approach, it is shown that these training rules
basically linear except for nonlinear friction effects. guarantee tracking performance and bounded weights, even
The control of flexible-link robot arms belongs to a class dhough there do not exist ideal weights, such that the NN
problems characterized by reduced control effectiveness difffectly reconstructs the nonlinear robot function.
additional unstable zero dynamics. Some other problems inln [31], a tracking controller for a flexible arm is designed
this category are large-scale space structures, overhead gawsiig singular perturbation plus an NN feedback linearization
cranes, and other industrial processes. The requirementingfer loop. There, a modified output for tracking is defined
controllers with faster response and higher accuracy introdud@at does correspond to practical tracking requirements. The
a challenge that the researchers have faced in different wagucture of that controller includes an outer PD tracking loop,
Several researchers [19], [30] have observed that the @singular perturbation inner loop for stabilization of the fast
proximate flexible-link robot arm dynamics is input—outpulynamics, and an NN inner loop used to feedback linearize
feedback linearizable, but the zero dynamics is not asymptdie rigid dynamics. Applying singular perturbation theory, it
is shown that, after stabilizing the fast dynamics, the slow
Manuscript received August 6, 1996; revised August 11, 1997. dynamics can be controlled using the same approach used in
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guarantees boundedness of the tracking error and conffbkn, definingd, ;, such thatKjEf :Hr‘f(]./GQ)Kff(qT,GQg)
signal. (H,; is a normalized stiffness respectlﬁ}f), we get
In this paper, we present some practical implementation

results for a single flexible link for the controller designed ind» = —D5,(8)dr — Dis(0)€€ — Hy p(1/€2) K g 4(gr, €2€)e*¢
[31]. Despite the fact that the dynamics of a single flexible — FMqr, €26) = GXqy, 2€) + BX(qr, 26)u

link are linear, an extra friction term was added in thes; ;1 .l 2 PN 2y 2
implementation to show the capability of the NN controllef &= Dfl‘(e)q’; fo(le)6 52 (1/€ )lef(Zmﬁ §e¢

to compensate for nonlinearities in the model by learning.  — £7(@r€8) — Gp(ar, 7€) + By(ar, €§)u (5)

A comparison with the performance of standard PD and
PID controllers is performed to show the superior trackin\f{
performance of the NN controller.

here = (g, ¢, €2€, 2€).

Here is considered the case in which the stiffness of the
links is sufficiently large, so that is sufficiently small. The
control objective is that,.(¢) should trackg,(t), a prescribed

IIl. DYNAMICS OF A FLEXIBLE-LINK ROBOT ARM trajectory. For that purpose, define the control
In [3], [5]-[7], and [16], it is shown that the dynamics of
any multilink flexible-link robot can be represented by

M(q)i+ D(q, )i+ Kq+ F(q,q) + G(q) = B(Q)u

(6)

where7 is the slow component angr is the fast component.
From this point, the bar over the variables is used to denote
the slow part of them. To obtain the equations for the slow
dynamics, set = 0 in (5) to obtain

U=u-+upr

1)
with

dr
q= . o I
[QJ 4, =-D,q,—H K& -F, -G +Ba ()
wherg g is the veqtor of rigid modes (generalized join%md the algebraic slow manifold equation

coordinates) andy; is the vector of flexible modes (the

amplitudes of the flexible modes)/(q) represents the inertia 0= _E}T@ —H K8 - F; _ 6; + E}u (8)

matrix, D(q, ¢) is the Coriolis and centrifugal matrix( is o _

the stiffness matrix,F'(q, ) is the friction matrix, G(g) is Which is solved for the slow variables

the gravity matrix,B(g) is an input matrix dependent on the A e e S N S o O

boundary conditions selected in the assumed mode shapes §=KypHy(=Dpdy = Fy = Gy + By, ©)

method, andu includes the control torques applied to each . . P e, g

joint a PP Substituting (9) in (7) and deﬁmn[l;{,,,,]L = B,l,—H,,fo}B},

) — — =l — —=—1=l1 — —
The model (1) follows the same properties of any standafd» = M(D,, — HypHy Dy, Fr = Myp(I —
rigid-link robot [16]. That is,M(q) is positive definite and F, &, )F,, andG, = M,.(I — H,;H; )G, we get
N . I e v T rfil fr )y

upper and lower bounded)(q, ¢) is bounded byd,(q)]|ql|, .

and D(q, §) can be chosen such th&t(q) —2D(q, ) is skew 4. =M, (-D..g.— T, -G, +7). (10)

symmetric [16]. _

For the fast subsystem, define the states
[ll. NN CONTROL OF FLEXIBLE-LINK ROBOT ARMS G=¢-¢
. . G=e (11)

A. Singular Perturbation Approach
The singular perturbation approach basically consists With @ time scaler = ¢/c resulting in

breaking the dynamics of the system into two parts, each dé,

of them in a separate time scale [10]-[12]. In this case, the dr =G

slow dynamics correspond to the rigid modgsand the fast dés 1. L . _

dynamics correspond to the flexible modgs In order to dr —D Gy = DypeCo = HppKpp(G +E)

?Zpgq!y singular perturbation, (1) can be split, as in [27] and —F} _@} +§]}(u+up) (12)
S e e L G 1 sincede/dr =~ 0. Settinge = 0 and substituting from (9) the
?” - D’l‘ "qf’ D’if q.f K”lf ) F"l G,,1+B,,1u fast dynamics are found to be
Qf:_Dfr%‘_fo(Jf_Kfof_Ff_Gf+BfU'- 2) d ¢ 0 alts 0

1| U 1 Y
Now introduce the scale facterand define dr {CJ o {—Hffof 0} {@} + [B}}UF (13)
¢ =gy 3 o
¢
where1/e? is the smallest stiffness it} ,. Define gy = Ar¢+ B+ Fup (14)
Ky =2Kj;. @) with ¢ = [¢f ¢F)7.
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According to Tikhonov's theorem [10], [11], the original Theorem—Universal Approximation Property of the NN:
system (2) can be described to ordeusing (10) and (14) Let f(z): ®* — R™ be a smooth function. Then, given a
with compact setS € R" and a positive numbesy, there exists
a two-layer NN, such that

ar =q, + 0(6) - -
g5 =€+ &)+ O(e) (15) fl@)=W (V- z)+e (23)
with O(¢) denoting terms of ordet. with ||| < en for all z € S, for some (sufficiently large)
Now, define the tracking output numberL of hidden-layer neurons: is generally a function
_ of = and is called the NN function approximation errar.
Y= {gr} (16) decreases ak increases. O
Ir The estimate of:(x) is given by
which corresponds to theow partof the rigid-mode variables ﬁ(a:) _ WTU(VTa:). (24)

(e.g., of the link-tip motion). Assume théti 5, Br) is stabi-
lizable, the fast system parameters have bounded uncertaintigs
and perturbations (slow subsystem variables), and the slow T
system variables vary smoothly with time. The stabilizing Z = {0 W}
assumption of{Ar, Br) is satisfied in practical systems and

is far milder that the requirement for stable zero dynamicge the ideal weight matrix, which is unknown.
Moreover, the definition (16) corresponds to practical tracking The functional approximation error of the NN is
objectives in contrast to the “reflected” outputs defined in . R

[19] and [30]. Under these assumptions, a stabilizing control h(z) = h(z) — h(z) (26)
up(t) can easily be designed using linear techniques (e
H, design), so that

(25)

'gihich can be written using a Taylor expansion, assuming
smooth activation functions, as

K Kyr . - . . N R .
up = —[Kpp  Kar] Eﬂ = —%Qf - %Qf + Kpré h(z) =WE (6 =6/ VIo)+ WTe'Vie+w  (27)
(A7) where
stabilizes (14), with¢ given by (9). N do(z)

s=o(Vle), &=

(28)

B. NN Control of the Rigid Dynamics
The slow dynamics given by (10) can be rewritten as

and the additional error term

. . w(t) = WIe'VIiza + WOV Tz)? + ¢, (x)  (29)
Mrrqr + Drrgr + Fr + Gr =u (18)
bounded according to
which is exactly the Lagrange form of awnlink rigid robot

arm, satisfying the standard robot properties. For this part, an w(t) < Co + Cu|| Z]| + Collz|| | Z]I. (30)
NN controller can be designed [13], [15]. Note tht,, —
2D,, is skew symmetric.
Given a desired trajectory;(t) for g,., the tracking error is
€=4dqd — 61" (19)

Define the filtered tracking error as

The Jacobiard’ is an easily computed function &fZz.
It is assumed that the ideal weights of the NN are bounded,
so that

121l < Zm (31)

with Z,,, a known bound, and the desired trajectory is bounded

r=¢+ Aec (20) according to

where A = AT > 0. Using (20), the arm dynamics can be d
rewritten in terms of the filtered tracking error as Ga|| <€ (32)

— — qd

M, i = =Dyppr — U+ h(x) (21)

with ¢ a known bound.
where the nonlinear robot function is Definition: The solution to
h(z) :Mvi(@ (Ga iA@) + D, (,7) (44 + Ae) = fz,u,t), y=g(z1)
+ o (q) + G (@) (22)

is globally uniformly ultimately bounded (GUUB) if for all
with z = [e? ¢¥ 3% G417 Itis assumed thai(x) is unknown. z(ty) there exists ar >0 and a numbefl’(e, z9) such that
An NN can be used to estimatgx) based on theniver- ||z(¢)|| < e for all t > ¢o + T. g
sal approximation propertyof NN’s, which is stated in the  Under all the assumptions stated above, an NN controller is
following theorem. defined by the following theorem [31].
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Fig. 1. Overall control structure of the NN controller for a flexible link robot.

Theorem: Let the desired trajectory and the ideal unknownompensated for the first two modes (this was to corroborate
weights be bounded according to the assumptions. Let tivat the controller works well even compensating for only a
control input for (18) be defined by finite number of modes). The model was obtained as described

. in [7], using the parameters of the flexible-link test bed at

U=h+ K —v, for K, =K; >0 (33)  the Automation and Robotics Research Institute (ARRI), The
University of Texas at Arlington. The modal frequencies for
. the first three modes for this flexible link are 1.6, 10.0, and
v(t) = =K (|| 2] + Zm)r (34)  28.1 Hz.

The controller used the following parameters:

with robustifying term

and gain K, > Cs.

Let the NN weights be tuned by K,=36
% ~ X 200
W =M - &6'VEz)yr? — wljr| MW A=Zp
V =Nar"W's' — k||| NV (35) K.=02
with any constant matriced/ = M7 >0,N = N7 >0, and Zm =350
a scalar design parametgr> 0. pf _1_8 10]
Then, the filtered tracking error(t) and the NN weight 2
errorsV, W are GUUB. Moreover, the tracking error may be Kg
: . . — =[0 0]
kept as small as desired by increasing the gips O €

The proof of this theorem uses Lyapunov theory and is givenThe NN in the controller included ten neurons in the hidden

in [31], where explicit bounds otr|| and || Z|| are given. |ayer and used the following parameters:
Notice that the training rules in (35) include the standard

backpropagation terms plus an e-modification [22] and a =20
second-order correction term. Furthermore, the NN weights G =20
can be easily initialized at zero, since the PD control stabilizes % = 0.000001.

the system while the NN is learning. The NN controller o ] . .
is designed to control the robot arm while it is learning The activation functions for the neurons in the hidden layer

to improve the performance, hence, no off-line training i&ere selected as the sigmoid functions

required.

The overall structure of the controller defined in Sections

[lI-A and B is shown in Fig. 1.

C. Simulation

= 14+ e—kaz’

fork=1,2,---,10;« = 1.

It was observed in practice that, with the sigmoid functions
defined this way, the NN learned faster and was able to reduce
the tracking error more.

The simulation of the NN controller was performed in The results of the simulation are plotted in Fig. 2. Notice
Matlab for a single flexible link. The model of the flexible linkthat, after some time, the NN learns the model of the link,
included three flexible modes, even though the controller onlgducing the tracking error to almost zero. Using a bigger
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Fig. 2. Simulation of the NN controller with a single flexible link.

value for the learning rates’ and G improved the tracking
performance (faster learning and less tracking error), but
produced a worse transient response (more oscillatory) and
more excitation of the flexible modes (increased the magnitude
of ¢y and gy, the flexible modes).

IV. IMPLEMENTATION OF THE CONTROLLER
IN THE FLEXIBLE-LINK TEST BED

The NN controller discussed in Section Il was implemented
on a single-flexible-link test bed at the ARRI, and some of the
results obtained are presented here.

A. Description of the Implementation
Fig. 3. Actual flexible-link test bed at the ARRI.

The actual test bed at the ARRI is shown in Fig. 3. A list
of the main characteristics of the practical implementation is. Only the first two flexible modes were considered.
given below. « The robust termy was not includedk,, was selected big
¢ The flexible link is an aluminum beam with dimensions:  enough to avoid the necessity of The manifold term
48 in x 2 in x 1/8 in. was not included, since the actual model of the flexible
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Fig. 4. Block diagram of NN controller implementation at ARRI's flexible-link test bed.

link is unknown. As shown by (9), the implementatiorsamples ofg,., g5, and ¢y2, respectively. Besides, there is
of £ would require the exact knowledge of the matrixea digital-to-analog converter connected to the servo amplifier
of the model. that drives the servo motor for the link.
 Even though the dynamics for the flexible link with 1 Notice in Fig. 8(a), without the extra friction term, and
degree of freedom is linear, an extra nonlinear frictiofiig. 8(b), with the extra friction term, that the same controller
term was added to check the capability of the controllé#arns the model of the link, readapting to changes in it
to compensate for the nonlinearities in the model. (changes in the model like changes in friction characteristics).
« The NN is composed of ten neurons in the hidden |ayé{\(ithout changing the parameters_ of the controller, the N_N
with five inputs(z = [e ¢ g, G, 4,]F) and one output controller is able to take the tracking error to almost zero in
;L( ). both cases. _ _ _
The controller defined by (6), (17), (33), and (35) was ' ¢ Software was implemented in LabView and C. The
In théoutmes that.perform the colntrol action in real tlmg are
. o : : . . plemented in C. The execution of these external routines is
discretization process, the differential equations in (3 L . ;
were solved on line using trapezoidal integration. eq periodically by the comput_er timer routines. The control
) - . _ routines sample the external signals and use the parameters
A block diagram describing the practical implementatiofefined in the parameters buffer to calculate the control signal
of the controller is shown in Fig. 4. The hardware includeg Some of the signals are stored in the signals buffer allowing
the interface cards and external components necessary fortfe | abView virtual instruments (VI's) to monitor them.
measurement of the angular position of the lipgkand the  The LabView VI's work as a graphic user interface that
flexible modesy;; andgy, (optical encoder, strain gauges, sigallows one to start the controller, change the mode of opera-
nal conditioners, and analog-to-digital converters). Estimatédn, define the reference signals, change the parameters of the
values of ¢.,¢r1,qr2 are calculated based on consecutiveontroller, and monitor the signals through charts and graphics.

discretized with a sampling period of 5 ms.
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Fig. 5. Performance of the PD control. (a) Without additional friction. (b) With additional friction.

These VI's are linked to the external C routines which run iwith
the background in real time. The communication between the
external C routines and the LabView VI's is accomplished
through some VI's that read from and write to the buffers up =—[Kpr  Kqr] [q‘f}
using code interface nodes ( CIN’s). q

w=K,r = K,(é¢+ Ae)

using the following parameters:

B. Experimental Results in the Flexible-Link Test Bed K. =36
Standard PD and PID controllers were implemented and 200

tested in the flexible-link test bed to compare their performance A= 36

with the PD+NN controller. This comparison allows us to Ky =[-8 10]

show the advantages of the proposed controller over the Ko —
standard controllers. 4 =0 0]
1) PD Control: A PD controller was implemented using;nq the reference signal
the control law
gqa = 0.05sin(27 ft)

U ="+ up with frequencyf = 0.5 Hz.

313
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Fig. 6. Performance of the PID control. (a) Without additional friction. (b) With additional friction.

The performance of the tracking PD control without thesing the following parameters:

NN is illustrated in Fig. 5(a) without the extra friction term
and in Fig. 5(b) with the extra friction term. Notice that the
tracking error is very big; its magnitude is comparable to that
of the reference signal. Even though the magnitude of the error
decreases incrementing the controller gains, the tracking error
is not eliminated. These characteristics are preserved in the
presence of the extra friction term.

2) PID Control: A PID controller was implemented using
the control law

U=u-+upr
with

U:Kur—i—Ki/edt:KU(é—i-AG)-i-Ki/Gdt

K, =36
A =200
36
K; =100
Kpp =[-8 10]
Ko =10 0]

and the reference signal

g4 = 0.05sin(27 ft)

with frequencyf = 0.5 Hz.
The performance of the tracking PID control is illustrated
in Fig. 6(a) without the extra friction term and in Fig. 6(b)

wp =—[K,p K q.f}
F=—[Kpr df]{qf

with the extra friction term. The integral part of the PID
controller is supposed to eliminate the steady-state error,
but only works for constant desired trajectories. In this
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Fig. 7. Performance of the PENN control before learning. (a) Without additional friction. (b) With additional friction.

case, with a varying desired trajectory, the tracking is evenThe performance of the NN tracking control is illustrated in
worse when the integral part is introduced (notice that theg. 7 before the learning is complete and in Fig. 8 after the
tracking error is bigger than with the PD control). As idearning is complete. The training of the NN takes less than
the case of the PD controller, the PID controller is not able min, after which the tracking error is reduced to almost zero.
to compensate for the extra friction term. The learning is really active all the time (on-line training), but
3) NN+PD Control: The NN tracking controller was im- we refer to learning as being complete to the instant when
plemented as described in Section IV-A using the santfee NN has learned the model of the link under the actual
parameters of the simulation in Section IlI-C, except that, iconditions, reducing the tracking error to almost zero.

this case In practice, it was noticed that a change in the reference
F=2 signal increased the tracking error momentarily, requiring a
readaptation of the NN. However, after some time, when the
G =20 NN learned the new conditions, it was able to get rid of the
x =0.000001. tracking error.

This value ofF' in the practical implementation was enough. . .
A bigger value produced a very oscillatory response. C. Comparison Between Different Approaches

The reference signal was Comparing the tracking performance of the different con-

trollers shown in Fig. 5 for the PD controller, Fig. 6 for the
PID controller, and Figs. 7 and 8 for the NN controller, the
superiority of the last one is clear. Even the PID cannot be

g4 = 0.05sin(27 f¢)

with frequencyf = 0.5 Hz.
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Fig. 8. Performance of the PENN control after learning. (a) Without additional friction. (b) With additional friction.

a better tracking controller than the NN controller under bacreasing the gains in this case improves the steady-state
varying desired trajectory. In this situation, the PD controllegrror, but makes the transient response more oscillatory.
is better than the PID, but not as good as the NN controller. The PID controller presents a worse transient response with
In all cases, it is noted that the flexible modes are wed higher overshot [Fig. 9(c)], but tries to eliminate the steady-
damped out by the controller. It is impossible to eliminatstate error, even though it is very slow [Fig. 9(d)]. It is possible
the bending of the link (represented by, ) under a varying to increase the speed of the PID controller by increagiig
desired trajectory because that is part of its physics, but thet that produces a bad transient response with a big overshot
compensation of the higher frequency mage is evident.  and it is very oscillatory; in addition, the tracking performance
Even though the NN tracking controller was not designegets worse.
to track a step function [see assumption given by (32)], it The NN controller presents a response which is a little
was tested with a step desired trajectory for purposes adcillatory, but the overshot is not too high [Fig. 9(e)], being
comparison with the PD and PID controllers described abovaamparable to that of the PD controller, and it always takes
These controllers were tested with a step desired trajectoimg steady-state error to zero, and it even is able to compensate
with and without the extra friction term. The results are plottefdr the extra friction term [Fig. 9(f)]. In general, the NN
in Fig. 9. controller acts as a smart nonlinear integrator which is able
Notice that the PD controller has good transient respongecompensate for the nonlinear dynamics of the link (learned
[Fig. 9(a)] but is not able to get rid of the steady-state errdoy the NN), taking the steady-state error to almost zero, even
and it gets worse in the case of the extra friction [Fig. 9(b)in the presence of hard nonlinearities like friction.
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Fig. 9. Step response of the controllers. (a) PD control. (b) PD control with extra friction. (c) PID control. (d) PID control with extra friction. (e)
PD+NN control. (f) PD+NN control with extra friction.

V. CONCLUSIONS The practical results corroborate the simulations showing
nhat standard PD or PID controllers are not able to track a
cffrying desired trajectory, while the NN controller takes the

I;,rﬁcking error to almost zero, readapting to any changes in the
gmdel of the link (extra friction terms).

The practical implementation of a multiloop nonlinear N
tracking controller for a single flexible link has been test
and its performance compared to that of the standard
and PID controllers. An extra friction term was added in th
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