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SUMMARY

This paper develops a method for neural network control
design with sliding modes in which robustness is
inherent. Neural network control is formulated to
become a class of variable structure (VSS) control.
Sliding modes are used to determine best values for
parameters in neural network learning rules, thereby
robustness in learning control can be improved. A
switching manifold is prescribed and the phase trajectory
is demanded to satisfy both, the reaching condition and
the sliding condition for sliding modes.

A major objective of the work described has been to
develop neural network architectures which will provide
fast and robust on-line learning of the dynamic relations
required by robot controller at the executive hierarchical
level. The approach to proposed robot control involves
using a neural network feedforward loop together with a
discrete time ‘chattering-free’ feedback loop. Such a use
of the neural network with a sliding mode learning
algorithm is considered to be a new approach to adaptive
control of a non-linear robot system. The advantage of
the proposed control scheme prevails over those
conventional model based control scheme since no
precise knowledge of mathematical model is necessary.
The algorithm was verified by experiments where
inverted pendulum with the additional mass-spring-
damper load was used.

KEYWORDS: Nonlinear control;
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1 INTRODUCTION
Both, sliding mode control and neural network control
are direct methods for the control of dynamic systems
without the need of a mathematical model, in contrast to
the conventional control which is an indirect method
with the implementation of the mathematical model. In
the control theory and industrial applications there are,
however, few systematic procedures available for analysis
and design of neural network control. In this paper, a
neural network control with sliding mode is proposed to
improve control system performance. The sliding mode is
used to determine the learning procedure for neural
network’s weights and thus guarantee a linear input-
output behavior of overall motion control system. With
the aid of sliding modes it provides an effective design
method of neural network control to ensure robustness.
Application of the sliding modes in the electrical
machines and robotic manipulator control is widely
discussed in many papers.'™ It was reported’ that sliding
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mode in motion control exhibits unwanted motion
imposed by the discontinuity of the control action. In
robotic applications a control plant, a robotic man-
ipulator with the torque vector as the control input has
continuous control input and thus the discontinuity of
control is artificially introduced. As the result the
acceleration becomes discontinuous and consequently
velocity exhibits high frequency oscillations —so called
chattering. On this ground it was concluded that some
changes should be introduced in the design methods.

Many different ideas were proposed to deal with that
problem. One of them is so called ‘boundary layer
method’ which uses a continuous function instead of the
discontinuous one within the boundary layer." This
approach is based on the idea of the equivalence of the
high gain systems and the systems with sliding mode. The
drawback of this method is that there is no systematic
method of choosing that function in the analysis of a
system dynamics within the boundary layer is very
complicated. Another idea is to divide a controller in two
parts.*” One part is the equivalent control or linear state
feedback and the other part is the traditional VSS
control. The application of this method has the problem
of the abundant information about controlled plant
needed to determine the VSS part.

In this paper a new method of suppressing chattering is
presented. A basic idea of this method is that to
eliminate the chattering effect with the equivalent control
which is estimated by using on-line estimator realized by
the neural network is used directly as a control input
after reaching sliding mode manifolds. The reaching
condition of sliding mode is assured by the application of
the Lyapunov design method.

The presented control is composed of the equivalent
control which has the meaning of feedforward control
and the additional linear feedback control with respect to
sliding mode manifolds. Thus the chattering of control is
indeed eliminated. The control performance of this
method depends heavily on the estimation of the
equivalent control, therefore as a learning rule in on-line
estimator the revised backpropagation algorithm is used
to make fast convergence rate of gradient descent
function dE/at.

Neither the explicit calculation of the equivalent
control nor high gain inside boundary layer are used. The
parameters of the control depend on the plant gain
matrix and the gradients of the sliding mode manifold.
This control method is then applied to develop a control
strategy for the trajectory tracking control of a robotic
manipulator. In this way the system state is forced to
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remain on the selected manifold in the state space after
reaching it. These manifolds are defined by the selection
of the sliding mode functions. The desired dynamics is
achieved by the selection of these manifolds. Such
formalization of the control enables the selection of the
controller having the same structure for common control
problems in the motion control systems. To validate the
proposed method an experimental inverted-pendulum-
like system with an additional mass-spring-damper load
to emulate effects of coupling between two robot joints is
designed (Figure 1).

2 SLIDING MODE CONTROL

2.1 Control design
The design of the control system will be demonstrated
for a nonlinear systems presentable in the form:

E_ f) + Blou + d(x;

x e R,

(1)

UeR", rank(B(x))=m

d(x) is the disturbance vector. The components of
control input and of the vector (dx/dt) are assumed
bounded. The goal is to find control u such that the
motion of the system (1) is restricted to belong to the
manifold §,

S ={x:0,x) (1) = o(x,1) =0},

UZ: (O-alj Oa2s -+ O-am) € Rm; (2)
‘P(I)T: (¢11 [ P I QDm) € Rm
where o,(x) and ¢(t), (i=1,...,m) are continuous

functions. Functions o,(x) and ¢,(f) have bounded
first-time derivatives. They can be interpreted as the
references to be tracked by the selected combinations
0,(x) of the system’s states. In the theory of the VSS
with sliding modes it is proven that the closed-loop
behavior of the system (1) on manifold (2) is determined
by the selection of the manifold.®

Fig. 1. Nonlinear load.
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The condition under which the state will move toward
and reach manifold § is known as reaching condition. By
choosing the Lyapunov function candidate

V(x,t)=3c"0c (3)

a global reaching condition is given by: V(x, t) <0 when
o # 0 or equivalently for (3): o”¢ < 0. Various choices of
V lead to different rates for o and control law can be
calculated directly from &. For example, ¢ = —K sig(o),
sig(o) = (sigoy, sigo, . . ., siga,,) leads to constant rate
with discontinuous control and ¢ = —D¢ to proportional
rate with continuous control, if K and D are chosen as
positive definite matrix.

In the following sections the sliding mode design
assuming that control is discontinuous will be outlined
following results in references 6 and 8. Then a new
design of a continuous control which will ensure the
motion of the system (1) on the manifold (2) like the
discontinuous control does will be discussed in details.

2.2 Discontinuous control law
It has been proven in the theory of variable structure
systems;’ that a discontinuous control

it o,(x)>0

B {uf(x, t)
Bl if o,(x)<0

u(x, 1) =1,...,m 4

i

provides the existence of the sliding mode motion for the
system (1) on the manifold (2). According to the
so-called equivalent control method, a fictitious con-
tinuous control is calculated as a solution of the system
of the algebraic equation d(o(x, u=u,,))/dt=0 and
denoted as the equivalent control. Then it should be
substituted into system’s description (1) and the
equations of motion can be determined as dx/dt=
f(x)+ B(x)u,, +d(x). For the system (1) with control
(4) on the manifold (2) with

G = do/ox,

o = Gx; rankG =m %)

application of the equivalent control methods gives
u,=—(GB)"'G(f +d) (6)

and consequently the equation of motion are forced to
satisfy

o(x) =0 )

The sliding mode exists if u,., is unique and if reaching
conditions u;" <u;, <u;, (i=1,..., m) are satisfied. If
control (4) can be applied to the system’s motion, after
initial transient reached manifold S, it will be restricted
to belong to the manifold § and the system’s states will
satisfy equation (7). The selection of the function o(x)
plays important role in the closed-loop dynamics.
Equations of motion (7) describe a (n—m) order
dynamical system. They do not depend on control and
are determined merely by the properties of the control
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plant and the equations of the

(i=1,...,m).°"

surfaces o; =0,

2.3 Continuous control law

The alternative well known approach to handle dynamic
discrepancies is a continuous approximation of discon-
tinuous control.! It should be noted that a high slope in
the middle part of the linear approximation function
used instead of the hysteresis function may result in
excitation of the unmodeled dynamics as well, and the
trade-off between accuracy an robustness must be
achieved. Similar to the definition adopted in references
9 and 10, any motion of the system (1) that occurs in the
g-vicinity of the manifold (2) on which the sliding mode
motion can exist with control (4), will be referred to as
the sliding mode motion. This reflects the essence of the
sliding mode design method. The control is selected to
ensure the stability of the solution o(x, t)=0. Another
essential feature of systems with sliding modes is that the
reaching time from any initial condition to the &-vicinity
of the manifold § is finite. In this framework the design
of the control system should ensure the stability on the
sliding mode manifold §, while the selection of the
manifold will provide the means to determine the
equations of motion.

The stability conditions for selected control must be
examined first. This selection should ensure the stability
of the system’s motion in the origin of the subspace,
whose coordinates are distances from the sliding mode
manifold. For system (1) and the selected manifold (2)
the first choice is the Lyapunov function in a quadratic
form of control error (3). The solution o (x, t) = 0 will be
stable if the time derivative of the Lyapunov function can
be expressed as a negative definite function. It can be
obtained:

V = —o"Do; D — positive definite matrix (8)

From (3,8) the equation of desired system motion in
reaching mode, when system states are not in
sliding-mode, can be obtained as:

¢=-Do 9
From (5) and (1) follows
6 =Gf + GBu + Gd (10)

With the combination of (9) and (10) the desired
continuous control u“, which satisfies (9), can be
calculated:

u’=u,, +Au

(11)

where Au = —(GB) 'Do and u,, is given by (6).

Control (11) is continuous and chattering can not
occur in this system. For calculation of control (11)
information about equivalent control is needed. If system
parameters are not known exactly, this solution must be
modified.

Using simple manipulations, (11) can be rewritten in
another form more practical for implementation,
especially in the discrete-time systems. From (10) the
equivalent control in implicit form can be expressed as:
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u,, = (GB) ' (Gf + Gd) = (GB)™'¢ —u. The results of
short algebra can be written as'

u' = u—(GB) (Do + &) (12)

Expression (12) determines u?, which satisfies (9), as a
function of implemented control signal u. Control (12) is
a continuous function everywhere except in the points of
discontinuity of the function o (x, ?).

In the discretized form, the continuous first derivative
of the switching function can be replaced by it’s first step
approximation in the difference: do/dt = (o(k) — o(k —
1))/T. Desired continuous control u’(k) is calculated as
in the discrete time expression:

u’(k) = u(k) — (GBT) '((E + TD)(o (k) — o(k — 1)))
(13)

The stability condition of the algorithm is fulfilled if D is
selected so, that all eigenvalues of (E — TD) are within
the unity circle of z-plane. Our system will, generally
speaking, reach the sliding mode manifold § in infinite
time, but we can define the ¢ vicinity of the manifold
which is reached in finite time.

3 NEURAL NETWORK FEEDFORWARD
CONTROL

Neural networks are used for the approximation of
non-linear functions. It was shown,'? that a neural
network having enough neurons in at least one hidden
layer with appropriate values of initial weights is able to
approximate the input-output behavior of any function of
practical interest. It is important to note, that neural
networks can be regarded as tools for pattern
recognition, since they actually perform and learn the
mapping from input data to output data.

The main backdraft to use of neural networks in the
control applications is the use of classical backpropaga-
tion algorithm that enables only a slow and inefficient
learning. With the use of sliding mode based learning
function it is possible to improve learning in order to
increase its speed and robustness.’

Control (12) for system (1) ensures the stability of
motion on the manifold § and after reaching manifold
control (12) is equal to equivalent control: u* = u,,. For
the calculation of control (12) information about the
equivalent control in it’s implicit form is needed
(4., = (GB)™'¢ — u), so this solution is not practical for
the implementation. In this study we present a design
method of on-line estimator which estimates a part of
equivalent control containing a nonlinear system matrix
f, input matrix uncertainty AB(x)u and load disturbance
d as a lineary combined nonlinear function by the use of
a neural network’s most powerful ability, that is, function
of approximation.'*™'®

GN(x) = G(f(x) + AB(x)u + d(x)) 14)

In order to realize the control (12), unknown function in
this control will have to be estimated with two-layer
neural network (Figure 3). The linearly combined
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nonlinear function f(x) + AB(x)u + d(x) is replaced by
the mapping of the neural network N.

The actual input-matrix B =B + AB is replaced by
estimate on B and unknown part AB. The control (12)
then has a form:

ul = (GE)‘1<GN(x) - Z—‘f) —(GB) \(Ds + ) (15)

Using (15) as a control input, the time derivative of
Lyapunov function (3) along the system trajectory is
evaluated as:

%/: " (G(f(x) + AB(x)u + d(x))

— GN(x)) - ¢"Do <0 (16)

From above equation we suppose that the neural
network can learn to satisfy next condition:

IG(f(x) + AB(x)u + d(x)) - GN(x)|| < [|[De| (17)

The difference among estimated dynamics N(x) and
actual dynamics (f(x)+ AB(x)u +d(x)) will become
zero in sliding mode. In reaching mode we will use
Do + ¢ as the criteria function for learning of the
neural network.

limoc (GN(x)— G(f(x) + AB(x)u

+d(x)))=0>Do+5—0 (18)
The function:
E =3(Do + )’ (19)

has to be minimized by the neural network.

Results can be used in the learning function of the
neural network. The improved Backpropagation learning
algorithm contains a design parameter G that determines
manifold § as described in (2). The control system is
shown in Figure 2.

In our work a two-layer feedforward neural network,
as shown in Figure 3 was used. It’s model can be
described with the use of following equations:

k
yi= i 3 whai-+ ) (20)
]=

gi(net}) = tanh (net}) = N (21)

e*2netf B

where a; is the j-th input of the /-th layer, y; is the output

o+Dec
= Estimator|

Te: Kmoi
Neur + x
L network - Robot|—+>
d
+ Feedback
/. controller

Fig. 2. Sliding-mode neural network controller.

https://doi.org/10.1017/50263574797000040 Published online by Cambridge University Press

Robot control

. d
sin q by
-d
u
> -
©
q-q >

Fig. 3. Neural network.

of the i-th neuron in the /-th layer, w/ is the weight
connecting j-th input and the i-th neuron in the /-th layer
and b! is the bias of the i-th neuron of the /-th layer of
the neural network. Learning proceeds using gradient
descent method as described in (22) where 1 denotes the
learning rate.

Awl = —mp— (22)

where:
oE  OoF onet’
awy;  dnet) dwy;

oE

l
onet’ "’

_IE dyi
14

Bl 8T/f dnet
oE
“ gi (net;)a; (23)

For the output layer, denoted by L following equations
can be used:

oF O0EF 1 0
al aN iaTV(G(f(x) +AB(x)u +d(x))
- GN(x))*=G(f(x) + AB(x)u + d(x))
—GN(x)(—g.)=G(Do + 6)g,, (24)
Aw}; = ng,. (Do + ¢)g' (net")a; (25)

For the hidden layer learning proceeds using classical
Backpropagation learning rule as described in references
16 and 17.

At this point it is important to note that the initial
weights of the neural network have to enable the system
to satisfy the demand for the negative definite Lyapunov
function derivative. We propose the use of small initial
weights thus making the feedforward control torque
contribution of the neural network insignificant until it
has obtained enough ‘“knowledge” to ensure the stable
operation.

The stability of the control system is assured by the
feedback controller. The neural network does not solve
the stability problems by itself, it only improves the
quality of operation — the position tracking.

As the criteria function for the quality of learning SSE
(Sum Square Error) described in was used, since it is the
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most usual criteria used in other author’s work and can
thus serve as a comparison to it.

SSE=2 (¢ —q) (26)

4 TRAJECTORY TRACKING ROBOT CONTROL

4.1 Control strategy

The manipulator dynamic model is represented by a
collection of n second-order nonlinear scalar differential
equations

J(q)i: +hi(q, q.§) =T, (27)
h; = (Ji(q) _Z(‘I))qz‘

Y 1@+ Cla. )+ G@) HE@) (29)

=L

where J(gq) is n X n inertia matrix; C(q, §), G(q) and
F(g) are n dimensional vectors representing Coriolis
and centrifugal forces, the gravity loading, and the
friction; ¢, ¢ and ¢ are 1Xn vectors of joint angular
position, velocity and acceleration; and 7 is the »n joint
torque vector. The subscript i refers to the i-th joint. J; is
the known varying effective inertia at the i-th joint and is
always positive due to the positive-definiteness of J. So
J(q) can be choosen as a constant diagonal matrix.
Equation (27) is the reduce order dynamic model of the
i-th joint (subsystem) with the joint torque 7,(f) as the
input and the joint angle g;(¢) as the output. The term #4;,
given by (28), is treated as a “‘disturbance torque” by the
i-th joint controller (i =1, ..., n) and contains unknown
parts of the inertial, gravity, friction, Coriolis and
centrifugal torques for the i-th joint, as well as the
inertial coupling effects from the other joints. The
dynamics of a DC motor or a DC equivalent of an AC
motor with resolved commutation and field generation,
can be represented by a first order differential equation

Lil.'i =U;— ¢ (29)

where L; is the motor inductance and e; represents all
voltage drops from resistance, back EMF, and for AC
motors also equivalent voltages due to inexact
commutation, etc. Let us assume a linear connection
between the measurable actuator current i; and the
torque T; (7; = K,,,;i;). The full order controlled plant will
be represent by

i 0 0 0] i
gl=lJa@ 'K, 0 0f[q
q 0 L., 01l q
0 L! i L!
- h
+| J(g) 0 [e +| 0 |u (30)
0 0 i 0

In order to obtain smooth mechanical motion of the
robot mechanism a continuous trajectory with values g¢,
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G¢ and ¢ is prescribed. The switching function which
determines the mechanical motion (2) is chosen to be
second order and a function of angular position, velocity
and acceleration errors for each joint is

o= (G = 4;) + Koi(d7 — G:) + K,i(q! — q:) (31)

where K,; and K,,; are constants that determine, in the
sliding mode (o;=0), the damping and the maximum
frequency of the decentralized prescribed dynamics of
second order. For the practical control implementation
the measured quantities are state variables g; and ¢§;. The
acceleration signal ¢; is not measurable and can be
obtained by double differentiation of the angular position
q;; but is contaminated by the measurement noise to such
a degree that it can no longer be used.

4.2 Experimental results
A robotic manipulator must have at least three-degrees
of freedom in order to move to an arbitrary point in the
space. Two-degrees of freedom, however, are sufficient
for examining the validity of the control method, since
two-linkage manipulator dynamics has interactions such
as Coriolis and centrifugal force. In this study an inverted
pendulum as shown in Figure 1 is used. To introduce the
effects of interaction forces and the effects of the
unmodeled dynamics, an additional mass-spring-damper
load was used.

The dynamic behavior of the manipulator is described
with two nonlinear second order differential equations:

¢P=w (32)
1
T tm L+ M-
-m-g-L-sing—M-g-r-sing) (33)
F=v (34)

b (I.-B,, - o—2-M-v-w

1
i":M(M-r-w+M-g-cos<p—B,-v—K,-(L—r))

(35)

where ¢ is the link’s angular position, w is the angular
velocity and T, represents the applied torque. The mass
m is concentrated at the top of the manipulator length L.
The constant B,, is the viscous damping coefficient, J,, is
the induction motor rotor inertia, whereas g is the gravity
constant. The fundamental manipulator control problem
is to determine the algorithm for generating the joint
torque 7, that drives the joint position ¢(¢) to follow
closely the reference position trajectory ¢,(f). r is the
unknown position of the additional link, v is the velocity
of the second link’s movement, M is the second link’s
mass, B, is the translatorial damping coefficient and X,
describes the stiffness coefficient of the used spring.
Those parameters of the system were unknown. T,
represents applied torque.

An AC induction motor (7.5 kW), mounted directly on
the manipulator link (Figure 1) is used as actuator.
Induction motor is fed by a three phase voltage
controlled PWM inverter operating at 10kHz. A
2500 pulse/rev. shaft encoder is used to sense the output
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position. The velocity  is calculated by the
differentiation of the position signal. The microcomputer
used is a Motorola 68000, supported by transporter T805
thus allowing parallel programming in high level program
language C.'*"?

4.3 Continuous path control

In order to examine the validity of proposed control
method, the whole system is forced to move along the
desired trajectories, namely, it is under the continuous
path control. The desired trajectoreis are illustrated on
the Figure 4.

The desired position (sin ¢,), the desired velocity
(w,), the position error (¢; — ¢) and the velocity error
(wg; — w) were used as inputs of the neural network.
Compared to the work described in reference 20, where
the desired position ¢,, the actual position ¢, the desired
velocity w, and the position error (¢, — ¢) were used as
the neural network inputs, better information about
gravity forces and system dynamics was gained. The
desired values of velocity and position were used because
of the noise present in actual values.

The system’s task was to accelerate the rotor from the
position ¢ = 0[rad] (hanging hammer) with a sin” shaped
acceleration with the amplitude of @ =50[rad/s*] in
order to reach the velocity of w = §[rad/s], to stop it for
1[s] at the position of ¢ =4.7[rad], (3 - 7/2), and then to
return it to the position of ¢ =0[rad] (with the same
acceleration and velocity).

The use of sliding mode network controller yielded
satisfying results. Figure 5 shows the position error, and
Figure 6 the velocity error of the sliding mode neural
network controller. Actuator current if;, which is
proportional to the torque, is shown in Figure 7. The
output of the neural network is featured on the Figure 8.

The steady state position error is within one pulse of
the incremental encoder. Also in the phase of movement
the position tracking is well performed. The velocity
error signal includes a high rate of noise, caused by the
operation of differentiation which was used for the
calculation of actual velocity. As we can see in the Figure

110m
1004

S0+
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8, the contribution of the neural network to the control
torque is significant. It actually provides all the torque
necessary to compensate for gravity forces, whereas it
can also contribute in the compensation of inertial forces.

Criteria function SSE =3 (¢ — ¢)* is shown on the
Figure 9. The convergence is fast —it can be observed
that the most important part of learning is performed
within the first cycle of learning, but also improving its
operation in some later cycles. Due to the fast
convergence we can argue that the learning procedure is
robust to parameter variation even in very time-
dependent applications like robot control.

5 CONCLUSION

This study proposes a method for neural network control
design with sliding mode. Neural network control has
been formulated to become a class of VSS control.
Sliding modes facilitate determining the best values for
parameters in neural learning rules. The Lyapunov
function and the boundary layer have been employed to
satisfy the reaching condition and to avoid chattering
which has been the main obstacle for use of sliding mode
control in practical applications. Instead of computer
simulations, experiments have been conducted to
validate the proposed method. The success of the present
method lies in the fact that neural network control
inherently resembles VSS control, since both control
actions vary with divided regions on phase planes.

Sliding mode control function ensures the stability of
the motion on the manifold. After reaching the manifold
the control is equal to equivalent control and thus it is
easy to analyze. A design of on-line estimator, which
estimates a part of previous control by the use of a
neural network’s powerful ability — function approxi-
mation — is described.

The dynamic error is under control because asymptotic
stability of motion and learning is guaranteed. The
steady state position error is within one encoder pulse.

The learning proceeds smoothly and the vibrations at
the initialization of learning are decreased. Random

ZOOM:

Fig. 4. Desired trajectories of acceleration, velocity, and position.
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Fig. 5. Position erorr.
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Fig. 6. Velocity error.

initial weights in the range: —10°<w; <107 can be  concerning the values of weights. Weights were rewritten
used. In the first phase of learning the stability has to be ~ with their old values in case of mistakes —i.e. completely
ensured with the feedback controller, if the neural = wrong learning.

network has not received any previous information The possibility of use on robots with more D.O.F.s was

1] 0.48 0.96 1.4I4 1.92 2.9 2.8'8
1....... Velocity r. rad/s 8.002=100%
2.0 Velocity errorrad/s  0.4715=100%
3....... Position r. rad 4.714=100%

Fig. 7. Current iX (torque).

https://doi.org/10.1017/50263574797000040 Published online by Cambridge University Press


https://doi.org/10.1017/S0263574797000040

30

Robot control

o 0.48 0.96 1.44 1.92 2.4 2.88
1.......Velocityr. rad/s 8.002=100%
2.......Positionr. rad 4.714=100%
3...:0...NN output Nm 11.49=100%

Fig. 8. Neural network output.
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