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Abstract: In this study, a novel feedforward compensator which 1s based on the non-uniform rational B-splines
(NURBS) curve newral network (NURBSCNN), is developed for the travelling wave ultrasonic motor (TWTUSM).
The proposed NURBSCNN consists of three hidden layers, in which the blending functions are adopted as the
activation functions for the neurons in the first hidden layer rather than the commonly used sigmoid functions.
Simulations are performed to demonstrate the feasibility of the proposed schemes. Sinulation results reveal that
the proposed design approach exhibits satisfactory performance.
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INTRODUCTION

The TWUSMSs have received much attention from
different fields in recent years. The TWUSM has several
attractive features, for example: simple mechanical
structure, high holding torque, high torque output at low
speed, compact in size and silent operation (Chau et al.,
2003; Bal and Bekiroglu, 2004). However, the TWUSM
exhibits highly nonlinear and extremely complicated
characteristics so that it is hard to control (Chen et al.,
2008) and therefore result in some limitations on the
TWUSM applications. Although many researchers
(Seryyu et al., 1998; Bal and Bekiroglu, 2004; Chen et al.,
2008) have proposed numerous approaches, but
unfortunately, most of them suffer from some difficulties
in practical applications.

Chen et af. (2008) and Bekiroglu and Bal (2008)
pointed out that there exists a nonlinear input/output
characteristic curve for the TWUSM. In order to facilitate
the use of the TWUSM Semjyu et al. (1998) proposed a
neural network based speed control scheme to learn the
inverse model of the nonlinear input/output mapping for
the TWUSM.

In fact, the artificial newral network has been applied
to deal with motion control problems. For example, a back-
propagation network (BPN) (Lan et al., 2008) is employed
to learn the cutting parameters turning for the ECOCA-
PC3807 CNC lathe. Moreover, the artificial neural network
(ANN) 15 used to predict the mean value of friction
coefficient and standard deviation of the produced brake
linings (Muthu, 2009).

On the other hand, mn the fields of free-form curve
and surface representation, the Non-Uniform Rational
B-Splines (NURBS) (T1iller, 1983; Piegl and Tiller, 1987,
Piegl, 1991) has been the most popular geometric
representation in computer graphics, Computer Aided
Design and Computer Aided Manufacture (CAD/CAM)
(Dam, 1988, Fang et al., 1997). In addition, NURBS has
attracted attention from other research fields as well
{(Cheng et al., 2002; Cheng and Wang, 2009). In particular
in motor control (Lin et al., 2006) used a 2-D input
B-spline newral network with the local weight updating
algorithm to learn a suitable phase current profile online
for torque ripple reduction. Also, Lin et al. (2007) was
employed a 2-D input B-spline neural network was
employed in the online-modeling scheme of a switched
reluctance motor without any prion knowledge.

In this study, we firstly develop the three hidden
layers NURBSCNN as the feedfoward compensator of the
TWUSM. In the NURBSCNN, the blending functions
rather than the commonly used sigmoid functions are
adopted as the activation functions for the neurons in the
first hidden layer. From the mathematical derivation point
of view, it is obvious that the mathematical expression of
the output of the NURBSCNN is the same as the NURBS
curve. Thus, mtuitively, the proposed NURBSCNN 1s
suitable for designing the feedfoward compensator of the
TWUSM. Simce the characteristic of the TWUSM
depends on its rotational direction, the feedforward
compensators of the TWUSM are designed for both the
motions in the counterclockwise (CCW) and clockwise
(CW) directions separately. Simulation results have
demonstrated the feasibility of the proposed approach.
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NURBSCNN

A NURBS curve (Piegl, 1991) can be expressed by:

) =3 PR, (1) (1)
R, ()= 7HW‘N"P(U) 2)
2 WN; ()

where, P; denotes the ith control point, W, denotes the
corresponding weight of P; and (nt1) denotes the total
number of control peints. Moreover, N (u) is the
blending function, R, (u) is the single rational B-spline
and p 18 the degree of the blending function

The architecture of the proposed NURBSCNN for the
feedforward compensator of the TWUSM is shown in
Fig. 1. Similar to the approach proposed by Cheng et al.
(2008), the activation functions for the neurons in the 1st
hidden layer are blending functions, while those in the
2nd and 3rd hidden layers and the output layer are linear
functions with unity slope. Additionally, the integration
functions for the neurons in the 1st and 2nd hidden layers
and m the output layer are the linear functions as well as
the polynomial function (product operation). It is worthy
to notice that the 3rd hidden layer only consists of two
neurcns. The mtegration function for the neuron (. C))
on the top 1s a reciprocal function, while the integration
function for the neuron (I, &) on the bottom is linear.
Moreover, O andI denote the output and the input of
the mth neuron in the rth hidden layer, respectively. In

addition, O(¢) and I(») represent the output and the input
of the neurons in the rth hidden layer, respectively.

The outputs of the newrons m the 1st lndden layer
can be expressed as:

0,(i)=N,, (T,) (3)
Because the activation functions for all the neurons
1n the 2nd and 3rd ludden layers are linear, the outputs of

the neurons in the 2nd and 3rd layers can be described as
follows:

0,(i)=1,(i)= W,x 0,(i) (4)

OLog (5)

0! = =3 Px0, (i) (6)

i=0

Tt is obvious that the integration function for the
output layer is a product function, thus the output of the
neural network can be expressed as:

STP 0, (i)
CM)=0hx0} =20 (7

2.0,(0

Substituting Eq. 3 and 4 into 7, one can obtain:

Input layer Layer 1 Layer 2 Layer 3 Output layer

g@—@

: @ C@)

Fig. 1: The proposed three-hidden-layer NURBSCNN for leaming control points P, and weights W, of NURBS curves;
II: product operator; X: summation operator; 1/X: reciprocal operator
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SWN, (@GP,
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Clearly, Eq. 8 is exactly the same as the NURBS cuve
m Eq. 1. Therefore, Eq. 8 will be exploited to learn proper
values of control points and weights so that the NURBS
curve resulting from the NURBSCNN can appropriately
describe the inverse relationship between the mput and
output of the TWUSM as well.

Now, define the cost function E(P,W) as:

E(P,W)= %2 (V, - C(@,))* &)

where V, is the desired cutput, €U, is the output of the
NURBSCNN and k ranges from 1 to K. With Eq. 3-9 and
the back-propagation learning scheme (Cheng et al.,
2008), the learming rule for the control pomts P, with the
learning rate 1) and weights W; with the learning rate A can
be expressed as Hg. 10 and 11, respectively.

P.(new) =P, (old) - 1- w (10
Zoz(i)
P3 0,00 - 3RO, )
W,(new) = W,(old) ~ A+ (CT) -V, ) —= =L 0.6)
[Zoz(i)]
(1)

DESIGN OF THE FEEDFORWARD COMPENSATOR
FOR THE TWUSM BASED ON NURBSCNN

The voltage-speed characteristic curves of the
TWUSM system measured at some specific voltages for
both the motions in the CCW and CW directions are
shown m Fig. 2a, b. It can be clearly seen that the
voltage-speed characteristic curve of the TWUSM 1s
highly nonlinear. This nonlinearity seriously hampers the
feasibility of the TWUSM when used in motion control
applications. One of the popular approaches to cope with
this difficulty is to employ an inverse model based
feedforward compensator. In this study, a feedforward
compensator based on NURBSCNN 1is proposed to deal
with the nonlinearity of the TWTUSM. Figure 3 illustrates
the block diagram of the proposed feedforward
compensator for the TWUSM when applied to speed
control problems.

For the TWUSM system investigated in this study,
its mput and output are the voltage V, and the angular
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Fig. 2: Voltage to speed characteristic curves for the real
TWUSM system. (a) Characteristic curves in the
CCW directionmeasured at 0.8, 0.85, 0.89 and 0.9V.
(b) Characteristic curves in the CW direction
measured at 1.2, 1.25 and 1.3V
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Fig. 3: Block diagram of the proposed feedforward
compensator for the TWUSM when applied to
speed control problems

velocity wy, respectively. The goal here 1s to use Eq. 8 to
learn the speed-voltage characteristic cwve (w, V).
Namely, for any desired parameter Uy it is aimed at
finding a suitable NURBS cuwrve CT,}. to approximate the
output data V,. That is:
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2 WN, ()P,

V=0 =t (12)
EWiNi,p(ﬁk)

where, U: 1s the primary parametric input data of the
nonlinear TWUSM system. By the learming mechanism of
the NURBSCNN, the control points and weights can be
adjusted to accomplish the learning goal so as to obtain
the data as close to the origimal output data V, as
possible. In this study, by taking a similar design concept
(Senjyu et al., 1998), a feedforward compensator which
can represent the inverse model of the TWUSM is
constructed.

In order to achieve satisfactory performance when
utilizing the NURBSCNN, the parameterization needs to be
deliberately executed in advance. In general, the
parameters U. (Cheng et al., 2008) should reflect the
distribution of the original data w, after parameterization.
In this study, the uniformly spaced method (Lee, 1989) is
adopted to perform parameterization. Using the uniformly
spaced method, all the collected input data w, are mapped
mto the corresponding parameters U as described in
Eqg. 13 and 14:

o,=0 T,=1 (13)

k=2, N-1 a4

where, N denotes the total number of the original input
data w, and w, denotes the maximum of the absolute
value of the original input data w,.

After Uy 1s decided, the averaging method (Piegl,
1991) which is described as Eq. 15 and 16 is exploited to
determine the corresponding knot values U=[u,, -1,]

e=u, =1 (15)

j j=1.(r-2p-1) (16)

where, the defimition of p and r are consistent with
description m the mentioned NURBS above. Eq. 16
provides a means to determine the internal knots of the
NURBSCNN so that the knots are distributed uniformly.
After performing parameterization and determining
the knot vector, the unknowns to be solved in the
NURBSCNN described by Eq. 12 are the control points P;
and the weights W,. Tt is worth to notice that the total
numbers of P, and W, in the NURBSCNN are the same.
In this study, in order to sumplify the learming process, W,

| Collect and save the I/O data |

|

| Program the save format of I/O data |

l

Use the NURBSCNN to learn the
proper value of the control points

|

Construct the feedforward compensator

Fig. 4. Flowchart of the design procedure for the
proposed TWTUSM feedforward compensator

are set to one. Thus, the only unknowns in the
NURBSCNN are the control pomts P, In addition, Eq. 10
is employed to obtain the proper values of the control
points P, so that the error between V, and C(U,) is as small
as possible. In general, more control points are needed for
a complicated mapping function however it will increase
the computational load. Tn contrast, fewer control points
are required for a simple mapping function since it
requires less computational load.

The flowchart of the design procedure for the
proposed TWUSM feedforward compensator 1s illustrated
mFig. 4.

SIMULATION RESULTS AND DISCUSSION

The data used for simulation are collected from a real
TWUSM system. This system consists of a USR60
ultrasonic motor manufactured by SHINSEI Co. and a
built-in driver equipped with an optical encoder with
2000ppr resolution. In thus study, peripheral circuits are
designed and constructed to implement the proposed
feedforward compensator architecture for speed control in
both the CCW and CW directions. In addition, a PC-based
motion card with EPCIO-4000 manufactured by Industrial
Technology Research Institute (ITRT) is used to acquire
voltage signals and rotational speed commands of the
TWUSM. The position information of the TWUSM is
sampled once per 10 m sec and is used to calculate the
corresponding motor speed via the LSF 1/4 method
(Brown et al., 1992). In the simulation, the original data
from the TWUSM system 1s acquired with 6 sec duration.
Namely, the total munber of data pairs (V,, w,) 1s 1200 for
both the motions m the CCW and CW directions.
After the position data 1s obtamned, one can calculate the
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rotational speed of the TWUSM. Besides, the rated speed
of the chosen TWTUSM is 100 rpm for both the motions in
the CCW and CW directions, thus the simulations of the
proposed TWUSM feedforward compensators are
performed under this speed range. Since the
characteristics of the TWTUSM for both the motions in the
CCW and CW directions are different, they will be
mvestigated separately in the simulations. Nevertheless,
for convemence, the NURBSCNN parameter settings
listed in Table 1 are set to the same for both cases
throughout the simulation.

Simulation results are illustrated in Fig. 5. In
particular, Fig. 5a shows the error between the data points
and the NURBSCNN for the motion in the CCW direction,

Table 1: NURBSCNN parameters setting

Control Knot Degree  Leaming
points P, vectors T p rate m
Feedforward compensator 18 21 2 0.01
3 x10"
@
6.
4_

Voltage (V)
<

2100 -90 80 70 60  -50 40 -30
Speed (rpm)

Voltage (V)
<

Speed (rpm)

Fig. 5: Simulation results of the NURBSCNN. (a) Error
between the data points and the NURBSCNN for
the motion in the CCW direction. (b) Error between
the data pomts and the NURBSCNN for the
motion in the CW direction

while Fig. 5b shows the error between the data points and
the NURBSCNN for the motion mn the CW direction. From
the simulation results, one can easily find out that the
maximum error is under £7 mV (£0.42 rpm) for the CCW
direction while the maximum error is less than £3 mV
(+0.15 rpm) for the CW direction. Since, the resolution of
voltage signal for the speed response of the real TWUSM
is around 10 mV, the proposed NURBSCNN indeed
exhibits In addition, the
simulation results also reveal that the feedforward
compensator has different characteristics at different
rotational directions.

satisfactory performance.

CONCLUSION

We  have proposed a NURBSCNN with a
three-hidden-layer feedforward structure for TWTUSM.
The back-propagation algorithm 15 used to leamn the
control pomnts of the NURBSCNN to approximate the
speed-voltage characteristic cwve of the TWTUISM.
Simulation results have demonstrated the effectiveness
and feasibility of the proposed approach.
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