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Abstract: The mathematical model of ultrasonic motor (USM) is the foundation of the motor high performance
control. Considering the motor speed control requirements, the USM control model identification is established
with frequency as the independent variable. The frequency-speed control model of USM system is developed, thus
laying foundation for the motor high performance control. The least square method and the extended least square
method are used to identify the model. By comparing the results of the identification and measurement, and fitting

the time-varying parameters of the model, one can show that the model obtained by using the extended least square

method is reasonable and possesses high accuracy. Finally, the frequency-speed control model of USM contains the
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nonlinear information.
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0 Introduction

Since ultrasonic motor (USM) has the per-
formance and characteristics different from those
of the traditional electromagnetic motors, it is
widely used not only in the domestic electronics,
micro-robots, aerospace, and so on, but also has
broad application prospects in many control fields

ItY, With further research on

of motion contro
USM, the relatively lagging motion control meth-
od of USM becomes the main factor to restrict its
widely used.

The mathematical model of USM is the basis
for analyzing and mastering the nonlinearity in its
operation. And it is a necessary premise for stud-
ying and designing the control strategies, e. g.
adaptive, which makes the modeling method for
USM control become the foundation of motion
control study. The model obtained from theoreti-
cal modeling or numerical modeling is too com-
plex for real-time applications>* because the op-

eration of USM contains a series of processes with
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nonlinearity and large dispersibility such as piezo-
electric energy conversion, friction energy trans-
fer, etc. Therefore, the study of USM control
model and the corresponding modeling method
can be suitable for the main operational character-
istics and USM control, which has been one of
the research directions at present" ),

Considering the requirement of the speed
control of USM, which set the driving frequency
as the independent variable, the system identifi-
cation method is used to establish the frequency-
speed control model of USM system. It is benefit
to the high performance research of speed con-
trol. In the paper, including the design of experi-
ment, the identification modeling process and
method are discussed. And it can be a reference
for the modeling research of USM and traditional

electromagnetic motor.

1  Design of Experiment for Data
Test

System identification is a kind of experimen-
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tal modeling method, which measures and evalu-
ates the input and the output data of the identified
object to get the approximate mathematical mod-
el. The output signal is the response of the input
signal through the identified object. If the input
signal is appropriately selected and designed, we
can get a desirable mathematical model of the ob-
ject by a relatively simple identification meth-
od"™. Studies show that the white noise with
broad spectrum and constant amplitude is an ideal
input signal for model identification. However, it
is difficult to be obtained. Therefore, pseudo-ran-
dom signal with similar statistical characteristics
is usually used as input signal in actual model
identification. Among these signals, the longest
linear shift register sequence (M sequence) is
widely used for it has simple form, excellent sta-
tistical properties and is easy to be obtained.

The M sequence must satisfy certain condi-
tions when used as the input signal for motor
model identification. In order to not only make
the effective frequency band of M sequence cover
the whole expected identification band and pos-
sess the statistical characteristics similar to white
noise in the frequency range, but also ensure the
system features of the identified motors can be
excited sufficiently and continuously, thus, the
length N, of M sequence, the sampling time At
and other parameters should be designed to satis-
fy the following empirical formulas

At <1/(3 f ) @D)

N, =1.2—1.5) X (T,/At) 2
where f,.x and T, are the maximum operating fre-
quency and the dynamic transition time of the
motor system to be identified, respectively.

Two-phase traveling wave USM USRG60 is to
be identified. In order to get its frequency-speed
model for control, the input and the output sig-
nals are driving frequency and speed, respective-
ly. The tested frequency-speed step response
curves of different amplitudes show that the tran-
sition time T,<C80 ms. Hence, considering the
control performance and actual condition of the
system, the maximum operating frequency f.x

should be set to 500 Hz. According to the empiri-

cal formula above, the sample time Az < 1/
(3 fmax)=0.67 ms. Therefore, we set the sample
time At as 0.5 ms. The value of N, should not be
less than 1. 2X (T./At) =192. Therefore, we set
the M sequence length N, as 255, i.e. the 8 bit M
sequence with the period of 127. 5 ms. The ampli-
tude of M sequence signal should ensure the vari-
ation range of motor speed relatively large to im-
prove the signal-to-noise ratio (SNR) of the
measured signal as high as possible. However,
the mechanism of USM limits the adjustment of
its frequency of the driving voltage in a small
scope. The motor will stall once it goes beyond
the limitation. Considering the operating charac-
teristics of the USM USR60, the amplitude of M
sequence signal is set as 250 Hz. Fig. 1 shows the

M sequence signal used in the experiments.
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Fig. 1 M sequence used in the experiments

The controllable variables of two-phase trav-
eling wave ultrasonic motors are the frequency of
the driving voltage, the amplitude, the phase

difference, etct®.

The speed of motor will be
changed if any of the three factors is altered. In
order to ensure the operational state of the motor
close to the ideal situation, the phase difference is
not usually adjusted to control the speed but fixed
at = 90° instead. Therefore, the motor speed is
only related to frequency and amplitude. The
modeling purpose of the paper is to achieve the
closed-loop control of motor speed by adjusting
the frequency. In order to design the speed
closed-loop controller, the frequency-speed dy-
namic model of the motor is necessary, and the

impact of the voltage amplitude to speed should
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be taken into account as well. Therefore, based
on the expected working state of the closed-loop
control system, the experiments of obtaining in-
put and output data are designed as: Set the am-
plitude of the driving voltage as a fixed value, and
the frequency of the driving voltage as the input
signal, then the response data of the speed of mo-
tor. Since USM can only operate within a small
frequency range, we select different frequency
basic values superimposing M sequence signal as
the input frequency signal in the experiments to
ensure the normal operation of the motor. More-
over, the basic values of the frequency should be
selected to make the measured values of motor
speed cover the entire range of usable speed. The
above experiment is conducted, then, the ampli-
tude of the driving voltage should be changed to
repeat the process of experiments as above-men-
tioned. Finally, based on these experimental da-
ta, the dynamic frequency-speed model can be

achieved by identification considering the influ-
ence of amplitude of the voltage.

A

000 005 010 015 020 025 030
t/s

Tested speed / V

-1.0

Fig. 2 Tested speed response data

In the experiments, a DC tachogenerator is
rigidly coaxially connected with the measured mo-
tor. And the output voltage of the tachogenerator
are sampled as the tested data for the output
speed of motor. When the M sequence is added to
the input signal, it is hard to obtain the actual
speed signal, for the output signal of speed con-
tains lots of noises. To ensure the accuracy of the
data measured, the record of data should keep
away from this section of the signal. Hence, the

experiment is designed to start collecting test data

from the fiftieth M sequence cycle. The recording
time is 0. 4 s, slightly longer than three M se-
quence periods. The two test data of these peri-
ods is used for identification calculation, and the

other is used for model validation.

2 Experimental Analysis of Testing
Data

When the peak-peak value of the driving
voltage of USM reaches 300 V, 30 groups of in-
put and output data at different speeds which cov-
er the whole usable range of speed are measured.
For each speed, two groups of input and output
data are measured continuously to avoid the im-
pact of abrupt external interference. The analysis
of 30 groups of data indicates that the two groups
of data tested at the same speed have good consis-
tency, namely no obvious difference. The tested
basic values of input frequency f and the corre-
sponding motor speed values are shown in Table
1. As mentioned above, the measured values of
the experiments are the response data of the out-
put speed corresponding to different frequency
basic values superimposing M sequence signal.
Taking the first group tested data in Table 1 for
example, the basic value is 41. 657 kHz, and the
corresponding frequency jump range becomes
41.407—41. 907 kHz when M sequence signal is
superimposed (Fig. 1).

Table 1 Partial test data distribution

Data 1/ h/ Data f/ h/
number kHz (r+ min ')jnumber kHz (re« min ')
1 41.657 62.297 7 11 41.909 46.382 3
2 41.632 63.177 4 12 41.909 45.497 3
3 41.557 68.382 1 15 42.087 33.996 1
4 41.532 69.032 6 16 42.087 34.098 3
41.457 74.360 9 17 42.215 26.701 4

ol

6 41.457 74.234 1 18 42.19  26.975 3
7 41.707 57.753 8 19 42.395 20.097 7
8 41.707 58.254 7 20 42.395 19.519 1
9 41.808  52.731 21 42.759 12.4617
10 41.808 52.203 5 22 42.759 12.470 5

The rated speed of the measured motor is

100 r/min. Since the speed of motor is low, the
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amplitude of the output voltage of tachogenerator
is low as well (valid data <<0. 7 V). Thus, the
noise is obvious in the actual measurement data as
shown in black line in Fig. 2. The calculation in-
dicates that SNR of the measured speeds are all
less than 15 dB, and with the decrease of the
speed, SNR will decrease even to negative, which
is unfavorable for any identification algorithm. In
order to reduce the effect of noise, the measured
speeds should be pretreated with the methods like
low-pass filtering. Considering the reqirement of
control response that bandwidth should not be
larger than 500 Hz, the low-pass filtering with
the cut-off frequency of 1 000 Hz can be conduc-
ted on the measured speed data. In this way, the
measured speed data is obtained by the identifica-
tion calculation as the white line in Fig. 2. It can
be seen from the white line that the selected am-
plitude of M sequence can change the speed of

motor significantly.

3 Model Identification for USM Fre-
quency-Speed Control

The least square method is an identification
algorithm widely used in control field to get the
minimal optimal estimation results for the criteri-
on function of residual sum of squares®. Then,
the frequency-speed control model of the ultra-
sonic motor USR60 is identified by using the
method. To make it universal, the frequency-
speed random variance model of USM is set as

Az D y(k) =Bz Dulk) +e(k) (3)
where
Az D) =14az "'+ +a.z ™ 4)
B(z ") =b, + bzt + o+ b,z ! (5
where y(k) is the output data, u(k) the input da-
ta, and e(k) the white noise. a;s ***y @ s b1y ***»
b, are the model parameters to be identified
which are noted as a=a, ,***ya,, 3 b="01,"**:b,.

Considering both of the requirements of the
precise of identification and the feasibility of the
model obtained to apply in the actual system, the
order of model can be selected as four or five ini-

tially. According to the algorithm above, under

the two kinds of model order of the measured da-

ta, we use Matlab to caculate identification. Fi-
nally, the model with the same order and differ-
ent numbers of zero points are obtained. The
most appropriate model structure is determined
by comparing the model verification results. In
order to verify the validity of the model obtained
by identification, the cursive calculation is con-
ducted by using the model established on the ba-
sis of the input data, and the output of model is
achieved as

&(k) =bulk) + - +bpulk—nb-+1)—

ayytk—1) — -« —a,yk—na) (6)
where k=na+1.-+,510; y(i)=y().

Fig. 3 shows the comparison between the
model outputs y (£) by calculated and the meas-
ured values of a set of data. In Fig. 3, arx 440 re-
presents the least square method, and the order
of model is na=4, nb=4; wil represents the test
data of modeling. It should be noted that the
length of actual time of the data is 0.4 s. In order
to make the graph clear, only some typical data
are given. To illustrate the convergence process
of the recursive calculation of Eq. (6), the data
given in Fig. 3 are starting at the time of 0.

It can be seen from Fig. 3 that the output of
model is close to the measured data while there is
still obvious deviation between them. The main
reason is that the least square method requires the
noise e(k) in the system to be white noise.

However, the measured noise of the actual
motor system is always some kind of colored
noise e (k), which affects the approximation de-
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Fig. 3 Model verification using least square method
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gree of model parameter identification. According
to the representation theorem, the colored noise e
(k) in the actual system can be expressed by the
white noise (%)
e(k) =C(z De(k) 7
where
Cz"H=14+cz'++c.z" (8)

Obviously, the model with noise should be
taken into account to get a better identification
effect in the identification process. Extended least
square method is a kind of method that can identi-
{y the parameters of model and the parameters of
the model with noise simultaneously. Considering
the noise, the stochastic difference of the frequen-
cy-speed model of USM can be expressed as

Az D y(k) =Bz Dulk) +Clz Delk) (9
where ¢, ,+*, ¢, are the parameters which should
be identified.

The model parameters in the conditions of
same model order and different numbers of zeros
are obtained by conducting identification calcula-
tion through programming with extended least
square method. The output of model y(%) is ob-
tained by recursive calculation based on the out-
put data and the structure and parameters of the
model. One set of the calculated data is shown in
Fig. 4, where armax4430 represents the least
square method, and the order of model is na=14,
nb=4 and nc=3. It can be seen that the identifi-
cation effect when using the extended least square
method is better than using the least square

method. And the consistency between the output
100
90
80
70
60
50

of model and the measured verification data is im-
proved obviously.

Figs. 3, 4 and identification calculations of
many models show that when the order of model
is five, the identification effect is better than that
of four order models. With the same order of
model, the more the zeros, the better the effect.
Therefore, the structure of motor’s model should
be set as five orders and the number of zeros is
five, that is

y(k) _ Bz D) _ bt bsz B L/ A
ulk) Az 14+az!4+ - +az’

The model of motor is set as Eq. (10). For

(10)

the experimental data measured under frequencies
and driving voltages, the parameters of a and b
are obtained by using the extended least square
method to identify the frequency-speed method.
The values of some typical parameters are shown
in Tables 2, 3. The variance between the output
data of the identified model and the measured data
are shown in the second column of Table 4.
Table 2 Identification model parameter a using extended

least square method

Data
a; a, as a, as
number
2 —1.674 0.670 0.264 —0.188 —0.064
8 —1.747 0.837 0.131 —0.170 —0.046
16 —1.799 1.038 —0.131 —0.042 —0.067
23 —1.567 0.500 0.322 —0.133 —0.120
29 —1.757 0.978 —0.125 —0.013 —0.080

Table 3 Identification model parameter b using extended

least square method

Speed / (r » min™")

40

Data b, b, b b, bs
number
2 —0.578 3.747 —16.7 —11.39 24.93
8 —0.999 3.48 —15.8 —8.585 21.91
16 —1.215 2.997 —11.47 —5.41 15.09
23 —0.867 4.915 —19.81 —25.11 40.87

30

20 1 1 1 1 1 ]
0.000 0.005 0.010 0.015 0.020 0.025 0.030
t/s

Fig.4 Model verification using extended least

square method

29 0.241  0.050 —8.943 —16.29 24.95

A set of the verified results under different
amplitudes of the driving voltage are shown in
Figs. 5, 6, where armax5530 represents the ex-

tended least square method, and the order of
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model is na=75, nb=15 and nc = 3; wefe repre-
sents the test data of fitting. It shows that the
model obtained by identification is reasonable and
has high precision, and it can meet the require-
ment of control.

Table 4 Variance between identification model output

and measured data

Data number Variance Fitting model variance
2 3.614 3 3.630 9
8 3.778 2 3.771 2
16 2.249 4 2.287 2
23 2.398 3 2.345 5
29 4.013 8 3.995 1

‘s
g
=
2 %
(]
£ g
|
—&— armax5530
-0 wefe
30 1 1 1 1 1 )
0.26 0.28 0.30 0.32 0.34 0.36 0.38
t/s

Fig.5 Model verification using extended least square

method (U,;=300 V)
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Fig. 6 Model verification using extended least square

method (U,;=250 V)

4 Model Expression with Time-Var-
ying Parameters for Frequency-
Speed Control

By the analysis of Tables 2,3, we can see

that the model parameters have obvious time-var-
ying characteristic, and it reflects the strong non-
linearity of the USM. In order to make the model
full reflect the time-varying nonlinearity of the
motor, the time-varying characteristic of the pa-
rameters should be expressed in the motor mod-
el. Due to the fact that the motor will show dif-
ferent characteristics under different frequencies
of the input, the time-varying nonlinearity can be
characterized by the change of model parameters
with the change of frequency. Furthermore, the
output of the speed controller is the given value of
frequency in the actual control process of the
USM system. The given value of frequency can
be seen as actual value. If the dynamic process of
frequency regulation is ignored ( This response
process is fast enough compared with the control
response process). Hence, the frequency value is
the known quantity in the real-time control
process, and the control model of motor is com-
putable with the frequency as the independent
variable. Thus, the frequency f can be used as
independent variable to fit parameters of a and b,
and they are expressed as a(f) and b(f), respec-
tively. Based on the change rules of model param-
eters, polynomial functions that only contain
multiply and add operation are selected to fit the
parameters. Therefore, it is convenient to use
control chips such as DSP to calculate online.

The fitting calculation shows that under dif-
ferent amplitudes of voltage, all the polynomial
functions with the order lower than three can a-
chieve good fitting of the parameters a;—a; and
b,—b;. The form of fitting functions is shown as
Eq. (1D).

a(f) =30 570.016 36 — 2 177. 826 05/ +

51.716 7f* —0.409 4 f° an

After the above identification and the fitting
calculation of the time-varying of parameters, the
final frequency-speed control model of the USM
system is obtained as follows

Y b () 4 b (N A e b (N
uCk) I4+a (PN +rda; (H2?

(12>

Fig. 7 is a set of model verification results
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obtained by using the fitted model parameters,
which are consistent with the calculated results of
model parameters obtained from the identifica-
tion. The third column of Table 4 shows the vari-
ances between the output data of the correspond-
ing identification model and the experimental
data.

110

100

90 B o
80 .14
70
60
50

40 ® —=—armax5530
30 F -0 wefe

Speed / (r * min™')

026 028 030 032 034 036 038
t/s

Fig. 7 Model verification using fitting parameters

To further verify the validity of the obtained
model, the pole assignment speed controller of
USM is designed by using the fitting model of
Eq. (12), and the frequency of driving voltage is
set as the control variable. Then, the closed-loop
speed control of the experimented motor USR60
is conducted. The model parameters are changing
with the change of the driving frequency of the
motor. Therefore, the parameters of the speed
controller are changing online to ensure a better
adaptibility. Fig. 8 shows the tested step response
of speed when the motor is in an unloaded state.
It can be seen that the step response has small o-
vershoot and quick response, and the consistency
of the speed response process of the motor is ad-
80 -
70
60
50
40
30
20
10
0 . .

0.0 0.5 1.0 1.5 2.0 2.5 3.0
t/s

Speed / (r * min ™)

Fig. 8 Measured step response of speed

mirable at different speeds.

5 Conclusions

The speed data are designed to measure at
specific situation of the two-phase traveling wave
ultrasonic motor. The frequency-speed control
model of USM system is identified by the least
squares algorithm, and the control model ob-
tained contains the nonlinear information.

Result shows that the model is an approxi-
mate description of the actual system. And the
obtained model is suitable for the application of
frequency-speed control. In other words, it is a
better model fitting the dynamic characteristics of
USM while considering the control requirements
and feasibility.

To establish the motor of USM by identifica-
tion, we should select appropriate input signal to
fully motivate the characteristics of the motor
that we concern, and the M sequence is a good
choice.

The design of the experiments and the selec-
tion of input signal parameters should both ensure
the identification demands and improve SNR of
the test data. Meanwhile, the test data should be
pretreated by low-pass filtering for the identifica-
tion accuracy.

The colored noise is the mainly measurement
noise in the motor system. Extended least square
method has better tolerance to the colored noise
and the identification effect is better than the least
square method.

The model parameters are the important
parts of the motor model. The time-varying ex-
pression form of the parameters is an effective
mean to express the nonlinear dynamic character-

istics of the motor system.
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