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Abstract:  The ultrasonic motor (USM) possesses heavy nonlinearities which vary with driving conditions and load-dependent
characteristics such as the dead-zone. In this paper, an identification method for the rotary travelling-wave type ultrasonic motor
(RTWUSM) with dead-zone is proposed based on a modified Hammerstein model structure. The driving voltage contributing
effect on the nonlinearities of the RTWUSM was transformed to the change of dynamic parameters against the driving voltage. The
dead-zone of the RTWUSM is identified based upon the above transformation. Experiment results showed good agreement be-

tween the output of the proposed model and actual measured output.
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INTRODUCTION

The ultrasonic motor (USM) is a new type motor,
which is driven by the ultrasonic vibration force of
piezoelectric elements. It has excellent performance
and many useful features, e.g., high torque density at
low speed, no electron-magic interference, high
holding toque without any applied electric power, and
so on (Sashida, 1993; Ueha and Tomikawa, 1993).
The typical rotary travelling-wave ultrasonic motor
(RTWUSM) is composed of a rotor, a stator made of
elastic body and piezoelectric elements, and friction
materials between stator and rotor. When two stand-
ing waves feeding voltages with proper amplitudes
and phase difference between them are applied to the
piezoelectric layer, two orthogonal vibration modes
are excited to their single eigen-frequency. A travel-
ling bending wave is generated with an elliptic locus
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motion on the stator surface. The rotor is driven by
frictional forces generated by the contact between the
rotor and stator due to the preload force (Wallaschek,
1998; Hagood IV and McFarland, 1995; Yang and
Que, 2001).

The dynamics of the USM have many compli-
cated and nonlinear characteristics due to load torque,
driving frequency, applied voltages, etc. It is difficult
to derive a mathematical model allowing for all the
USM dynamics. Many theories and methods have
been reported for the modelling of the USM in recent
years, such as the equivalent circuit model (Aoyagi et
al., 1996; Tomikawa et al., 1991), the finite element
model (Wang, 2004; Frangi et al., 2005; Kagawa et al.,
1996), and the analysis model (Jeong et al., 1997; Zhu,
2004; Schmidt et al., 1996). These models are gener-
ally used to analyze the static characteristics with
many assumptions or motor design. They are mostly
too complex or inexact to be used directly in the de-
sign of the controllers. From the control point of view,
the identification method to model the USM can
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overcome the problem based on the above models in
the design of the controller. The experimental results
showed that the identification models like Hammer-
stein model by analogy with the operation of the USM
can work well with good agreement with the practical
dynamics of the USM (Bigdeli and Haeri, 2004;
Senjyu et al., 2001). Senjyu et al.(2006) introduced a
second order transfer function to identify the dy-
namics of the USM to obtain the mathematical model
for speed control, and achieved satisfactory simula-
tion results. Experimental results showed that the
control based on the identification model can yield
satisfactory performance for the prototype USM
(Senjyu et al., 2001).

The nonlinearities of the USM dynamics due to
load-dependent dead-zone and driving conditions are
mostly important limiting nonlinearities in controller
design approaches. In this paper, the typical rotary
travelling-wave ultrasonic motor (RTWUSM) is
studied. The effect of the driving voltage is focused on
and can be expressed by the change of the dynamic
parameters in the proposed model. The relation be-
tween the dynamic parameters and driving voltage is
approximated by polynomial equations against driv-
ing voltage based on experimental measurements.
The whole system is taken as a nonlinear ARX model
based Hammerstein structure with its nonlinear part
being expressed by a polynomial of a known order of
driving voltage. And then the dead-zone is identified
based on the above analysis.

The paper is organized as follows. Section 2
describes the problem formulation related to the
RTWUSM based on Hammerstein model structure.
Section 3 derives the iterative Least Square Algorithm
for the identification. Section 4 gives the identifica-
tion for the RTWUSM dead-zone. Section 5 presents
the simulation results to show the effectiveness of the
developed model and finally Section 5 gives con-
cluding remarks and plans for further development.

PROBLEM FORMULATION

The focused Hammerstein model structure is
shown in Fig.1, which consists of a formally linear
dynamic element in series with a nonlinear static
element (Ding and Chen, 2005), where u(k) denotes
the input, ym(k) the measured output of the system,

and u(k) the inner immeasurable variable, namely

the output of the nonlinear element. The structure in
Fig.1 is used to identify the subsystem for RTWUSM
excluding the dead-zone, and u(k) is defined as the
contributing input voltages after the dead-zone de-
tailed in Section 5. The structure of the nonlinear
static block can vary from exponential functions to
complex neural networks. In this paper, for a SISO
process, we model the nonlinear static portion of the
system by a power series which is composed of
nonlinear polynomial equations in ascending integer
powers from one onward described as follows,

m

(k)= flu(k)]= Zc,.u" (k). (1)

Usually, the first coefficient is defined as ¢;=1 (Ding
and Chen, 2005).

u k
“O | g [P G Y (K)

Static nonlinear block Dynamic linear block

Fig.1 The Hammerstein model structure

The input-output relationship of the system can
be described as follows:

Y (k) = G(z u(k)

_ T BED
=z A(zfl)u(k)_z

LBz _ 2)
V) u(k),

where 7 is time delay, and 7y is sample period. G(z ")
is formally linear transfer function and A(z "), B(z'")
are polynomials in shift operator z ',

B(z'Y=b,+bz" +bz7 +..+ b, z™", 3)
Az Y =1+az " +a,z7 +..+ a,z™, 4)
and by=1.

LEAST SQUARE ALGORITHM FOR MODIFIED
HAMMERSTEIN MODEL

From Eqs.(1)~(4), letting d=0 for simplicity, the
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following recursive equation can be derived in inputs
and measured outputs,

() == ay, (k=) + > bk i)
i=1 i=0 (5)

n,

=—Zu:a,ym(k—i)+ijZc,u[(k—j).
i=1 Jj=0 =l

Define the parameter vector # and information

vector wo(k) and w(k) as,
O=[c,b ¢;b c,b]',
a=[l a a, a, 1",
b=[b, b b, bnh 1
k
7o 0,(k)
V(K =1) o.(k)
v, =| y,(k=2) |, wky=| .|,
: k
Ly k-n) , (k)
[ u(k) 7, (k)
u(k —1) 7 (u(k 1))
@ (k) =| u(k=2) |, p,(k)=| 7,(u(k=2)) |,
u(k—n,)]| 7,k —n,)) |

7, w(k) = (k), j=2,....,m,
then we have

W, (K)a—@; (k)b =y, (k)6, (6)
o X(k)=y' (k). 0

where vectors @ and b can be obtained by the ap-
proximation equation in terms of the driving voltage
in Section 4.

Let @ denote the estimate of @ and define the
predictive error cost function as,

J@O)= Y (X)) -y ()Y, ®)

i=k-p+l1

where p is data length, p>>(m—1)n,.
Let

X (k) y (k)
x| K€D | o] YED |
Xk—p+1 vik—-p+1)
hence,
J,(0) =] X (k)-@(k)6 | . 9)

Minimizing J,(0) gives the least-square estimation,

0 =[@" ()@(K)] (k)X (k). (10)

DRIVING VOLTAGE EFFECT ON DYNAMIC
PARAMETERS OF RTWUSM AND APPROXIMA-
TIONS

The hardware configuration of the RTWUSM is
shown in Fig.2. The input voltage (0<u(k)<3) from
D/A is transferred to PWM and control the MOS-FET
drive. Then the two-channel half-bridge oscillation
inverter generates two-phase alternating voltages V
and ¥z which are applied to RTWUSM. The design
specifications of RTWUSM are given in Table 1. The
circuit of the two-channel half-bridge oscillation in-
verter is showed in Fig.3. Positive 12 V DC and
negative 12 V DC are used to control the revolving
direction of the RTWUSM.

15 V-DC=>| Inverter F>{RTWUSM >>|Encoder

+I12V
MOSFET\. 1 hA k&g pC [« AD
drive

Fig.2 The hardware configuration of the RTWUSM

Like other conventional motors, RTWUSM ex-
hibits dynamic behavior that can be represented by
the following transfer function with velocity output
(s) against input U(s) (Bigdeli and Haeri, 2004; Jin
etal., 1998),

G(s)=w(s)/U(s)=e"K/(Ts+1), (11)

where 7 is the pure time delay of the system.
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Table 1 Design specifications of RTWUSM

Parameter Value
Type fif60
Drive frequency (kHz) 4.5
Drive voltage (Vrms) 137.4
Rated current (Arms) 0.32
Revolving speed (r/min) 100"
Rated output power (W) 3
Torque (N-cm) 0~50
Weight (kg) 0.250

Fig.3 The two-channel half-bridge oscillation inverter

The motor parameters are time varying due to
the drive conditions such as source voltage and
load-torque. So we substitute 7,[u(k)], Kn[u(k)] for
the time constant 7" and obtain K to represent the
change due to the driving voltage.

Thus the transfer function of RTWUSM Eq.(11)
is transformed to the following equation,

K [u]

G (s,u)y=¢" ,
n(5:1) T [u]s+1

(12)

where Ty[u(k)] and Ky[u(k)] are approximated by
nth-order polynomial equations against driving volt-
age as follows:

T L)) = Y ' (), (13)
K [u(0)]= Y. fur (k) (14)

And discretizing continuous transfer function
Eq.(12) gives,

G, (z7hH= z by

, 15
1+az" (15)

where,  be=Km[u(k)]{1—exp(=Ty/Tu[u(k)])}, d=dT;,
ar=—exp(—Ty/Tw[u(k)]). Then from Eq.(10), the esti-
mated value of @ is obtained.

DEAD-ZONE IDENTIFICATION

The dead-zone of the RTWUSM is a problem to
design controller which has some steady-state track-
ing error if neglected. It is important to identify and
compensate for it in order to improve the control
performance. In this section, the dead-zone of the
RTWUSM is identified based on modified Hammer-
stein structure as shown in Figs.4 and 5.

T(k)
bl_____ A
W ;
i 0 D i)
/' —————— b
m,

Fig.4 Discontinuous nonlinearity with dead-zone

o | | APNEEG)
— | T G,(z)
Static nonlinear ~Dynamic
Dead-zone block linear block

Fig.5 The modified Hammerstein model structure

Therein, u(k) is input voltage fed into RTWUSM.
X(k) is the output of nonlinear block combining

dead-zone effect, exactly equivalent to the symbol u(k)
in Fig.1 and Eq.(1). The functions /-], Gm(z ') and
variables u#(k), ym(k) are the same symbols as defined
above. The value of X (k) depends on the magnitude

and sign of u(k) and their relation can be described as
follows (Voros, 2003; 1997),

0(k) = myu(k) + (m, — m,Yh(k)u(k),
2(k) = myu(k) + (m, —m))h(kyu(k) - Dsgn[u(k)]
[ok) (k)] + bsgn[u(k)],

(16)

(17

(k) = myu(k) + (m, — m (k) — Dsgn[u(k)] 2

u(k)



62 Zhang et al. / J Zhejiang Univ Sci A 2008 9(1):58-64

+bsgn[u(k)]+ 0.5{1+sgn[D—|u(k) |}z(k), (18)

where m;, m; are corresponding segment slopes, D is
dead-zone parameter and b is preload constant. The
switching function /4(k) is defined as follows,

0, if u(k)=0;

1, if u(k)<O0. (19)

h(k) = hlu(k)] ={

Then the input-output form of the modified
Hammerstein model can be described as follows,

Y (K) =L7(k—d)+ibiﬁ(k—d —i)—iaiym(k—i),
(20)

where u(k) = f[x(k)].
Substituting Eq.(18) into Eq.(20) gives,

VoK) = fimyu(k = d) + (my —m)h(k — d)u(k —d) ~

_ank=d) _d)-
Dsgnlu(k d)]u(k—d) +bsgn[u(k—d)]
0.5{l+sgn[D—|u(k—d)|}z(k—d)} +

D bk —d —i)=Y ay, (k-i), (21)

i.e.,

4
VoK)= Elmy,my,D,b]- T [u,h,v,z]+ Iy[u,h,v,z]

i=l1

+ Y bk —d i)=Y ay,(k-i), (22)
i=0 i=1

where f[-] is given by Eq.(10), u(k—d —i) is ob-
tained from Eq.(1). a;, b; can be estimated from
Eq.(10).

Define the parameter and information vectors as,

0, =15 & & 54]Tv (23)

o= I, I, I,1. (24)

Then modified output,

3= 3, (0= Y bk —d —i)+
iaiym(k—i)—Fo[u,h,v,z]. (25)

i=1

Then we have,

v.(k)=p(k)'6,,. (26)
Define the predictive error cost function as,
J2(6p,) =D (0. (k) - p(k)"6,,)’, 27)
k=1

where @(k) is the estimation of ¢@(k) for recursive
algorithm.

Minimizing the cost function J5(6pz) gives the
least-square estimation éDZ for 8,,. The recursive

algorithm is written as follows,

Oy, (k) = 0, (k = 1)+ K () {5,(k) = (k)" 6,, (k= 1)},

(28)
K(k)=P(k-Dp(k){p" (k) P(k —De(k) + 1}, (29)
P(k) =[1- K(k)p(k)]P(k 1), (30)

P(0)=a’l, 6,,(0)=¢.

The internal variables v(k), z(k) and x(k) as well
as y.(k) can be estimated by Eq.(16)~(18) and Eq.(25)
in each recursion with previous estimation of éDZ .

The estimated values for dead-zone parameters
my, my, and b against input driving voltage u(k) are
obtained by solving the equations group [my,my,D,b]

using 6,,,.

EXPERIMENTS AND SIMULATIONS

The incremental coder has been used to measure
the angle position with sample period 75=0.05 s. After
the analysis of the experiment measurements, we get
the system pure time delay 7=0.05 s, namely d=1 for
discrete form of transfer function.

The varying wave of dynamic parameters 7}, and
K against driving voltage is shown in Figs.6a and 6b
when the motor is in the forward and backward di-
rection.

Here, a 6th-order polynomial equation is used to
approximate the effect of driving voltage on time
constant from Eq.(13), and T, and T,y denote
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Fig.6 Driving voltage effect on time constant 7, (a)
and on Gain K, (b)

forward and backward direction respectively, i.e.

Tpw[1(5)]=2028.3u *+5671.4u —6547.6u *+
4003u>—1370u *+249.4u'-18.9, (31)

Tpw[—u(k)|=—1648[—u] *~4576.6[—u] "—5250.9x

[—u]*-3200[u]>~1097.8[~u] >~

202.1[u] '-15.6. (32)
And a 3rd-order polynomial equation is used to ap-
proximate the effect of driving voltage on Gain K,
Kirw and Ky denote forward and backward direc-
tion respectively. We get,

Konpw[te(h)]=—1.02031°+4.03400°+0.7359u—6.2248,

(33)
Konpw[—u(k)]=—0.8924[—u]*~9.5479[~u]*~31.64—
28.1305[—u], (34)
where the negative sign before u(k) in Egs.(32) and
(34) denotes the input voltage (0<u(k)<3) used to

control RTWUSM to revolve in negative direction.
Taking u(k)=2.2+0.2sin(0.2 T5k)+0.2sin(1.5Tsk)+
0.35sin(1074k) to get the identification data for posi-
tive and negative directions, letting =3 in Eq.(1), the

estimated value of @ can be obtained from Eq.(10).

¢, =—0.0442,
¢, =0.0157;

¢, =0.0476,
¢, =0.0171.

Forward direction, {

Backward direction, {

Taking slope and cosine signal as input voltages,
based on the proposed identification method for
dead-zone parameters of RTWUSM from Eq.(16)~
(30), letting m;=1, my=1 and b=1 for simplicity, we
can get D=1.4936.

Taking u(k)=2.5sin(0.47sk) V as the input volt-
ages for the validation of the developed model, the
validation results and prediction error are shown in
Fig.7.

Revolving velocity (rad/s)

)y
'E‘é 0.5
z
g 0 1
[
>
2
=05
o
5
o~ -1.0 1 L 1 1
0 200 400 600 800 1000
Sample times
(b)

Fig.7 Model validation (a) and prediction error (b)
with u(k)=2.5sin(0.47k)

The simulation results showed that the proposed
model based on Hammerstein structure presents good
agreement with the RTWUSM.

CONCLUSION

In this paper, an identification method for
RTWUSM is proposed based on modified Hammer-
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stein model structure. The effect of the driving volt-
age on the parameters of the motor is investigated.
The dynamic nonlinearities of the RTWUSM due to
the driving voltage are focused on and transformed to
the effect on parameters of the dynamic linear block
in the Hammerstein structure. Polynomial equations
are implemented to approximate the effect of the
driving voltage based on the experimental results. The
dead-zone of the RTWUSM is identified through
direct application of recursive Lease Square Algo-
rithm based on the above approximation methods.

Experimental results showed that the proposed
identification method based on Hammerstein model
yields satisfactory modelling results. The model is
mathematically simple and feasible for design of
controller based on it.

The proposed method can easily be expanded to
be used for modelling the RTWUSM with regard to
the effect due to the load-torque, temperature rise, etc.
Furthermore, intelligent identification tools like neu-
ral networks can be incorporated to approximate the
effect of the driving voltage on the parameters of the
Hammerstein model. It is very promising in engi-
neering for the modelling of the USM.
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