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Abstract. The ultrasonic motor is an uncertain time-varying nonlinear system because of the 
nonlinearity of the piezoelectric material, the friction and the temperature. For example, the 
operating time of the mechanical switch actuated by the ultrasonic motor in regular stroke is highly 
dispersed. Unfortunately, it is difficult to establish accurate mathematical model. In this paper, an 
analytical autoregressive process model (AR) is employed to identify and control the ultrasonic 
motor. First of all, dispersed operating time of the mechanical switch actuated by the ultrasonic 
motor is investigated. Then, the AR model is established to predict the operating time of the 
ultrasonic motor on the basis of the statistical data to reduce the nonlinear behavior of the 
ultrasonic motor, and to improve the accuracy and obtain a good time response of the switch. The 
simulation results are agreed with experimental results, confirming the effectiveness of proposed 
model. Furthermore, we adopt the predicted result of the AR model to control the mechanical 
switch actuated by the ultrasonic motor. The analytical investigation is fulfilled with two target 
operating time ranges, namely 12 ms and 24 ms. Comparison of the results obtained from the AR 
model and the experimentation reveal that the standard deviations are less than 95.3 μs and 
102.7 μs with maximum errors equal to 0.41 % and 0.44 % respectively. Thereby, the proposed 
dispersed operating time control is performed. Findings indicate that the maximum errors for the 
operating time of the mechanical switch are less than 140 μs and 110 μs with ±0.85 % and ±0.42 % 
respectively. 
Keywords: ultrasonic motor, mechanical switch, nonlinear behavior, dispersed, autoregressive 
process model. 

1. Introduction 

During the last few decades, piezoelectric actuators and ultrasonic motors have been widely 
employed in many fields including micro-positioning [1], semiconductor manufacturing [2] and 
biomedical applications [3]. Particularly, ultrasonic motors are widely used for variable apertures 
[4], optical cross-connect switches [5] and circuit breakers [6]. Major advantages of the ultrasonic 
motor are mainly high accuracy, self-locking force, instantaneous response time and high 
switching speed [7]. However, the ultrasonic motor is an uncertain time-varying nonlinear system 
because of the nonlinearity of the piezoelectric material, the friction between a stator and a mover 
of the ultrasonic motor, and the temperature [8, 9]. For example, the operating time of the 
mechanical switch actuated by the ultrasonic motor in regular stroke is highly dispersed. However, 
the consistency of the operating time is a key target for the mechanical switch. Therefore, it is 
necessary to propose a method of overcoming the dispersed operating time of the mechanical 
switch to improve accuracy and performance of the system. 

There are generally three models of the ultrasonic motor, namely the accurate model, the 
simplified model, and the model free. Hagood [10] and Tsai [11] built a typical dynamic model of 
the traveling wave rotary ultrasonic motor and the bimodal linear ultrasonic motor. Maas [12] also 
proposed a complete control scheme for the traveling wave rotary ultrasonic motor with an inverse 
model structure for the cascaded control based on the analytical model. Giraud [13] presented a 
causal modeling and identification. Control models based on the accurate method can be employed 
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to describe the operating principle of the ultrasonic motor and predict its linear performance. 
However, the ultrasonic motor is a complex nonlinear system. Therefore, it is extremely 
complicated to control such a system through the accurate method under different external 
operating conditions. T. Senjyu [14] proposed a simplified mathematical model. T. Senjyu [14] 
also designed a controller based on the adaptive control algorithms. Furthermore, T. Senjyu [15] 
proposed a second-order system, involving the non-linearity of the system and approximation of 
the dead-zone of the control input. Other scholars [16, 17] also proposed some control methods 
based on the simple models. The simplified model is limited to identify parameters of the system 
such as stability and dynamic performance of the motor. Therefore, it is difficult to find out a 
simple and efficient mathematical model for the ultrasonic motor. In order to solve this problem, 
the free mathematical modeling was proposed. Lin [18] proposed a fuzzy adaptive 
model-following position control for the traveling wave rotary ultrasonic motor. Moreover, Lin 
designed a recurrent fuzzy neural network controller for the ultrasonic motor driven system [19], 
and a wavelet neural network controller via the adaptive sliding-mode technique for the linear 
ultrasonic motor [20]. In recent years, extensive studies [21, 22] have been carried out on the 
advanced control strategies and they are ending up with fruitful achievements. However, as for 
the implementation of these methods, computational cost and high complexity are badly required 
to be addressed. 

Based on the investigations and models analyzed above, we can conclude that it is difficult to 
overcome the dispersed operating time of the switching action with the accurate model for its 
limitations like the non-linear behavior. In addition, the simplified model has the problem of 
inaccuracy for that the relationship between its input and output is not clear. Therefore, this 
problem could be solved by an autoregressive model (AR model). This model consists of data 
collection and time points which are generally sampled in equal time intervals [23]. Time series 
prediction refers to the process by which future values of the system could be properly predicted. 
Such prediction is based on the data information obtained during the system operation, so it has 
an advantage of the dispersed operating time control of the mechanical switch actuated by the 
ultrasonic motor. 

In this study, the dispersed operating time control of the mechanical switch actuated by the 
ultrasonic motor is presented. The paper consists of six sections. In section 1, a short introduction 
to the research topic is provided together with a preliminary idea as well as the novelty of our 
research. In Section 2, the structure of V-shape ultrasonic motor is introduced. In Section 3, a 
drive and control system is built and the dispersed operating time of the mechanical switch 
actuated by the ultrasonic motor is investigated. In Section 4, some nonlinear phenomena of 
ultrasonic motor are studied. In Section 5, an AR model is proposed to predict the operating time. 
In Section 6, an experimental investigation of the system control using the AR model was 
performed. Findings reveal that the operating time of the mechanical switch is less than 140 μs 
and 110 μs with only ±0.85 % and ±0.42 % respectively. 

2. Structure of V-shape ultrasonic motor 

The V-shape ultrasonic motor [24] is selected to drive the mechanical switch. The V-shape 
ultrasonic motor is comprised of a V-shape stator, a mover, a clamp, and a base as shown in  
Fig. 1. The V-shape stator consists of two transducers connected with a certain angle. A stator of 
the V-shape ultrasonic transducer is formed by two mutually perpendicular continuous variable 
section Langevin transducers, utilizing the inverse piezoelectric effect of piezoelectric ceramic to 
achieve conversion of electrical energy to mechanical energy and through friction drive to realize 
motion transfer. The V-shaped motor is operated in the coupled the symmetrical and asymmetrical 
modes, as shown in Fig. 2. The elliptical motion is generated by applying a corresponding voltage 
excitation at the driving foot of the V-shape ultrasonic motor. The phase difference between the 
voltage excitation of the two transducers is 90°. Furthermore, the rotor moves in response to the 
elliptical motion of the driving foot due to the friction effect. 
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Fig. 1. Structure of V-shape ultrasonic motor 

 
a) Asymmetrical mode 

 
b) Symmetrical mode 

Fig. 2. Symmetrical and asymmetrical modes: a) asymmetrical mode, b) symmetrical mode 

3. Dispersed operating time of the mechanical switch actuated by the ultrasonic motor 

In electrical and optical applications, the mover needs to be reciprocated in a certain range  
(5 mm), as shown in Fig. 3. In view of the high speed and fast response of the ultrasonic motor 
(on/off time in a millisecond), the mechanical switch actuated by the ultrasonic motor is proposed. 
The operating time of the switch action is , during which the motor goes through range travel , 
and the switch times is .  

The driving and controlling system of the mechanical switch actuated by the ultrasonic motor 
is developed, as shown in Fig. 4. The system includes a control and data acquisition system 
(National Instruments PXI-6229 with LabVIEW, Austin, TX, USA), an ultrasonic motor driving 
circuit, a non-contact laser displacement sensor (LK-H150, Keyence Corp., Osaka, Japan), and an 
ultrasonic motor with the limit sensors. The ultrasonic motor as an actuator carries out the switch 
motion in the sensor range, as shown in Fig. 5.  

 
Fig. 3. Construction of the mechanical switch actuated by the ultrasonic motor 
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Fig. 4. Diving and controlling system of the mechanical switch actuated by the ultrasonic motor 

 
Fig. 5. Mechanical switch actuated by the ultrasonic motor 

The relationship between the operating time of the switch action and the switch times is shown 
in Fig. 6. The ultrasonic motor is operated within the range of the two limit sensors under an  
open-loop condition. It can be seen from Fig. 6 that the operating time of the switch action is 
highly dispersed. The dispersion of the operating time is derived from the nonlinearity of 
piezoelectric materials, the uncertainty of the friction, and the temperature of the motor. Fig. 7 
shows the speed responses of the 50th, 100th, and 150th cycles. From Fig. 7, we can see the 
operating time of the mechanical switch actuated by the ultrasonic motor varies at different cycles.  

 
Fig. 6. Relationship between the operating time of the mechanical switch actuated  

by the ultrasonic motor under 39.6 kHz and 500 Vpp 
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Fig. 7. Speed response of the mechanical switch actuated by the ultrasonic motor  

under 39.6 kHz and 500 Vpp at the 50th, 100th, and 150th cycles 

4. Open-loop characteristics of the ultrasonic motor 

The open-loop motion characteristics of the motor are studied in this section. The ultrasonic 
motor is usually used to adjust the excitation frequency for the speed control as well as the phase 
difference for the direction control. Fig. 8 shows the speed response of the motor under different 
excitation frequencies. The excitation frequency has a significant effect on the speed of the 
ultrasonic motor. According to the system identification method, the second order system of the 
ultrasonic motor is identified to be based on the input excitation and the output displacement. The 
transfer function of the second order system can be expressed as: ( ) = + 2 + . (1) 

 is the magnification factor;  is the damping ratio;  is the natural frequency; = . 
Identification parameters are listed in Table 1. The frequency of the excitation signals varies with 
the second-order system parameters. Therefore, it is difficult to control the ultrasonic motor as a 
second-order system. 

Table 1. Identification result 
Frequency (kHz)  2   

41.5 321.5 25.44 558.1 
41 324 25.33 578.7 

40.5 295 24.02 587.5 
40 296.7 23.74 642.9 

39.5 298 23.35 647.4 

 
Fig. 8. Speed response of the motor in different excitation conditions under 500 Vpp 
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Fig. 9 shows the speed responses of the motor at different temperatures. The result shows the 
speed characteristics of the motor varies at different temperatures. The ultrasonic motor shows a 
strong nonlinearity and uncertainty.  

 
Fig. 9. Speed responses of the motor under 25°, 27.5°, and 30° 

5. Modeling 

In this paper, the AR model is used to predict the operating time of the mechanical switch 
actuated by the ultrasonic motor using the real-time recursive estimation of the limited  
memory [23]. 

(1) Measure the operating time of the mechanical switch actuated by the ultrasonic motor, , 
, , …, .  

(2) Set: = + + ⋯ + ,    ( ≤ − 1), (2)

where , , …,  are unknown variables. The th operating time is linearly related to the 
operating time , , , …,  ( ≤ − 1). 

Therefore, according to the observed data , , …, , we can obtain the equation group in 
the form of matrix as follows: 

⋯ = ⋯⋯⋯ ⋯ ⋯ ⋯⋯ ⋯ . (3)

Written as the following equation: 

( )× = ( )× × . (4)

(3) We can obtain the minimum square estimation  from Eq. (4), as follows: = ( ) , (5)

where  is the transposed matrix . 
Hence, the estimation ̂  is given by: ̂ = + + ⋯ + . (6)

(4) The delay time of the motor start time  is: 
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= − ̂ . (7) 

 target operating time. The start time of the motor can be determined from Eq. (7).  
(5) Repeat Steps (1)-(4). 
Akaike Information Criterion (AIC) is used to determine the order of AR model [31]. The 

order might be set as , described as: ( ) = ln + 2 , (8) 

where  is the variance of the residual error  between the real operating time  and the 
objective time . The residual  is expressed as: = − ̂ . (9) 

In this paper, we collect the operating time of the mechanical switch actuated by the ultrasonic 
motor. The AIC results are given in Table 2. When = 1, AIC ( ) is the minimum, thus we adopt 
the AR(1) model. 

Table 2. Test of AIC rule 
 1 2 3 … 

AIC (m) 3574.2 3590.1 3660.5 … 

6. Model solution and experimental validation 

In this section, the AR model is used to control the operating time of the mechanical switch 
actuated by the ultrasonic motor. The schematic of the control algorithm is shown in Fig. 10. 

 
Fig. 10. Schematic of control algorithm 

 
a) Under 40 kHz, and 500 Vpp 

 
b) Under 40.5 kHz, and 500 Vpp 

Fig. 11. Comparison between the predictive results and the experimental results  

Fig. 11 shows the comparison between the predictive and experimental results under different 
operating conditions. The target operating time  is set at 12 ms and 24m s respectively under the 
different operating conditions. From Fig. 11, the predictive values are very close to the 
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experimental values where the maximum deviation are respectively 0.0953 ms, and 0.1027 ms 
with the maximum errors 0.42 % and 0.44 % respectively. 

Fig. 12 shows the real operating time of the mechanical switch actuated by the ultrasonic motor 
under 40 kHz and 500 Vpp. The time is less than 0.14 ms with the error less than ±0.85 %. Fig. 
13 shows the real operating time of the mechanical switch actuated by the ultrasonic motor under 
40.5 kHz and 500 Vpp. The time is less than 0.11 ms with the error less than ±0.42 %. The 
distribution of the working time is shown in Fig. 14. The statistical results show that the velocity 
is normally distributed.  

a) Real operating time 
 

b) Error between the operating time and the target time 
Fig. 12. Operating time of the mechanical switch actuated by the ultrasonic motor  

from the experimental results under 40 kHz, and 500 Vpp  

a) Real operating time 
 

b) Errors between the operating time and the target time 
Fig. 13. Operating time of the mechanical switch actuated by the ultrasonic motor  

from the experimental results under 40 kHz and 500 Vpp  

 
a) Under 40 kHz and 500 Vpp 

 
b) Under under 40.5 kHz and 500 Vpp 

Fig. 14. Statistical distribution of the operating time of the mechanical switch actuated  
by the ultrasonic motor from the experimental results  
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The experiment on the motor reliability was carried out. The motor was turned on  
(Fixed operating time: 10.5 ms) and off (Fixed operating time: 10.5 ms), as shown in Fig. 15. 
From Fig. 16, we can see that among the 100,000 cycles, each cycle is greater than 5 mm in 
displacement. It ensures that the motor has enough time to delay the start. The motor can be 
reliably turned on and off in the 100,000 cycles. In this way, reliability of the motor is verified. 

 
Fig. 15. Test of the motor reliability 

 
Fig. 16. Experimental results of the motor reliability 

7. Conclusions 

In this work, the dispersed operating time of the switch actuated by the ultrasonic motor is 
presented. The control method based on the AR model has been proposed to overcome the 
nonlinearity and the uncertainty of the ultrasonic motor. The target of the control is to make the 
operating time of the mechanical switch actuated by the ultrasonic motor consistent. Firstly, a 
driving and controlling system is built. The dispersed operating time of the switch is presented. In 
addition, the nonlinear phenomena of the ultrasonic motor are investigated. Then an AR model is 
proposed to predict the operating time based on the statistical data. The analytical investigation 
was fulfilled with two target operating time ranges which were set to 12 ms and 24 ms. 
Comparison of the results obtained from the AR model and the experimental results revealed that 
the standard deviations are less than 95.3 μs and 102.7 μs with the maximum errors equal to 0.41 % 
and 0.44 % respectively. Thereby, the proposed dispersed operating time control was performed. 
Findings indicated that the maximum errors of the operating time of the mechanical switch are 
less than 140 μs and 110 μs, and with ±0.85 % and ±0.42 % respectively.  
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