
Chapter 10 

Step Ultrasonic Motors 

Great research progress for step USMs has been achieved since their invention 

more than 10 years ago. In 1991, Kusakabe developed a standing wave and self

correction USM[1:, which made the USM succeed in step motion without feed

back. Later, Miyazawa put forward a step USM[2 ': using a shifting standing 

wave mode based on lijima's standing wave USM in 1993. Furthermore, in 

1999, the author and Guiqing Wang, et al. designed and fabricated a new self

correction type USM[1-5:. In the same year, the author and Long J in, et al. de

veloped a mode rotary type step USM:67J with 80, 120, and 168 steps in one eir

ele based on the theory proposed by Miyazawa. In 2000, Snitka designed an ul

trasonic aetuator:8: based on a linear USM using two modes, whose positioning 

accuracy reached nano-meter level. In 2003, Yong Jin, Jifeng Guo, et al. made 

a step USML9J by combining a longitudinal mode and a torsional mode. In the 

next year, Xiangeheng Chu made a shaking-head type step USM:lOJ . In 2005, 

the author and Jiamei Jin, et al. developed a self-correction type step USM using 

modal rotation-11J , a mode alternation type step USM_12-13J , and a linear type step 

USM and a rotary type step USM using vibrator alternation-11-15J . Several proto

types were fabricated in different sizes for each type. 

Compared to an electromagnetic step motor, the step USM has good charac

teristies, such as simpler structure, smaller size, better environmental adapta

bility, and no-electromagnetic interferenee1l6-. It can be widely applied to optical 

devices, robotics, space shuttles, automatic control systems, military facilities, 

medical equipment and so on. The nano-meter step USM can also be used in elec

tron beams, ion beams, X-ray, scanning electron microscope positioning, etc. 

A step USM can be described as an ultrasonic motor which can realize the step 

motion with a certain step size. 

USMs inelude two major types: a traveling wave and a standing wave, and 

these two types of USMs operate in two different ways. The traveling wave 

USM has good controllability, stability, and long life-17-22J , while the standing 

wave USM has different performance and can realize movement with different 

forms[20 3<J. Thus, many standing wave USMs arc made by different operating 

modes and different driving schemes. The step USM is a significant branch of 

USMs. The step USMs can be divided into the adjustable steplength type and 

the fixed steplength type. 

The adjustable steplength USM is driven step by step by switching onloff the 

driving signal in a carefully designed sequence. Its step length is decided by the 
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width of the driving pulseL35-. When the USM starts or shuts down, fluctuations 

of the velocity will affect the uniformity of every step. When every step displace

ment is smaller, this fluctuation will be not negligible. In the condition of long

step and thc multi-stcp positioning, the fccdback loops havc to bc applied in or

der to reduce the position error. 

The fixed step length USMs possess some special structural forms to obtain 

step motion in the open-loop control c'6:. This kind of step USMs has no accumu

lated error in multi-step operating. The single-step operating error is produced 

mainly from the machine work and assembly error. 

10. 1 Step Control of USM 

An adjustable steplength USM is controlled by switching onloff the driving sig

nal. Theoretically, the electromagnetic motors can also realize the step motion 

by similar operating, but the control is more difficult because the coil motor can 

not very quickly response to the control signal and can not make self-locking 

when its power is shut down. USMs possess characteristics of self-locking, rapid 

response and high position resolution. These naturally present advantages for the 

control of accurate step positioning. 

USM's self-locking feature comes from the operating principle of friction 

drive. Usually, in the operating state, the contact area between the stator and 

rotor (or silder) is smaller than that in the non-operating state. Besides when it 

operates, there is also local sliding on the frictional interface, which makes 

USM's self-locking torque (or force) greater than the stalling torque (or the 

maximum output force). In other words, with the power shutdown, USM's ro

tor (or slider) will be quickly locked at the position where it arrives. This advan

tage is beneficial to the control of precision positioning. 

The rapid response means the stator will soon achieve the steady state after 

power on. Namely, USM can reach its rating speed quickly. 

USM's high positioning resolution is due to its micro vibration amplitude and 

high operating frequency. Generally, displacement in the sub-micron or nano

meter level can be achieved when the stator makes the rotor (or slider) move in a 

vibration eyele. 

Plenty of experiments show that large fluctuation of the positioning accuracy 

appears at the period of starting and ending the motor. 

10.1.1 Startup and Shutdown Characteristics of USM 

Under normal circumstances, in order to increase the amplitude and reduce the 

energy consumption, the driving frequency is designed to be elose to the reso

nance frequency of the stator. In this way, the dynamic characteristics of USM 

is a key factor in precision positioning. The process, from the beginning of the 

stator's vibration to the accumulation of the energy and finally to its stable oper

ating state, is called as the starting state of the motor. On the other hand, the 
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process, from the moment when USM's power is off and the stator obtains its 

own initial condition of vibration to the momcnt whcn thc vibration of the stator 

stops completely and finally to states of shutdown the rotor (or slider), is called 

as statc of shutdown of the motor. The intcrmcdiate statc betwecn thcse two 

states is the steady opcrating statc of USM. 

1. Stator's vibration response 
According to the vibration thcory dcscribcd in Chap. 4, the forccd vibration of 

thc stator can bc divided into thrcc stages: CDa startup(beginning of an cxcitation); 

CZ)a steady state(kccping thc excitation); @an attenuation(switching thc excitation). 

Here, stage CD and ® will be discussed because the vibration characteristics of 

thesc two stages directly rclate to USM's response speed and positioning resolution. 

Thc Ref. [37J has analyzed thc problem in detail and obtained thc conclusion that 

the time for USM's stator vibrating in the stage CD and ® is different. The 

diffcrcncc bctween thc two stagcs' time is mainly dctermincd by damping of the 

stator. The greater thc damping is, thc biggcr thc diffcrence will bc. Gcnerally, 

the damping of USM's stator is relatively small. So, the difference between the 

two stagcs' time is not large. 

It is not enough to only consider the viscosity damping of the stator. In actual 

circumstancc other damping factors still cxist. From thc point view of energy, it 

is valid that in the beginning of the forced vibration the damping prevents the 

system from accumulating energy. The greater the damping is, the longer the 

time t, to reach the steady-state will be. In the decaying stage, the damping will 

consume cncrgy. In other words, the grcater the damping is, the sooner thc de

caying stage will bc, thc shortcr the timc t, to stop thc vibration will be. Conse

quently when the damping is bigger, the difference between the two stages' time 

6.t = t, - t, will be greater. 

2. The actual operating process of the motor 
Corresponding to the vibration of the stator, the actual operating process of 

USM can be also divided into three stages: CD startup stage; CZ) steady operating 

stage; @shutdown stagc. 

The characteristics of startup stage and shutdown stage for a typical traveling 

wavc USM arc shown in Fig. 14. 12 and Fig. 14. 13. 

In the startup stage of USM, there is some delay, from the beginning of the 

vibration of the stator to the starting of the output of the rotor's shaft, which is 

callcd mechanical hystercsis of the motor. This is due to thc wholc system's 

damping and stiffness of the shaft coupling. 

Whcn the rotor is asscmblcd, thc boundary conditions of the stator will 

change. It's equivalent to adding the constraint to the stator, which increases its 

natural frcquency and dccreascs its amplitudc. When the stator's amplitude 

dcclincs, thc pre-pressurc will increasc the contact arca on the contact interfacc 

between the stator and rotor at the same time. :'\Jot only the transmittability of 

thc tangential forcc on the contact interface is incrcascd, but also thc arca of slid

ing friction is increased, resulting in more energy dissipation. Thereby, the star

tup time increascs with thc increase of prc-prcssurc, whilc thc shutdown timc 
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decreases with the increase of pre-pressure. 

Thc startup and shutdown characteristics for TRUM-4S under different prc

pressurc arc shown in Fig. 10. 1. It illustrates that thc startup time incrcases 

with the pre-pressure going up while the shutdown time declines slightly with the 

pre-pressure nsmg up, as shown in Fig. 10. 1. 
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Fig. 10. 1 Startup and shutdown characteristics of 
TRUM-15 under different pre-pressure 

10. 1. 2 Step Control for USM 

Based on the preceding analysis, we can conclude that besides the load, other 

factors influencing the startup and shutdown time come from the motor itself. 

Among them thc most unstable factor is thc frictional intcrfacc betwecn thc sta

tor and rotor. When the USM runs, the frictional properties at the interface will 

change from time to timc duc to wcar, hcating, and other rcasons, which lcads 

to fluctuation of the startup and shutdown time. These are the main reasons that 

makc USM instability whcn it starts up or shuts down. 

Figure 10. 2 shows test results regarding to the angular displacement versus 

thc powcron time for TRUM-45. Fig. 10. 2 (a) shows that the poweron time is 

10ms, and the fluctuation of the displacement is large. It is primarily due to the 

startup timc of thc motor is about 8ms. Besides, therc is the ovcrswing, which 

needs about 30ms to make the speed relatively stable. The situation will be bet

ter when the poweron time more than 10ms, as shown in the Fig. 10. 2(b). The 

fluctuation reduces significantly and good linear relationship can be observed 

when thc powcron timc more than lOOms, as shown in Fig. 10. 2(c). 

Another test is regarding to the motor's repeatability. As shown in the 

Fig. 10. 3, the USM was rcpcatedly tcstcd 10 times. Thc maximal dcgrcc of de

centralization based on the arithmetical mean value demonstrates that the shorter 

thc powcron timc is, the worse thc repeatability is. When it turns in thc coun

terclockwise direction, the degree of decentralization is lower than 10% if the 

timc is morc than ISms. Whcn it turns in the clockwise direction, the dcgrcc of 

decentralization is lower than 10 % if the time is more than 25ms. For this 

USM, the diffcrcncc of deccntralization in the two directions is mainly causcd by 

the speed difference in these two directions of the USM. Further, the degree of 

thc decentralization shows the position error of thc timing displacemcnt. Thc 
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longer the electrical power is applied. the longer the step of the USM is, and the 

smaller the position error is. 
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Fig. 10.2 Testing curve of angular displacement of TRUM-45 vs. poweron time 
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Fig. 10.3 Testing curve on repeatability of angular 

displacement relating to poweron time for TRUM-15 

The previous test shows that the USM's repeatability is bad III the startup 

stage. When the poweron time is more than 25ms during which the startup stage 

is completed, its repeatability of the displacement is acceptable. Thus, the time 

relating to the designed step angle should be far more than the time of the star

tup stage when the motor is used for stepping positioning. 

1. Open-loop control method based on the poweron time as control variable 

The size of the step and the positioning precision are relied on the startup and 

shutdown characteristics of the USM. As a result the exact data of the starting 
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and the decaying time are required. from which one can determine the relation

ship bctwcen thc running time and thc displaccmcnt. 

Generally, there is a frequency automatic tracking technique for the USM. 

which can make operating speed stable. In the shutdown stage the slip friction 

mainly depends on the charactcristics of the frictional intcrfacc. which can inducc 

time-variability and uncertainty of the speed. Besides the problem of the slip fric

tion, there are also other unstable factors such as the overshoot. However the 

time required for the whole stage of starting and ending is almost invariable. 

Hence, it is better that every time step includes the time for the starting or deca

ying stage to reduce the positioning error of every single step. 

A micro control unit (MeU) is a unit used for controlling stepping movement. 

The starting time and dccaying time and its corresponding angular displacemcnt 

at different loads are obtained through the cxperimcnt in advancc. Thcse data are 

stored in the memory of the MeU in table format. When the MeU receives the 

instruction of the step pitch and the numbcr of thc step. which will bc chcckcd 

out with starting, cnding timc and thc corrcsponding angular displacemcnt accor

ded in the tables. At a certain rotational speed. the MeU will give the steady 

running time for every stcp and the corrcsponding control signal, which will con

trol the opcrating timc of a signal generator and a power amplifier so that the 

stepping motion of USM can be implemented. 

Single-step running is showed in Fig. 10.1. The time for USM's startup is t, , 

in which thc anglc that is rotatcd by thc motor is e,. Similarly the dccaying timc 

is t" the angle rotated by the motor during ( is ec • The angular speed and corre-

sponding running time in steady state are iJ and tp • respectively. 

lIs 

Fig. 10.4 USM's stepping motion 

controlled by poweron time 

Fig. 10.5 USM's stepping motion 

controlled by number of 

excitation periodicity 

/I 

If the motor's displaccmcnt of thc ith step is ei • thcn thc timc uscd for thc 

step should be 

Thc powcron timc is 

t, + tp + t, 

ei - e, - ec 

iJ 

(10. 1) 
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(10. 2) 

The minimum interval time between these two steps is t,. The minimum step 

angle including a starting proeess and a deeaying process is e, + e,.. It is relevant 

to the rotational speed. The higher the speed is, the larger the step angle will 

be. Taking TRUM-45 as an example, the minimum step angle is about 15 de

grees in the clockwise direction while in the counter-clockwise direction is about 

20 degrees including the entire starting and decaying stage, and its corresponding 

positioning error is 10 %. 

2. Open-loop control method based on periodicity number of excitation as 

control variable 
The open-loop control method based on the periodicity number of excitation as 

the control variable hopefully gets more position precise than that obtained by the 

previous open-loop control, and the differences mainly show in the process of 

shutdown. In the previous way, the driving signal hardly controls the motor to 

stop at the moment of the stator's vibration. This leads to the difference in the 

initial conditions when the stator starts the free vibration with damping. While 

nowadays, the exact initial conditions can be known. The similar initial condi

tions mean that the similar decaying time can be obtained. 

This controlling method is similar to the first one. The periodicity number of 

the excitation for startup of the USM and its corresponding angular displacement 

and the decaying time and the corresponding angular displacement in different 

loads are obtained by experiments. Furthermore, the data are stored in the 

memory of DDS (Direct Digital Synthesizer) in data tables. When DDS receives 

the instruction of the step pitch and the number of step, which will check out the 

periodicity number of the excitation for startup and decaying of the USM and its 

corresponding angular displacement accorded in the tables. From the angular dis

placement relating to the single periodicity number of the excitation, DDS will 

give the periodicity number of the excitation for every step when the USM oper

ates steadily. The step movement can be controlled by a power amplifier. 

The periodicity of single step operating is shown in Fig. 10. 5. It is assumed 

that the periodicity number of the excitation for startup of USM is n,. During 

this period the rotational angle of the motor is e,. The shutdown time is t, and 

corresponding rotational angle is e" the stable angular speed is & and the operat

ing frequency is foi' 

If the angular displacement of the ith step is ei , the periodicity number of the 

excitation for this step is 

(10. 3) 

The minimal time interval between the two steps is tc' The minimal step angle 

is e, + e, including the starting stage and decaying stage. 
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3. Closed-loop control method using the position sensors for feedback 
The control prccision of thc opcn-Ioop control is primarily relatcd to the stability 

of the startup and decaying processes of USM. Because of the poor stability. the 

feedback must be added to reduce the single-step displacement error and the 

accumulated error brought by the multi-step operating. A relatively direct 

approach is to utilize a position feedback. 

Photo-electricity encoders or other position sensors can be used to acquire the 

location information. The informations acquired are then sent to the computers 

through the data acquisition card. The computer will cut off the driving signal in 

advance based on the built-in shutdown time tc of the motor. so that the motor 

will stop in the target location. The control precision of this method is not rele

vant to the startup process of the motor. but primarily depends on the stability of 

both the shutdown process and the resolution of the photo-electricity encoder. 

This method can get small step angle because it is not necessary to a complete 

startup process. However. it should be noticed that when the poweron time is 

less than startup time. the stator begins to enter the state of decaying from non

resonance of the stator with smaller amplitude and smaller speed. Different pow

eron time corresponds to different exciting state. The list of angular displace

ment relating to the different poweron time and poweroff time needs to be placed 

in the computer's memory in advance. 

The stepping control is shown in Fig. 10. 6. The shutdown time is t,. During 

this period the turning angle of the motor is B,. The angular speed of the motor is 

e(t). The computer's instruction execution time is Tafter computer gives the in

struction of shutting down the power. :'\lamely. the computer will send the pow-

eroff command when the motor is at a location B = B, + TB (t) away from the tar

get one. If the angular displacement of the ith step Bi is required and during the 

startup time t, the turning angle of the motor is B,. then the step angle Bi can be 

written as 

(10. 4) 

From Eq. (10.4). Bi can be reduced by decreasing B,. B, and e (t). and can 

reach a minimal step angle (B,> min. 

Previous three control methods can use a control strategy called DCM (Differ

ential Composite Motion) to get a smaller step angle. Tsinghua University 

Xiangcheng Chu. Zengping Xing. et al. described this strategyllo-. and fulfilled 

the step control in a shaking head type USM. whose diameter. length and oper

ating frequency are ¢15mm. 42mm and 30-45kHz. respectively. It's no-load 

speed is 150r/min. stall torque 0.12N·m. startup time o. 24ms. and minimum 

step angle 12" . 

The step angle Bi can be obtained by the way of turning forward and backward. 

As shown in Fig. 10. 7. the every step contains two processes: one is starting for

ward. running and decaying; the other is starting backward. running and deca

ying. There are some advantages in this way: the smaller step angle and greater 

output torque can be obtained. The displacements in the two startup and deca-
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ying processes can be subtracted with each other, which can reduce the error 

from instability statc. But thc way is forbiddcn whcn thc ovcrshot is not allowcd. 
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Fig. 10. 6 Stepping motion of USM 

using closed-loop control 
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10. 1. 3 Factors Impacting on Single-step Positioning Accuracy 

For the step USM, the single-step displacement accuracy depends on its stability 

including the stability of stator's vibration and the force transferring to friction in

terface at different time and in different environment. 

1. Stability of stator's vibration 
The main factor influencing the stability of stator's vibration is the change of 

connecting performance between the stator and piezoelectric ceramics. At pres

ent, there are three ways to connect a stator with a piezoelectric ceramics: com

pacting way. welding way and bonding way. 

(1) Compacting way 

Compacting way is conducted by a clamping force induced with connecting 

bolt, which makes both the modal frequency and amplitude sensitive to the clam

ping force. When USM is running, the heat from both the piezoelectric ceramic 

pieces and the friction interface will cause the stator's temperature rise. Due to 

thermal expansion the clamping force changes, then results in the fluctuation of 

the stator's modal frequencies and amplitudes. In addition, after long running, 

the motor's rated speed will change. Generally, thc piezoclcctric constant d" is 

bigger than its d 31 • and the clamping method is more suitable for these transduc

ers that take the d" piczoelectric effcct, such as an ultrasonic motor using longi

tudinal-torsional bybrid vibration (scc Chap. 8). 

(2) Welding way 

Welding way is the mcthod that joins piczoclectric ccramic picces and a stator 

under a high tcmperature. which is bcneficial to more cffectively transfer piczoc

lectric ceramic deformation to the stator; further, it can provide high excitation 

cfficicncy along with dccreasing mcchanical hystcresis. In addition, the wclding 

possesses high rcliability and stability. and thc performances of USM arc prefer

able. However, in general, with the stator vibration. the strain of the piezoelec

tric ceramic picces on the welding surfacc and thc strain of the stator surface are 
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not totally consistent. This leads to a loealized stress concentration when USM is 

running, and the welding layer will has fatigue failure. 

(3) Bonding way 

Bonding way is the method of which water glue cement and so on bond a piezo

electric ceramic pieces to a stator in certain temperatures and pressures. Cur

rently, an epoxy resin and acrylic adhesive is uscd extcnsivcly for USM. The ad

hcsivc possesses sufficient strength, which can provide thc clastic link bctween 

the stator and piezoelectric ceramic pieces and release the stress concentration on 

the bonding surface. Mostly this approach can be just utilized for the d 31 piezoe

lectric effect. Beside the thickness of the adhesive layer has great effect on the 

excitation efficiency, tempcrature changc also affect the clasticity of thc layer. 

Comparatively, the welding way and bonding way can make USM operating 

stable, while compacting way can induce some unstability. 

2. Stability 0 f friction interface 

Good performancc of thc friction interface can cnhancc the torque or thc running 

velocity of USM. A moderate friction coefficient, high hardness and high wear a

bility are thc basic rcquiremcnts for thc friction interface. 

Thc stability of thc friction interface is affcctcd by thc factors including the 

charactcristics of friction materials, thc surfacc morphology of the intcrfacc and 

the changes of the tribopair to cnvironmcnt, such as tempcraturc, humidity, and 

vacuum (scc Chap. 3). 

Thc stability of friction interfacc is a kcy to achieve thc stablc step interval of 

the step USM. The wear and tear of the tribopair change operating condition. 

From analysis above, we can draw the following conclusions: applying the ma

terials with a moderate friction coefficient, high hardness and high wearability is 

bcneficial for obtaining more stablc friction interface. 

10. 2 Step USM with Fixed Step length 

10.2.1 Standing Wave USM Used for Constructing Step USM 

The standing wave USM discussed in this section is a type of rotational USM 

whosc stator is ring shapc, as shown in Fig. 10.8. Thcre arc 4 tccth distributcd 

equally on the ring stator. Thc rotor is prcssed on it by thc prc-prcssure providcd 

with a spring. The monodirectional polarized piezoelectric ceramic ring has 8 uni

form electrodes, as shown in the Fig. 10. 9. 

Figure 10. 10 is a diagram expanded in the circumferential direction of the 

USM. Thc figurc shows that thc stator's modc can be excitcd by thc driving 

voltage. This mode is the standing wavc ¢({}). 

In the coordinate of Fig. 10. 10, the standing wave can be expressed as: 

¢({}) = Wo sin(wt + ({J) cos(k{} - k a ) = Wo cosk{}coska sin(wt + ({J) 

+ Wo sink{}sinkasin(wt + ({J) = ¢l ({}) + ¢, ({}) (10. 5) 
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Fig. 10. 10 Operating mode of standing wave type rotatory USM 
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Fig. 10. 11 Decomposition of stator's operating mode 

Where epj (B) = Wo coskBcoska sin(wt + rp), ep2 (8) = Wo sinkBsinka sin(wt + rp) , k is 

the number of the standing wave in the stator, and here k = 2. ep] (B) and ep2 (B) 

are two standing waves whose phase difference is rr/2 decomposed from ep(B) in 

thc spacc. Moreovcr they are callcd as the mode 1 and mode 2, rcspecti vcly, as 

shown in Fig. 10. II. 

If tceth are takcn as rigid, tccth' s movcmen t will bc dctermined by thc rota

tional and translational movement of the points on the neutral layer of ring which 

is in thc bending vibration. In this figure, the tooth No.1 lies in the location of B 
= rr. The movement of the point on the neutral layer of the ring in the z direc

tion is 

(10. 6) 

The teeth's translational movement is determined by mode 1. That is to say, 

thc point's angle of rotation is 

y = arctan ()ep(BB) I 
rd a-IT 

()ep2 (8) I arctan --B-
rd a-IT 

(10. 7) 
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Teeth's rotary movement is determined by mode 2. Where r is the stator's out

er diameter. 

It is valid to assume that the distancc between one point on the top of tooth 

No.1 and the neutral layer of the ring is h, and then the movement of this point 

in the () direction is 

{)t = ~siny """ ~ CJcp, (()) I = ~ kw o sin(wt + rp) sinka 
r r rd{) O-IT r 

(10. 8) 

Movement of this point in the z direction is 

Wo coskCi' sin(wt + rp) 

(10. 9) 

From the deduction above, the mode 1 makes the tip of the tooth to move in 

thc z direction, while the mode 2 makes the tip of thc tooth to movc in thc () di

rection. Further, Zj and {)j correspond to the point's amplitude of the tip of thc 

stator tooth in the Z and () direction, respectively. 

Giving the pre-pressure, an excitation voltage and height of teeth, the angle Ci' 

bccome thc kcy indicator determining thc synthesis of displaccments. As the an

gle Ci' changcs, the wavc shapc form cd by the tip's movcment is decided. The an

gle Ci' can be determined from design requirement so that the polarized pattern of 

piezoelectric ceramic ring can be determined. 

Thc wave shapes of CPt ({)) and cP, (()) as thc Ci' changcs arc shown in Fig. 10. 12. 
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(0) a ; ;I[/12 (b) a ; I[ /3 

2 2 

- \ 

-20~--------------~2 --------------~4 -20~--------------~--------------~4 

(c) a ~I[/4 (d) cr ~ I[ /6 

Fig. 10. 12 Decomposition of standing wave with different a 

When 0 ~ Ci' ~ re/1 , the amplitude of horizontal movement is larger than the 
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one of vertical movement; when rr/ 1 ~ a ~ rr/2 ,the latter is larger. The shape of 

the locus is determined by h and a. When the designer needs bigger torque, it's 

better to make Zt larger. If the designer needs bigger speed, it's better to make at 

larger. 

re=~=?f?? ~/?74 ~ ~ Jj=vsin(WI)~ ~ 3§s1l1«(~ 
L------(-a-) ----1--E""", -:......:.J-;"'sl""'·n"'(wc:./""") .... (a) E- Vs in(w/) 

I 

Rotor direction 

I 

(b) 

Rotor direction 

(c) 
Fig. 10. 13 Operating principle of 
rotor rotation in anticlockwise 

Rotor direction . 

(b) 

Rotor direction 

(c) 
Fig. 10. 14 Operating principle 
of rotor rotation in clockwise 

Figure 10. 13(a) shows an operating shape produced by the annular plate type 

stator when a single phase voltage E excites the stator. Two of the four teeth of 

stator move in counterclockwise and contact with the rotor. The friction between 

the stator and rotor drives the rotor turning in counterclockwise. The other two 

teeth move in clockwise. Because they located close to the trough and do not con

tact with the rotor, then they cannot push the rotor. In the first half cycle of the 

stator's vibration. the teeth :'\10. 2 and No.1 contact with the rotor and drive the 

rotor, as shown in Fig. 10. 13(b). In the second half cycle of the stator's vibra

tion, the teeth No.1 and No.3 contact with rotor and drive the rotor, as shown 

in Fig. 10. 13(c). 

Figure 10. 11 shows the driving voltage which makes the rotor turn reversely. 

The vibration mode is shown in Fig. 10. 11 (a). The moving decomposition of the 

teeth's tip and the rotor rotation are shown in Fig. 10. l1(b) and Fig. 10. 11(c). 

10.2.2 Modal Rotary Type Step USM 

1. Structure of USM 
The structure of a modal rotary type step USM is basically the same as the previ

ous standing wave type USM. It is made of the annular stator, piezoelectric ce

ramic ring, spring and rotor. The difference is that the teeth arc on the rotor in

stead of on the stator, as shown in Fig. 10. 15. 

2. Driving mechanism 
The stator has a mode BOk excited by the piezoelectric ceramic ring. According to 

thin plate vibration theory, the displacement of point P on the stator's surface in 
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1 Pre· pressure Po 

ROlDr Icelh 

Fig. 10. 15 Basic structure of modal rotary step type 
USM and electrodes of piezoelectric ceramic ring 

the z direction can be expressed as 

wp(r,{),t) = R(r)sin(k{))sin(wt) 

The speed of point P along the () direction can be expressed as 
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(10. 10) 

(10.11) 

wherc d is thc thickncss of the platc, k is the numbcr of thc wavc, w is thc driving 

angular frequency, r is the radial coordinate of the point, and R(r) is the 

Bessel function 

Whcre J n (kr) and Y n (k r) arc the first and sccond type nth ordcr Bessel func

tions, respectively; In (kr) and Kn (kr) are the first and second type nth order cor

rected Bcssel functions. rcs pecti vely. 

The rotor motion is acquired by two actions from the contact of the stator with 

rotor. One is the motion of the points on the stator's surface, and the other is 

the circumfercntial component forcc at the contact points of the stator with ro

tor. From Eq. (10. 11), the spccd V, of point P along () dircction, which locates 

at thc stator's surfacc bctwcen thc wavc crest and nodal diameter, changcs with

in thc cyele of the stator's vibration. as shown in Fig. 10. 16. In the first quartcr 

ofthc cyele of the stator's vibration (namely, wt = 0-rr/2, as shown in Fig. 10. 

16a) or thc fourth quarter (i. e. wt = 3rr/2-2rr. as shown in Fig. 10. 16(d)), thc 

speed V , direction aims at the nodal diameter of the mode shape. In the second 

quarter (i. e. wt=rr/2-rr, as shown in Fig. 10. 16(b)) or in the third quarter (i. 

e. wt=rr-3rr/2, as shown in Fig. 10. 16(c)), the specd V, direction aims at thc 

crests (or trough) of the mode shape. If there is no relative sliding on the con

tacting surface between the stator and rotor, the rotor will acquire the momen

tum in the circumferential direction that depends on thc contacting period bc

twcen thc rotor's tccth and stator. 
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z 

(WI =0- 1[ / 2) Es in(w/) (w l = x - 3x/2) 

(c) 

z z 

Es in(w/) (w/ =1[ / 2-x) 

(b) 

Es in(w!} (wl =3x / 2 - 21t ) 

(d) 

Fig. 10. 16 Speed component V, of contact point on stator 

along circumferential direction 

Esi n(wf) (w /=O-1[ / 2) 

(a) 

Es in(WI) (wl =1[ / 2-1[) 

(b) 

z 

z 

Es in (wl) (wl = 1[ -37t / 2) 

(e) 

Esi n(W/) (WI =31[ / 2 - 2x) 

(d) 

Fig. 10. 17 Forcc component jd of contact point on 

rotor along circumferential direction 

The force fd in the circumferential direction is caused by the changing the 

slope on the contacting surface of the stator with rotor under the pre-pressure 

Po. The direction of the force fd also changes during the cycle of the stator's vi

bration, as shown in Fig. 10. 17. In the first quarter of the cycle of the stator's 
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vibration G. e. wt=O-rr/Z. as shown in Fig. 10. 17(a» or in the second quarter 

(i. e. wt= rr/Z-rr, as shown in Fig. 10. 17 (b», the force Id direction aims at the 

nodal diametcr of the mode shapc. In thc third quartcr (i. c. wt = rr-3 rr/ Z. as 

shown in Fig. 10. 17(c» or the fourth quarter of the cycle of the stator's vibra

tion (i. e. wt=3rr/Z-Zrr. as shown in Fig. 10. 17(d». the direction of the force 

Id aims at thc trough or crests of the vibration shapc. If thcre is rclative sliding 

on the contacting surfacc between thc stator and rotor. thc rotor will be driven 

by the circumferential force component Id whose direction depends on the contac

ting pcriod betwecn the rotor's tecth and thc stator. 

If the rotor only contacts with thc stator during the first quartcr of thc cycle of 

the stator's vibration, which can assure that the motion component V, has the 

samc dircction with thc forcc component Id. In fact, if the numbcr of teeth on 

thc rotor is as twicc as that of the nodal diamctcrs, the stator will contact with 

the rotor in the first quarter or the second quarter of the vibration, i. e. wt= O-rr/ 

Z or wt=rr/Z-rr, as shown in Fig. 10. 18. 

£s in Q)/ (Q)/"O- rr) 

(a) 

() 

Es in (v / (Q)t=rr-2rr) 

(b) 

Fig. 10. 18 Contact points between the stator and rotor 

8 

Fig. 10. 19 Force analysis of rotor's teeth Fig. 10. 20 Relationship of 
V, and Id vs. time 

() 

(01 

Assuming that the rotor contacts with stator during the first 1/1 cycle of the 

vibration, the circumfercntial component Id induced by contacting thc stator with 

rotor teeth under the pre-pressure Po can be expressed as 

Id = Po cosB sinB = ~o sinn 

1 dz(r,{),t) R(r) 
tanB = = k --cos(k{)sin(wt) 

r d{) r 
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Considering that fj is small, there is an approximate relationship, as shown in 

Fig. 10. 19 

Thus 

sin2fj """ tan2fi = 2 tanfj """ 2 tanfj 
1 - tan'fj 

R (r) . fd """ Potanfj = Pok --cos(k{})sm(wt) 
r 

(l0. 12) 

The changes of V, and fd versus time t are shown in Fig. 10. 20. In the period 

of the contact, the circumferential movement of the points on the stator's surface 

contributes to drive the rotor; while in the anaphase of the contact, the circum

ferential force component produced by contacting both the stator and rotor teeth 

under the pre-pressure will also drive the rotor more effectively. Thereby, the 

dcsign on the contact period of the stator with rotor is directly relatcd to the dc

sign of frictional fcaturcs of thc contacting interfacc. 

The friction coefficient that is big enough can make the horizontal movement of 

the points on the stator to transmittcd reliably to thc rotor; the small friction 

coefficient makc thc stator and rotor teeth to possess relativc slide under the prc

pressure, so that the circumferential force component Fd can come into better use 

for the driving force. 

It is impossible to design two friction materials with friction coefficients on the 

same surface, and only one of driving methods can be chosen to design the motor: 

(1) Usc horizontal movcment of the points on thc stator surface to drive thc 

rotor, which has large enough friction cocfficicnt. 

(2) Use the circumferential component force under pre-pressure between the 

stator and the rotor's teeth to drive the rotor, keeping the friction coefficient as 

small as possiblc. 

3. Stepping principle 
Modal rotary type step USM relies on the vibration of the stator ring to make the 

rotor stepping. As shown in Fig. 10. 15, the piezoelectric ceramic ring is polar

ized in one way in the axial direction. The number of electrode is 20. Four teeth 

are distributed on the rotor uniformly, and B02 is the operating mode. On the 

purpose of convenient observation, the stator and the rotor are expanded along 

eireumferential. as shown in Fig. 10. 2l. 

The sinusoidal voltage is utilized for the electrodes of the piezoelectric ceramic 

ring, as shown in Fig. 10. 21(a). The bending standing wave Bo, of the stator is 

excited. The rotor's teeth move forward to the stator's nodal diameter under the 

effect of the stator, as shown in Figs. 10. 21(b) and (c). When the rotor's teeth 

locate at the nodal diameter, as shown in Fig. 10. 21 (d), the first step of the 

motor's movement will be over. When the step is finished, the power is supplied 

to the electrodes of the piezoelectric ceramic ring. From Fig. 10. 21(e) , the ben

ding standing wave B02 of the stator is excited again, but at this time the standing 

wave has turned 21(/20 arcs around the motor's shaft. The rotor's teeth moves 

forward to the stator's nodal diameter, as shown in Figs. 10. 21 (0 and (g). 
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Fig. 10. 21 Moving decomposition for modal rotary type step USM 
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When the rotor's teeth locate at the nodal diameter of the stator, as shown lil 

Fig. 10. 21(h). the second step of the motor's movement will be finished. Fur

thermore, changing connecting pattern of electrodes the power can make the 

standing wave turn step by step, and drive the rotor stepping, whose step angle 

is 2rc/20 arc. 

4. Step number and step length 
In fact the minimum step angle of the motor is the minimum angle () which is the 

turning angle of the standing wave in the stator. The most step number of the 

rotor turning in one cyele is N = 2rc/{), which relies on the wave number k of the 

standing wave, the electrode number m", and the electrode number m, applied 

power. :'\J ext the mode BOk is discussed as an example to explain the relationships 

between these parameters. 

If the operating mode of the stator is Bok ' the wave number of the stator's cir

cumferential wave is k and the wave length is A = 2rc/ k. The number of rotor's 

teeth is less than or equal to 2k. In order to make all points near each nodal di

ameter to drive the rotor, the number of the rotor teeth is 2k for the best. In or

der to excite effectively the bending mode. the angle of each sector area should 

be less than half of a wavelength, 1. e. 

(l0. 13) 

The number of the electrodes should satisfy 

2k (l0. 11) 
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If each crest or trough of the standing wave all can be excited by one corre

sponding sector area. it can be called as a "pure" mode exeitation. Here. the 

number of the group is me = 2k. and this approaeh requires the number of elec

trode is mp = 2jk (j is the natural number), which means mp is 2j times of the 

number k of the stator's circumferential wave. In such circumstances. the step 

angle is e = 2rr/mp. As shown in Fig. 10. 22. B01 mode, the number of the group 

is m, = 8; the number of the eleetrodes is mp = 40; the step angle is e = 2rr/40 and 

the number of the steps is N = mp = 10. 

Fig. 10. 22 A "pure" mode excitation method 

The smallest step angle using the" pure" mode exeitation method is only deter

mined by the number of the sector areas (electrodes). Due to the restrictions of 

mechanical process. this approach will obtain a larger step angle as well as a 

smaller number of steps. 

The other excitation method is the non-pure mode excitation one, which means 

the number of group satisfies m, < 2k. In this way, the same step angle ean be 

received with less group. However, the number of group is reduced, and the 

problems arising from it is that the utilization for piezoelectric ceramics deelines 

and the output power is less. The relationship between the numbers of steps. 

the group and electrodes can be expressed as 

(l0.15) 

For the smallest step angle 

e = 2rrm , = rrm , 
2kmp kmp 

(l0.16) 

An example is of the B01 mode: the number of group m, = 2. the number of 

electrodes mp = 10, the step angle e = rr/20 and the number of steps N = 10. 

5. Design of modal rotary type step USM 
Figure 10. 23 (a) is an assembly drawing of the 80-step motor. No. 01,02,03. 

and 04 are a rotor. rotor teeth. stator. and piezoeleetric ceramic ring, respec

tively. The outer diameter, inner diameter, and thickness of the stator are 
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60mm, 15mm, and 3mm, respectively. Fig. 10. 23(b) is the piezoelectric ceram

ic ring attached on the back of the stator, whose outer diameter, inner diameter, 

and thickness arc 60mm, 45mm, and O. 5mm, respectively. 

(a) (b) 

Fig. 10.23 SO-step motor (a) and electrodes of piezoelectric ceramic ring (b) 

Fivc·pha c 
ring cotllHer Lock outpu t signal 

'I D- r-iv-e - ig-'n-al:--------JJ f 

Amplifier 

Fig. 10.24 Schematic diagram of five-phase drive circuit 

The ceramic ring is evenly divided into 20 sector areas (namely m" = 20, which 

all are polarized in one direction). The sector areas are divided into 5 groups, 

which are marked the number 1, 2, 3, 1, and 5. Then each group has 1 sector 

areas, namely m,=4. The step number is N=80, and the step angle 11=271:/80. 
The step motor is known as the rotary step USM with five phases and 80 steps. 

Figure 10. 21 shows the element block diagram of the drive circuit for the rota

ry step USM with five phases and 80 steps. Fig. 10. 25 presents an actual driving 

circuit schematic. The five phases drive signals arc from a PWM controller 

TL494 (controlling the output voltage through adjusting pulse width), and the 

output frequency of the drive signal is elose to the resonant frequency of the sta

tor. The five-phase ring counter is composed of two four-ring counters 10191. 

The stepping elock is controlled by chip 555. The output signal of the five-phase 
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ring counter through the gate circuit transmits the drive signals to the push-pull 

con trol circuit terminal. 

Figure 10. 26 shows the measured results of angle displacements when a rotary 

step USM with five phases and 80 steps is rotating in the two opposite direc

tions. The maximum error of the step angle is about O. 7°. After running 800 steps. 

the ultimate angular error is no more than O. 7". 
In the case of load-free. the maximum speed of the step USM is 6. 25r/min. 

when the drive time of each step is not less than O. 2 second. The maximum out

put torque of the USM is O. 068N'm 
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(b) Forward rotation 

Fig. 10.26 Step angular displacement measurement of a step USM 
with five phases and 80 steps at forward rotation or backward rotation 

Fig. 10.27 Rotors and stators of mode 
rotary type step USM 

Fig. 10. 28 Mode rotary type 
step USM using 5-phase driver 

Figure 10. 27 shows the stators and rotors of the rotary type step USMs with a 

80-step. a 120-step. and a 168-step[67: designed by the author. long J in. et al. 

Fig. 10.28 shows a step USM using a 5-phase driver. 

6. Features 
By modal rotation and changes of nodal diameter location. this kind of motors 

makes rotor teeth move to the nodal line and drives rotor to movement step by 
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step. There is no accumulation of errors because it is from certain modes corre

sponding to the rotor position. 

10.2.3 Self-correction Peak Type Step USM 

A self-eorrection peak type step USM realizes its step motion by switehing its 

two operating states: standing wave driving and self-correetion positioning. 

1. Structure and driving mechanism of the motor 
The structure of self-correction peak type step USM is similar to the aforemen

tioned standing wave type one. It is made of a stator, piezoelectric ceramic ring, 

spring and rotor. The difference is that the rotor has some radial slots, as shown 

in Fig. 10. 29. 

Spring 

t Pre-pressure I'. 

Fig. 10. 29 Self-correction (tuning peaks) type step 

USM's structure (left) and electrodes (right) 

(a) (b) 

Fig. 10.30 Self-correction mechanism of self-correction peak type step USM 

This type of step motors uses the stator's bending mode as an operating mode, 

and its two operating states are determined by the relative position between sta

tor teeth and the standing wave. When stator teeth are between the standing 

wave peaks (or trough) and the nodal diameter, the motor is in the state of the 

standing wave driving, and its driving mechanism is the same as the aforemen

tioned standing wave motor. Meanwhile the friction at the interface is active. 

When stator teeth locate near the wave peak (or trough) , it is in the self-correc

tion positioning state. 

Self-correction mechanism is shown in Fig. 10. 30. Under the action of pre-
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pressure F n , the torsional deformation of the rotor's lobule leads to a eircumfer

cntial force F" as shown in Fig. 10. 30 (a), which drives the rotor rotating. 

Whcn stator teeth arc in thc rotor slot, thc circumfcrential forces F, and F', act at 

the adjacent two lobules of the rotor, which possess the same magnitude but the 

opposite directions, and the rotor is no longer rotating to realize the rotor's posi

tioning. Thc relative sliding during thc contact of the stator with the rotor is a 

nccessary condition for the rotor's rotation. As a result, thc friction force at thc 

interface is resistance. 

Because stator teeth stand in the peak (or trough) is the self-correction state, 

this type of motors is called as thc self-correction pcak typc step USM. Thc 

torque in the self-correction statc dcpends on the torsional anglc, which is 

formed by the torsional deformation of the rotor's lobule turning around thc geo

metric symmetry axis under thc action of the stator tooth. 

2. Stepping principle 
As shown in Fig. 10. 29, the step motor with 4 s ta tor teeth, 8 rotor slots and a 

piezoeleetrie ring unidireetional polarized with 12 eleetrodes are designed. In the 

motor structure, B02 operating mode is utilized. To facilitate observation, it is 

valid to expand the motor and rotor along circumference, as shown in 

Fig. 10. 31. 

I i I:. fJ m( rtJ /) 

(a) 
-b'osin(tti ' ) 

Response of rotor 
• 

Response of rOlor 
• 
~~eZ~2!eZ2&: 

/-"-~ 
(c) 

-H.sin(tti ' ) 
(d) 

./~""-....n......'l"~ -' ~. " 
(e) 

-~ 
(f) 

Fig. 10.31 Motion decomposition of self-correction peaks type step USM 

The voltage supply is applied to the electrodes in accordance with Fig. 10. 31 

(a). The E02 bending standing wave is excited by the piezoelectric ceramic ring. 

Under the action of stator teeth, the rotor moves along the direction as shown in 

Fig. 10. 31(b) and Fig. 10. 31(c). While the rotor slot is in the vicinity of stator 

teeth, the voltage supply is applied to the electrodes in accordance with Fig. 10. 

31(d). The E02 bending standing wave is excited by the piezoelectric ceramic 

ring, and at this moment stator teeth are in the place of peaks (or trough). The 

rotor's lobules are distorted by the effect of stator teeth, which contributes to a 

circumferential force to make the rotor slot finally to stop just in stator teeth, as 

shown in Fig. 10. 31(e) and 10. 31(f). It is the completion of self-correcting posi-
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tioning, and the motor's first-step movement has finished at the same time. In 

this way, alternately changing the electrodes in accordance with Figs. 10. 31(a) 

and (d), the rotor can alternately obtain the both operating states: the standing 

wave driving and self-correction positioning. Further, the motor step angle is 

2 rr/ 8. 
The step angle of this type of step USMs equals to the angle between the adja

cent slots on the rotor, and this is related to the number of rotor's slots. The 

more the slots are, the smaller the step angle is. The number of stator teeth is 

related to the usc of the operating mode. if we adopt the mode EOk , the number of 

teeth should be 2k. Fig. 10. 32 shows the self-correction peak type step USM de

veloped by Chunsheng Zhao and Guiqin WangL1 -S-. If using B12 vibration mode, 

the stator is installed with four teeth, and the stator's outer diameter is 10mm, 

the inner one is 21mm. the height of teeth is 3mm. the stator's thickness is 

1. 5mm, and its material is 40Cr steel. The rotor is cut into a series of the lob

ules from the stepping angle, as shown in Fig. 10. 32. 

As shown in Fig. 10. 33, it illustrates the mechanical characteristics of the 

three kinds of self-correction peak type step USMs (as single-phase driving mo

tors) at the same pre-pressure. Their driving frequency and driving voltage arc 

32. 78kHz and SOV, respectively. 

Fig. 10. 32 D1 0 self-correction 

peak type step ultrasonic motor 
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Fig. 10.33 Load characteristic curve 

The relevant size parameters are as follows: 8-s10t copper rotor's thickness is 

1. 8mm; 16 slot aluminum rotor's thickness is 3. Omm; a 8-s10t aluminum rotor's 

thickness is 3. Omm. Comparing the characteristic curves, the performance of 

the USM with a copper rotor is better, mainly because the copper's friction coef

ficient is larger and machining precision is higher. 

3. Features 
As the friction at the interface in the two operating states produces the contrary 

effect, a suitable friction coefficient and a suitable pre-pressure arc main factors 

for operating of the motor, but it is very difficulty to increase a torque in inte

grated design. In addition, there is another key factor altering the states from 

the driving state to the positioning state through a switch. Too early switching 
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will make the rotor to baek to original position. On the contrary, switching too 

la te will make the rotor to enter in to afterward self-correction region, resulting 

in multi-step phenomenon. 

Corresponding with the self-correction peak step USM, there IS another self

correction step USM called the self-correction nodal-line type step USML36_, 

which also uses the mutual switch of standing wave driving and self-correction 

positioning to achieve stepping movement. The only difference is that its stator 

teeth locate at the nodal diameters of operating mode at the self-correction state. 
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