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Abstract. In this paper, the double displacement coupled statics and dynamics of the electromechanical
integrated electrostatic harmonic drive are developed. The linearization of the nonlinear dynamic equations
is completed. Based on natural frequency and mode function, the double displacement coupled forced
response of the drive system to voltage excitation are obtained. Changes of the forced response along with
the system parameters are investigated. The voltage excitation can cause the radial and tangent coupled
forced responses of the flexible ring. The flexible ring radius, ring thickness and clearance between the
ring and stator have obvious influences on the double displacement coupled forced responses.
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1. Introduction

Micro-electromechanical system (MEMS) can be described as machines constructed of small
moving sub-elements that have characteristic dimensions in the range of about 0.5-500 zm. Such
devices have potential applications in electronic assembly, medical, microspacecraft and military
equipment. The MEMS devices require high integration of the mechanical, electric and control
techniques (Thielicke and Obermeier 2000, Giuseppe 2007, Bao and Mukherjee 2004).

Author invents an electromechanical integrated electrostatic harmonic drive as shown in Fig. 1.
The drive mainly consists of a flexible ring and an outer ring stator. The outer ring stator electrodes
are applied to voltage sequentially, and a rotational electric field will be produced which will result
in a periodic elastic deformation of the flexible ring and the periodic capacity changes between
flexible ring and stator. It produces tangential electric field forces to drive the axis to rotate. As the
stator is fixed, electric potential is applied to each segment of the outer ring with small screw. The
flexible ring is supported on output axis which is put to earth. Thus, the flexible ring is put to earth.
Hence, the voltage between the inner ring and a segment of the outer ring can be produced without
brushes or sliding contacts. In the drive, integration of the harmonic drive, motor and control can be
realized. It is a new concept of the electromechanical drive system (Xu et al. 2007). Compared with
piezoelectric and electromagnetic actuation principles (Oliver 2000, Wu et al. 2006, Lizhong and
Xiuhong 2007), the electromechanical integrated electrostatic harmonic drive needs neither
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(a) (b)

Fig. 1 An electromechanical integrated harmonic drive (1-Flexible ring, 2-Outer ring stator)

Fig. 2 The operation of electromechanical integrated electrostatic harmonic drive

additional elements like coils or cores, nor special materials like piezoelectric ceramics. It is more
favorable for miniaturization of the electromechanical devices. Compared with other electrostatic
actuation principles (Sarros er al. 2002, Nadal-Guardia ef al. 2003, Bao and Mukherjee 2004), the
drive does not require fabrication of the teeth on microelements and its rotational axis does not
wobble. Thus the device reported here is easier to fabricate and use. The drive also offers other
advantages such as higher load-carrying capacity and low required precision of fabrication.

Fig. 2 shows the operation for a six-segment rotary electric field electromechanical integrated
harmonic actuator. Initially, a voltage is applied between the flexible ring and segments 1 (positive
potential) and 4 (negative potential) causing an elastic deformation of the flexible ring as shown in
Fig. 2(a). Next, a voltage is applied between the flexible ring and segments 2 (positive potential)
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and 5 (negative potential) causing an elastic deformation of the flexible ring as shown in Fig. 2(b).
Voltages are then applied sequentially to segments 3 (positive potential) and 6 (negative potential)
as shown in Fig. 2(c), 4 (positive potential) and 1 (negative potential) as shown in Fig. 2(d), 5
(positive potential) and 2 (negative potential) as shown in Fig. 2(e), and 6 (positive potential) and 3
(negative potential) as shown in Fig. 2(f), which completes one electrical cycle. Note that the
position of the black dot shown in Fig. 5(f) has rotated slightly after one complete electrical cycle
compared to its initial position in Fig. 2(a). Note that the flexible ring rotates in the opposite
direction to the electrical excitation sequence as shown as arrow in Fig. 2.

The dynamics of the microsystems is an important subject that should be developed.
Understanding the dynamic behavior of MEMS is very important for controlling their performance.

In this paper, the double displacement coupled statics and dynamics of the electromechanical
integrated electrostatic harmonic drive are developed. The linearization of the nonlinear dynamic
equations is completed. Based on analysis of natural frequency and vibrating modes, the double
displacement coupled forced responses of the drive system to voltage excitation are obtained.
Changes of the forced response along with the system parameters are investigated as well. Results
show: the voltage excitation can cause the radial and tangent forced responses of the micro flexible
ring; for given simple harmonic voltage excitation, the forced responses are also simple harmonic
vibration; the flexible ring radius, ring thickness and clearance between the ring and stator have
obvious influences on the double displacement coupled forced responses; in order to get good
dynamic performance, smaller clearance, thickness and radius should be selected. These results can
be used to design and manufacture of the drive system and can offer some reference for other micro
electromechanical systems.

2. Electromechanical coupled statics
The dynamic equation of micro flexible ring subjected to force is

2 2
10 [Elx(av o uﬂ_EA(zJ, 1%) = —q.r+ pdiir

6L 7 00 o rord (1)
2
EAQ(Z.,.l%) +l£ Elx(@—ﬂﬂ = —q,r + pAvr
0\r rd® rof ,2\00 pg*

where u and v are radial and tangential displacements of the micro ring, respectively; & and ¥ are
the second derivatives of displacement # and v with respect to time, respectively; r is the average
radius of the ring. A4 is its transverse section area; o is material density of the ring; £ is the modulus
of elasticity of the ring material; /. is section modular of the ring, I, = /d ’112 (! and d is effective
width and the thickness of micro ring, respectively); @ is position angle of the micro ring; ¢, and g,
are radial and tangential loads per unit arc length applied to the flexible ring, respectively.

From Eq. (1), let # =0, V=0, and v = Ju/J6, balance equation of the ring is obtained as
below

2 4 2
u+zﬂ+&;=r_(q,_@_@ @)
o0 2¢' EANT 5
A micro flexible ring under electrical field force is shown in Fig. 3. The micro ring is inside an
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o+

Fig. 3 A micro flexible ring subjected to electrical field force

outer ring stator which consists of a number of conductive segments with an insulating layer
between the micro ring and outer ring and also between adjacent segments. The central angle of
each segment is 2. When a voltage is applied between a segment of the outer ring and the micro
ring, a distributed electrical field force is subjected to the micro ring. Using Rayleigh-Ritz method,
the displacement distribution is investigated (Xu and Qin 2007). The results show that the
maximum error is about 7% when assumption that the electric field force is uniform is used. For
simplifying analysis, the uiniform electric field force assumption is used here. Assuming that the
electrical field force is uniformly distributed on the micro ring, the radial and tangential electric
field forces per unit arc length can be denoted by symbol ¢,y and g, which are applied to micro
ring, through the central angle [-£, f].

Let w denote the radial relative distance between the flexible ring and outer stator, and the radial
electrical field force F, between them can be given

F =—v.== 3)
w

Where v;; and C are voltage and capacitance between the flexible ring and outer stator, respectively.
The clearance between the micro flexible ring and the outer stator is so small that the capacity
between them can be calculated by equation of flat capacitor

C= B. & - 2mrl @)
T t—uy+d.J/s,

Where & is permittivity constant of free space, & = 8.85x 107 C* - N' - m™, & is relative

dielectric constant of the insulating layer, 7 is initial clearance between micro ring and outer ring, d,
is width of the insulating layer, #, is average radial displacement of the micro ring within central
angle [-4, fl.

Combining Eq. (3) with Eq. (4), the radial electric force g,, between the micro ring and a segment
of the outer stator ring per unit arc length can be calculated as following

2
Fe _ V[SEOI

2Br " 2(1—7g +dJs)

4dr0 = (5)
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Here neglecting tangential load, and then the static load distribution on the micro ring is shown as
below
Vi-ogol
2t—ig+d/g)
When < O0<7-p and 7+ < O0<27x-p0,q,=0
The load can be defined in Fourier series form as

When —B< 0<f and 7- <0< 7+ p, q,, =

qrs = qo+ Y qic0skd (6)
1
Where ¢, = 2q“6" q; = %sinkﬂ
T 7k
Let static displacement u = Z C,cosk®, and substituting it and Eq. (6) into Eq. (2), yields
k=2,3,6, ...
2 .
_ 40” _SIkB_ sk (7)
nEA

k=276, k(K — 1)2

The average radial displacement u,, of the flexible ring can be calculated as below

2 .2
170:2L ﬂud@:% M (8)
Br TEAP, T, (K -1)

3. Electromechanical coupled dynamics
In Eq. (1), compared with radius » of the ring, the transverse section size of the micro flexible

ring is so small that term /. is much smaller than term 4. So the term EI, in Eq. (1) can be
neglected and Eq. (1) is simplified as

2
O P
20" """ 4E

5\76) p q},‘ _ 0
56‘ E AE

The total radial displacement u of the micro flexible ring consists of the static displacement #, and
the dynamic displacement Au

)

U =uy+Au (10)

The total tangential displacement v consists of the static displacement v, and the dynamic
displacement Av

Vv =vy+Av (11)

The change of the displacement results in changes of the capacity, voltage and electric field force
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between micro flexible ring and outer stator. Then, the total capacity C consists of the static
capacity C, and the dynamic capacity AC

C=Co+AC = Co+9€| Aw (12)
dw

wg
Where distance w = f—u, Aw is dynamic component of the distance corresponding to dynamic

displacement Au, w, is static component of the distance corresponding to static displacement .
Total voltage v;; consists of the static voltage v, and the dynamic one Ay

Vis = Viso + Avis (13)

The total radial electric field force F, consists of the static electric field force F|, and the dynamic
one AF,

F, = F,+AF, (14)

Then, the radial load g, per unit arc length on the micro ring consists of the static component g,
and the dynamic one Ag,

4, = 4, +1Aq, (15)

The tangential load ¢, per unit arc length on the micro ring consists of the static component ¢,, and
the dynamic one Ag;,

q: = 4,5+ Aq, (16)

Substituting Egs. (12), (13) and (14) into Eq. (3), neglecting the higher order term, yields

1 2dC
F, = —y %= 17
0 2v1s0dw . ( )
AFe = _1 V%SOdlj AM)-l_zvisOd_C‘ Avl's (18)
2 dwz dw wqy

Wy

When the voltage is stable, it is reasonable assuming that Av, ~0. Substituting Egs. (17) and (18)
into Eq. (5), yields the following equation
2

L=Vl (19)
T 2(t-uy+dJ/g)
2 2
Aq, = AF.)2fir = _1vi0d—c;" Aw/2fr = _VO—‘g"l3Aw (20)
2 aw (t—7y+d. /)

Wo

Substituting Eqgs. (10), (11), (19) and (20) into Eq. (9), neglecting the higher order term, yields the
following equation
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2 2
Au+ dAv + pr—Aii - A_q,r
o6 E AE
é(Au + @)
o6 o6

=0
21

2 2
A 2
E AE
Eq. (21) is linear electromechanical coupled dynamic equation of the micro ring subjected to
electric field force.
Because of the structure and load symmetry of the micro ring, the dynamic displacements of the
ring can be calculated on one-quarter of the micro ring. The dynamic load Ag, is distributed as
below

2
Ag, = %Au (0<6<p) (22)
(t—uy+d./g,)
T
Ag, =0 (ﬁs o< 5) 23)
Neglecting tangential load, substituting Egs. (22) and (23) into Eq. (21), yields
2 2 2
Auy + 52;1 + Py —/:—E—_Vogol Auy =0
(t—uy+d./s,) 0<6<p) (24)
2
%(Aul + BN as, = 0
2 o6 E
2
Auy + 5222 + p%Ailz =0
2 (ﬁs o< %’) 25)
5( é’sz) oy
Ay + — A, =0
""" o ) T E

Let Au = ¢,(6)q(¢) and Av = ¢,(6)q(?), substituting them into Egs. (24) and (25), yields

b = —ﬂA,cosml 0+ ﬂAzsinmI 0
K Ki (26)

@,1 = A,sinm, 6+ A,cosm, 6

m, m, .
» = ——=A;cosm, 0+ —=A,sinm, 6
b X, 3 2 X, 4 2 (27)

@,, = A;sinm, 0+ A,cosm, 0

2
Where K,, = P-K,, K;, = 1-K,, m, = M,mzz %,IQ:K@?,K:,OF—,P:]—
K, -1 K,—1 E

2 2
V' Vis &l ..
070 , @; 18 ith natural frequency of the system.

AE(ty—1y +d./c)
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Constants 4,(j=1,2,3,4) are obtained by conditions of micro ring symmetry and continuity
between different sections. The natural frequencies and modes function of the ring vibrations can be
obtained simultaneously as well.

4. Forced response to voltage excitation

From Eq. (18), it is known that under variable voltage, dynamic electrical field force will be
caused
dc,

AF, —Viso

e = Av
dw

Wy

(28)

is

The forced response of the system to voltage excitation will occur. The voltage is applied between
the flexible ring and one of the stator segments through central angle range [—f, f#]. Hence, under
periodic exciting voltage Av,, = v sin@,t (Here, @, is the exciting frequency of the voltage), the
exciting electrical field force AF, can be given as below

v, sinw,t (29)

Wo

AF@ = _ViSOd_C
dw

Then, within angle range [/, f], exciting electrical field force f; per unit arc length is
AF

e visO‘gOl

o

= =—— ysinw.t (30)
2Pr (ty—uy+dJ/s)

Therefore, the exciting force distribution on the ring is as below

When —f<0<f and 7— <0< n+ [, Aq, = f;

When <0< 7-pf and 7+ < 60<27n-5, Aq, =0

The exciting force can also be defined in Fourier series form as

Ag, = Z—f"(ﬂ+2 5 Mcoska) G1)
7 k=2,4,6,... k
Let Q,(¢) and g,(¢) denote generalized force and generalized coordinate, then
vil /2 .

0i(1) = ['Ag, 41 (O)d O+ jﬁ Aq,$,(O)dO  i=(1,2,..) (32)

_ 1 : 4:0) . -
q:(t) = —.[ O:(v)sinw(t— 1)dr+ q(0)cosw;t + —=sinw;t i=(1,2,...) (33)

;%0 o;

1

Where initial values ¢,(0) and ¢,(0) of the generalized coordinate can be determined by initial
condition (here they are taken as zero). Then, above equation is simplified as

4(0) = L ['0(Dsinw,(1 - Ddr (34)
;%

The dynamic vibrating displacements of the system are
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Au(6,1) = 3" 4,(6)q.(1) 35)
i=1

MO0 = 3 400 (36)

Substituting radial vibration mode function into Eq. (32), the generalized force Q,(¢)
corresponding to mode i (i=1,2,3,...,00) can be given

B m m . /2 m m .
0,.(t) = Io Aqr[—K—I:A ,cosm, 0+ K—lAzsmm, 9}d0+ , Aq,[—K—2A3005m2 o+ K—2A4$1nm2 0}0’6’

= (Luil +Lui2)f£) (37)
Where
28 Cpodm o sinp).
Ly ”K“{AISIH(mlﬂ)+A2[COS(m1ﬁ) 11} ”Kllk=2§6,_. X
Alsin(k+ml)ﬂ+Alsin(k—ml)ﬂ+Az[cos(k+ml)ﬂ—1]_A2[cos(k—m1)ﬂ—1]
2(k+m,) 2(k—m,) 2(k+m,) 2(k—m,)
L,»= —%{A3|:Sin(gm2) - sin(mzﬁ’)} +A4[cos(§m2) - cos(mzﬂ)J}
e k) J ) ‘sin[(k+m2)ﬂ—sin[(k+m2)ﬂ] y -sin[(k—mz)ﬂ—sin[(k—mz)ﬂ]
mKp ek ’ 2(k+m,) ’ 2(k—m,)

cos| (k+m,)Z |- cos[(k+m,) ] cos| (k—m,)Z |- cos[(k—m,)p]
| eiend] | ofun]
2(k+m,) 2(k—ms,)

Substituting tangent vibration mode function into Eq. (32), the generalized force Q,(?)
corresponding to mode i (i=1,2,3,...,0) can be given

0,(f) = J’:Aq,.[Alsinml O+ A,cosm, 0]dO+ j;” Aq,[A;sinm, 0+ A,cosm, 01dO= (L, +L,»)fy (38)

Where
Loy = 2B (4 [cos(m, )~ 1]+ Aysin(m, )} + 2 3 sin(kf)
g Ty—s %, ... k

_Ay[cos(k+m,)p-1] +A1[cos(k—m1)ﬁ— 1] +A;_sin(k+ml),B+Azsin(k—ml),B
2(k+my) 2(k—m,) 2(k+m)) 2(k—m,)
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L,,= %{—A{cos(ng) - cos(mzﬂ)} +A4[sin(ng) - sin(mzﬂ)}}

2

Az[sin(k—m,)g _ sin(k—ml)/ﬂ A3[cos(k+ ms) %~ cos(k+ mz)ﬂJ

ko 2(k—m,) - 2(k+my)

A{cos(k—mz)g _ cos(k—mz)ﬂ} A4[sin(k+m1)§ _sin(k+ ml)ﬂJ

+ +
2(k—m,) 2(k+m))

Substituting generalized forces into Eq. (34), the generalized coordinates can be given

q:(1) = i(Lil +Lp) Vol 2 2 : s(@sino.1— o.sinot) (39)
@; (ty—uy+d./g) .- o;
Where L,y = Ly + Ly, Lin=Liyp+Liy.

In Eq. (39), the forced responses and associated free vibration are included. The associated free
vibration will vanish soon under action of the damp. Therefore, this term can be not considered.
Then, Eq. (39) is simplified as

Visogoh’a . 1

q(1) = ~(L, +Ly) L _sino.r (40)
; (ty—uy+d./eg) o.—o;

Combining Egs. (26), (27), (40) with Egs. (35) and (36), the forced response of the
electromechanical integrated electrostatic harmonic drive system to exciting voltage can be given.

5. Results and discussions
5.1 Results and analysis

Above equations are utilized for the analysis of the forced responses of the electromechanical
integrated electrostatic harmonic drive system to exciting voltage. The parameters of the numerical
example are shown in Table 1. By Eqgs. (26) and (27), the natural frequencies of the drive system
are obtained as shown in Table 2. The forced responses corresponding to each mode and the total

Table 1 Parameters of the electromechanical coupled dynamic system with micro ring

r (mm) t(um)  d(um) [(mm)  d(pm) & £ (Gpa) BO)
1 2 30 1 0.5 8.4 70 30

Table 2 The first four natural frequencies of micro ring (rad/s)
Order 1 2 3 4
Natural frequency 11221155 20691843 30526243 40460281
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mode 1 x10° mode 1

Au (mm)
Au(mm)

g . . L . L . . . .
ts) 00 2y 007 002 003 004 006 006 007 008 009 04
8(°) t(s)

(a) Radial forced response displacement(mode one)

mode 1 x10™ mode 1

Av (mm)
Av (mm)

3 L L L L L L L L L
0 001 002 003 004 005 006 007 008 009 01
t(s)

(b) Tangent forced response displacement(mode one)

mode 2 x10° mode 2

Au(mm)

t(s) 0o 0 0‘01 UIUZ 0‘03 0‘04 (D(‘U.’; EIIUB UIU7 U.IUB UIUB 0.1
s
(c) Radial forced response displacement (mode two)

mode 2 T mode 2

Av (mm)

0 001 002 003 004 005 006 007 008 009 0.1
8(°) t(s)

(d) Tangent forced response displacement (mode two)

Fig. 4 Forced response displacements (modes 1 and 2)
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mode 3 N

Au(mm)

15
0 001 002 003 004 005 006 007 008 009 O.1
t(s)

(a) Radial forced response displacement (mode three)

mode 3 x10% mode 3

Av (mm)

t(s) 0 o o -SEI EI‘DI DIEH Eleﬁ EI.IEIA DIIJS EIEIB UIEI7 EIIEE EI‘EIQ 0.1
8(°) t(s)
(b) Tangent forced response displacement (mode three)
mode 4 15k 10" mode 4

Au(mm)

0 001 002 003 004 005 006 007 008 009 01
t(s)

(c) Radial forced response displacement (mode four)

mode 4 x10?' mode 4

Av (mm)

-4
t(s) 00 0

o 001 002 003 004 005 006 007 008 009 01
8(%)

t(s)
(d) Tangent forced response displacement (mode four)

Fig. 5 Forced response displacements (modes 3 and 4)
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x10° =4

Au(mm)

Au(mm)
T N T R

t(s) 00 ~o U’U1 DIEIZ Ulﬂﬁ D.IDA EI.IUE D.IDE EIIEI7 DYIDB DIDQ 01
8(°) t(s)
(a) Total radial forced response displacement (n = 4)

=4 X 10 n=4
. 4

Av (mm)
AV (mm)

4 e
0o 0 001 002 003 004 005 006 007 008 009 01
t(s) 8(°) t(s)

(b) Total tangent forced response displacement (n = 4)

Fig. 6 Total forced response displacements

forced responses are given as shown in Figs. 4-6. Here, only the first four modes are considered, the
static voltage v, = 60V, exciting voltage v, = 10V, and exciting frequency @, = 314 rad/s. The right
figures of the Figs. 4-6 shows forced responses at one point (€ = 0°) on the micro flexible ring.
From Figs. 4-6, following observations are worth noting;:

(1) For different modes, the voltage excitation can cause the radial and tangent forced responses
of the flexible ring.

(2) For given simple harmonic voltage excitation, the forced responses are also simple harmonic
vibration. The frequency of the forced responses equals exiting one.

(3) As the exciting voltage frequency is very low compared with the natural frequency of the
flexible ring, the forced response magnitude corresponding to mode 1 is the largest, and the
total forced response is near one of the mode 1.

(4) The radial forced responses of the ring are much larger than those of the tangent forced
responses at point &= 0°. At other points, the radial forced responses of the ring are near ones
of its tangent responses.

(5) As the order number of the vibrating mode increases, positions of the peak dynamic
displacements increase and the periodic times and magnitudes of the mode functions decrease.

(6) For different order number of the vibrating modes, the peak displacements of the radial forced
responses are as the same order of the amplitude as that of the tangent responses. Hence, when
the tangent responses are investigated, the radial forced responses should be considered as
well. The radial vibration of the flexible ring can cause unfavorable dynamic behavior such as
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speed fluctuation, etc.

The forced frequent responses and their changes along with system parameters are shown in
Fig. 7. Here, only results at the point &= 774 of the first mode are given. From Fig. 7, it is known:

(1) As the exciting frequency is near natural frequency of the system, the radial and tangent

3

mode 1

x 10
0 r
) Tmm _
2 |
3 J
£
=4
< .4 |
s d=32*105m 1
6 4=3.0"105m J
¢=2.8"105m
i® 9.4 9.45 95
o, (radfs ) N 105
(a)
x10° mode 1
0 j : f_
02 ]
04 i
£ o8 |
S
E
08 =0.001m |
=0.0011m
-1 ]
=0.0012m
12 . L .
75 8 85 9 95
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0.4 1
£ us |
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08 J
-1 ]
t5=1.6"10%m 1,=2.0"10%m 15=2.4*10%m
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0.015 T
=3 0105,
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4=3.2°10"%m
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0.005 q
535 9.4 9.45 95
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25 T
=0.0012m
=0.0011m
2 i
=0.001m
15 q
B
k<]
1 i
05 q
: k A
75 8 85 9 95
o, (rad/s) %1
x10° mode 1
35
t5=2.410%m
3 1,720710%m 1
_1 64108
25 1,=1.6"10°m i
- 2 1
£
315 ]
1 i
) J J L -
U L
9 9.1 92 93 94 95 9B 97 98 99 10
o, (radis ) X 1EIB

®

Fig. 7 Changes of the forced response along with the main parameters; (a) change of Au along with d, (b)
change of Av along with d, (c) change of Au along with r, (d) change of Av along with r, (¢) change of

Au along with ¢, (f) change of Av along with #
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resonances all occur.

(2) As the thickness d of micro ring increases, the natural frequencies increase and the radial and
tangent vibrating magnitudes of the ring decrease. It is because the system stiffness increases
with increasing thickness d.

(3) As the ring radius increases, the natural frequency decreases and the radial and tangent
vibrating magnitude of the ring all increase. It is because the system stiffness decreases with
increasing ring radius.

(4) As the clearance ¢ increases, the natural frequency increases and the radial vibrating magnitude
of the ring do not nearly change, but tangent vibrating magnitude of the ring increase
obviously. It is because the system stiffness and equivalent exciting force all increase with
increasing clearance #. For tangent vibration, influence of the equivalent exciting force change
is principal. For radial vibration, influence of the equivalent exciting force change is near one
of the system stiffness change.

(5) In order to get good dynamic performance, smaller clearance #, thickness ¢ and ring radius
should be selected.

5.2 Discussions

(1) As above stated, compared with radius of the ring, the transverse section size of the micro
flexible ring is so small and Eq. (21) is obtained. Eq. (21) is mainly for the tangent vibration of the
flexible ring. However, the study results show that the radial vibration amplitudes are as the same
order of the amplitudes as the tangent vibration. Hence, the radial vibration and its effects should be
considered in dynamic design of the drive system.

(2) The radial vibration of the flexible ring causes capacitance fluctuation between the stator and
the flexible ring. It causes the output speed fluctuation which is analyzed as below:

There is not mechanical input in the drive system. It is similar to a motor and its input is the
voltage. The driving torque is

= _1,pdC
¢ 2 °do

Where & is the position angle of the flexible ring.

As the harmonic drive principle is used in the system, there is obvious difference between the
drive and the motor. If the speed ratio of the drive is defined as the ratio of the electrical field
rotational speed to the flexible ring rotational speed, a large speed ratio is achieved. Thus, the large
output torque can be obtained as well

T,

our = 0T,
Where i is the speed ratio of the drive system, i = —r/(r;—ry), r, is inside radius of the stator, 7y is
outside radius of the flexible ring, minus means that the flexible ring rotates in the opposite
direction compared to the electric field rotation.

As the clearance between the flexible ring and the stator can be taken to be quite small, the speed
ratio is quite large. For example, the speed ratio is 200 under ;= 1 mm and (r,—ry) = 5 pm.

From above equations, it is known that the capacitance change will cause the torque change

which can result in the speed fluctuation. In order to remove the speed fluctuation, a compensation
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control voltage should be used. Hence, the research results can be used to design the control system
of the drive.

(3) As above stated, the flexible ring radius, ring thickness and clearance between the ring and
stator have obvious influences on the double displacement coupled forced responses. In order to get
good dynamic performance, smaller clearance, thickness and ring radius should be selected.

After the drive parameters are determined, the natural frequencies of the drive system are
determined. For avoiding resonance, the exciting frequency should be taken to be far from the
natural frequences. Hence, the study results can be used to design operating parameters of the drive
system.

(4) When the voltage is stable, considering high order term and Eq. (18) is changed into

e

aw’
L= —lviodi Aw 1+l—w°Aw :—lvi.odi Aw 1+§fA—w
2 2FC 2 ot 2t-uy+d./¢,
aw’
WO
. . 3 Aw 0
Simulation results shows: =—— <0.019 (here Aw/t<0.5%).
2t—uy+d./¢,

Thus, the error neglecting the high order term is 1.9%. Hence, nonlinear elastic effects can be
Aw

— =0.1 (here Aw/t = 3% ), the error neglecting the high order term is 10%.
t—uy+dl/e,

neglected. If %

Therefore, when the amplitude of dynamic displacement gets to 3% of the clearance between the
stator and the flexible ring, nonlinear elastic effects should be considered. For example drive
system, if the amplitude of the exciting voltage is increased by 6 times, nonlinear elastic effects
should be considered. Otherwise, as the exciting frequency of the exciting voltage is near to the
natural frequency of the drive system, nonlinear elastic effects should be considered as well.

(5) When the flexible ring vibrates, the damping comes mainly from the film air pressure between
the stator and the flexible ring. When the vibrating frequency of the ring is not very high, the air
damping is quite small and can be neglected. For simplifying analysis, the damping is neglected in
the paper. The research results are useful for designing the dynamic performance of the drive
system under condition that the exciting frequency is not very high. Of course, it is also useful for
high frequency vibration analysis of the drive system under vacuum. Meanwhile, the results can be
taken as basis for high frequency vibration analysis where the air damping should be considered.

6. Conclusions

In this paper, the double displacement coupled statics and dynamics of the electromechanical
integrated electrostatic harmonic drive are developed. The linearization of the nonlinear dynamic
equations is completed. The double displacement coupled forced response of the drive system to
voltage excitation are obtained. Changes of the forced response along with the system parameters
are given. The results can be used to design and manufacture of the drive system and can offer
some reference for other micro electromechanical systems.
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