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Frequency Analysis of the Servo System with Three-Stage Reducer
considering the Backlash Ratios and Motor Input Voltage
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This paper proposed the simulation model of the servo system with three-stage reducer and presented the result of
frequency analysis of the servo system considering backlash ratios and motor input voltage. By virtue of this work, we
realized that if the motor input voltage of the system was large, the influence of each stage backlash ratio could be
minimized or removed. Besides, we also found that if the motor input voltage was small, this created an optimal backlash
ratio combination which could maximize the anti-resonance and resonance frequency of the servo system. This paper could
be useful for determining each stage backlash ratio in designing a three-stage geared servo system with fast response.
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ki = Torsional Stiffness due to Tooth between Pinion i and
NOMENCLATURE Gear i (N-m/rad) (i=12,3)
kg = Torsional Stiffness of Shaft i (N-m/rad) (i =1,2,3)
BR; =Backlash Ratio of i Gear Reduction Stage (i =1,2,3) k = Torque Sensitivity of Motor (N-m/A)
B, = Viscous Damping Coefficient of Motor (N-m/(rad/sec)) ks = Tachometer Sensitivity (V-s/rad)
b, = Angular Backlash to be Measured at the Gear i(°) (i=1,2,3) L, = Inductance of Motor (H)
b, = Total Backlash to be Measured at the Output Stage (°) L,; = Circular Backlash on Pitch Diameter at the Gear i (m)
fix = Anti-Resonance Frequency (Hz) N; = Gear Ratio of Pinion i and Gear i (i =1,2,3)
Jr =Resonance Frequency (Hz) R, = Resistance of Motor (Q2)
Gy(s) = Transfer Function of Tachometer Filter Ty1, Ty = Static Friction Torque of Load and Motor (N-n)
la  =Motor Current (4) Tyi = Transmitted Torque of Gear i (N'm) (i=1,2,3)
Joir 1 I Jsi Jpi=Moment of Inertia of Gear i, Load, Motor, T,, T: = Motor and Load Torque (N-m)
Shaft 7, and Pinion i (kg'm?) Vi = Input Voltage of Motor Amplifier (V)
k, = Gain of Motor Amplifier (V/V) v, = Input Voltage of Motor (V)
k,  =Back emf Constant of Motor (V"s/rad) v, = Output Voltage of Tachometer (V)
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V, =Output Voltage of Tachometer Filter (V)
6; = Half the Value of Angular Backlash to be Measured at
the Side of Gear i (i=1,2,3)
6d;= Angular Transmission Error of iy, Stage (rad) (i=1,2,3)
Gsir 61, O, 6,;, 6,;=Rotation Angle of Gear i, Load, Motor,
Pinion i, and Shaft i (rad)
sign(+) : Sign of Value in the Parenthesis
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Fig. 1 The constitution diagram for frequency analysis of the servo
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(b) The model of the servo system

Fig. 2 The structure and model of the servo system with three-stage
reducer
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Fig. 3 Block diagram of the servo system with three-stage reducer
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when V;is 2.19 Ve
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Table 2 The effect of total backlash increase
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Fig. 5 The Bode diagrams (V,/V;) according to the change of
backlash ratio combination s when V; is 2.19 ¥,

Table 3 The anti-resonance & resonance frequency according to

backlash ratio combination when V; is 2.19V
BR, (b)) BRy(bo) BR;(b;)  Anti-Resonance Resonance
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Table 4 Specifications of pinions and gears

Pitch diameter Teeth Teeth thickness

Stage  Item [mm] Module No. [mm]

| Pinion 1 12 12
Gear 1 48 48
Pinion 2 12 12

2 1 10
Gear 2 48 48
3 Pinion 3 12 12
Gear 3 60 60

Fig. 62 Awi s REQJRRL, V7 715]o] w2} 37h4] ey
A& R t&%ﬂ EL %ﬁ%ﬂ%ﬂ A= & 5 ek
Vi) =243 Ve (Vu=10.0 7,081
78 e ATH] &2 EPE} HP+1 2 FRFT7E JA| 2ol
w=10.0 V) oldolx=
flci e lﬁ%ulr# A1t ﬂﬂ Fes & 5 o
o 7ol MEAIAH -85z AA] W

F 7Feshd HE ARl 23] A

° A28 B 27 glo] Ko} whE
SHEES 2= A" AA/AR] fEsh, RE YA
Fual 27 g Aol Hxe MRS 2w

J

WAL (E)E 2ok WHeRE syl ol
A2 A2 2ATAY 7o) X& 7} A] AUl
3 WA 27)8 2AE= o] gkl

3.3 WEAHIEZE AY

o oAl WAl g2l Tee] B g vlwal
7] 184 0-0-100%, 0-100-0%, 100-0-0%2} ZFo] SThA{Q] ey

AHERTS 7= A 9E v\ wslgt).

Jeuy AAl AlL"oA = 7 o] AR olEEE ¢
aff A719F 22 WA &S 7HE o= glot whebA], AJAE]
o] Hr} wE SEHAS =g wE7| S8 4 o WEiAmlE=R
7y At ol=dol Bagh ZF o WAl 9] oA Zo}
oF gt}

Fig. 2(a)el Urehd 37U dat 7]o]59] A2 Table 42} 2t}
JIS-B-1702-1 49 2 7|ojFUE §Fo = 7|o]-my
< 715 A d2tt o5 ¥ EAEE Q8 2 d
W2 A](Circular Backlash) Z7]+= & WA/ HA <50
- |2 80014 FTf 320 um7}F Bash, Al WA el
23k A5 A= 24 10004 o} 380 pmo]c}.
AT A] Ly 0 2t W] b BAl= thS A(26)2 ZTh

|

1 ox AN 2

360° L, ,
o Dg.,.

A7IA, Ly (A Aol A syl i a1 Al 7]o] it

(i=123) (26)



September 2021 / 697

Table 5 Allowable backlash ratio combination

BR, [%]
4 6 8 10 12 14
BR; [%]

14 & 8 718 76 74 T2
16 8 78 76 74 72 70
18 78 76 74 72 70 68

BR, 20 76 74 72 70 68 -
%] 22 74 72 70 68 - -
24 7 70 68 - - -
26 70 6 - - - -
28 68 ] - o

Z=lAlebE 3 ) w27 flofl g ol o]sdt U=
A2l (m)°]t.

3.4% < BR, <13.8% (27)
13.8% < BR, <55.4% (28)
69.2% < BR, <100% (29)
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Fig. 8 The change of anti-resonance & resonance frequency
according to the backlash ratio combination when the input
voltage V; is 2.19 V.
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Table 6 fiz and fzr when V; is 1.46V

BR, [%]
4 6 8 10 12 14
Jaxr[Hz]
14 24 24 245 245 245 245
16 [ 25 J245 245[ 25 [245 245
18 245 245 245 245 245 245
20 245] 25 [ 25 | 245 245 -
2 [25 |25 [as[as | - -
24 245 25 |245 - - -
26 1525 - - o
28 B
ol filHz]
14 265 25 265 27 27 [275|
16 255 255 255(215| 27 27
18 25 26 27 27 |275] 28 |
20 255 255 26 265|275| -
22 26 265 27 [275] - -
24 255 265 26 - - -
26 265 265 - - - -
28 265 - - - - -
Table 7 fiz and fr when V;is 2.19 V),
BR, [%]
4 6 8 10 12 14
Jar [Hz]
14 26 26 26 26 26 26
16 26 26 26 26 26 26
18 26 26 26 26 26 26
20 26 26 26 26 26 -
2 26 26 26 26
24 26 26 26
26 26 26
28 26 - - - - -
o i IH7
14 28 28 285 285 28529
16 285 285 285 285 29 |29
18 285 285 285 285| 29 |29
20 285 285] 29 [ 29 | 29 | -
22 285 285| 29 | 29 | - -
24 285 285 285 - - -
26 285 285 - - - -
28 285 - - - -
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