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Fig.1 Eccentric mass load mechanical transmission structure

diagram
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Fig.2 Force analysis diagram of single eccentric mass block
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Fig.3 Schematic diagram of moment transmission of a

single set of eccentric mass components
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Fig.4 Block diagram of servo control strategy of electric actuator output force based on parallel independent control of dual

motors
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Fig.5 Block diagram of eccentric mass electric actuator transmission system
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Fig. 6 Simplified block diagram of eccentric mass type electric actuator transmission system



Bl

TRPRTE L 45 TR M O J5 kB 3T i vl 0 A 3 s A 15 4 213

PR AN E A B, A
(K A+ K, ) VK, K |

]mTZUl;I (1_,01/1)
H() = ’” (15)
—(Ty, + )2

]mTZn H (1 _pzk)
i=1

R, H () 1 52 8% W22 7RI TE N(A)

K”P 3
(At A+ T

N(A) = (16)

G-

1
b
0

Jr LA, G () TETET5 I Ak (5= o0 ) 1 1) s /2
NOTEA=04 B Z e i o AT RLE Y, Gs) R s=00"
A AR S RO 0, F R E BN 30 BT Bk AT,
DR DA 0 s 1 LA B Sl i LRI LK F2 ) R 4 2
TRE M, J T i — 2 AR S PR RE , 2t ¢, (s)
¢ () BB , 4N 7,8 7 o

4000

3000
2000}
1000} —

® 0 .
i
-1000} ™
-2000}
-3000}

000 1 1 1 1 1
-5000 -4000 -3000 -2000 -1000 0 1000 2000

b
K7 ¢ () BYARHLIE
Fig.7 Root locus diagram of ¢,(s)

M7 o r Bl 45 B & TAEBUR o 13540,
B Cs) B8 T A i 5K T A T ) > 1 T Il B A3
N 0, =960 rad/s, *§ w=w I, ¢, (s) 4 2 K Fa 5 R BE,
T 8 v B TAEMR w B3N, ¢ Cs) (0 5 > A 1
B T HE Bl B4 A 2 T I SR 0,=260 rad /s,

800
600
400
200

0 —x
200 k

-400 -

i

=600 -

_800 1 1 1 1
-6000 -4000 -2000 0 2000 4000 6000

S
K8 ¢.(s)BYARBLIL 5]

Fig.8 Root locus diagram of ¢,(s)

B o=, ¢, ()M KA. I, BEHE 5T/ IR IETH
PP R GeAe 2 TAERY A 24 (0,260) rad/s.

2.2 ERIE&MEGHIMHMETR

H T F T 9 R AR Bl 25 SR AR o0 B ek B 67 2K i
O JOT B By ke T A VK Bl B K B I o 7 B AR A5 S
RIS ) 2 17 52 W) i 1 B 0 A5 3R R ) RORG
FHT 2 3 B 074 ) 0 R HL I B, (SN ek 2 S A o
DAY A2 i O J5i0 ek R S 350 00 480 S 00 ok s, IR ot
SET SRR B R A I 2 R A R A . Bt
s i S we T AL fL I B B B g R 28 0 A5 Ak T R
i U J ek B R (AN TS ], 3K 31000/ N ol vk 3 4
R T B 1 A

F 2 (6) T, S5 467 28 2 o ol — J B A % Bk sh
TR R sh R R Gk R — R s i, HoR
AT Bl o ALEE PLYE S 2% A0 R 4%, ol DLk 85
1Y 2 B8O TE I R A Bl (R TR 0 AR
G 7/ I P R NG 1 K o L I e o e
e 9 frR .

R T AR B 59 AT A BT 4K R An 10
Fis B RIAEAE . b, G, (s) Sk B 380 i 5t 4% 326 R
B MRIETE 2.1 R H &R B, AT 2Ly 53t 5
NG T B i i 0 B AL R R A ¢ (), 7 (s) o

G5 '
1|+ 7+ Ko 1 I :
T,s+1 d ASR —ACR Ty s+l L stR, K

1

T, s+1

9o il REHER

Fig.9 Optimized control system block diagram



214 B’ s T B % M %35 %
G 7.
T,
1 + ]'++ prm I T+ Y-
Tt @ T1ASR 2T, 5+1 K
1
T,st+1

F10 P pl g il 22 4t A AE 5]

Fig. 10 Simplified block diagram of optimized control system

¢ (s) =K+ ASR-APR/ [ J,s"(Ts,s + 1)+
ASR+Ky+s+ Kr+*ASR-APR ] (17)
¢5(s)=[(Ty,s + 1)+ G, (s) K (T,s + 1)1/
[Jns"(Ts,s + 1)+ ASRKyes+
K++ASR+-APR ] (18)
XFH (7)), (8)FI(17), (18) AT 45, M\ 45 % AH L
0" B i 0> 5T 1 By B AR AL O 1 % 3 bR B DR R AN A T
I H B R s R A AR A . B, DU IE 5% 1 404
Bl T, B 1 0 % 356 R BUR A T AR B T — A
gyt i G G,Gs) A DS B 0 25 ¢.(s)
ARAIRTH L AT T B 1E 5% B 4R 40 20 %0 455 1 2R 4 S i 1Y)
S
¥ oL ()M F MRS T s AL
WE AT
(s )— ~(Ts,s+1)s+ G, (s) Ke(Tous+1)s (19)
ac(s)
B ¢, () =0, A G, (s) Ki (T,s+1) =
Te,s+ 1,80

1 27T,
G (5)=—+ 2
(s) K. KTé

3 (20) 2 IE 52 5 3R Bl Al DL A A A2 2 1, 72 52
P TR T AR R PID 3 3 45 52 BE

DA S B0 2 i o BT B 2 A A% S B 10 4% 326 B
B -

(20)

(K, + K,s)K, K

G (s)= ag(s) (21)
0
R FAN 2.1 9 A R B9 31 55 07 95, AT RLOR i i
G (s) YA BRE A o
A PR A

p=—321.9+722.84i, p,——321.9—722.84i,

py=—0641.84, p,——142.94

HIRZE N 2= —285.57

5G ()MF,G () TTTH W, T F AN EH
R 3, M s B A SR AT A AR S R S
FoE , AR KA & 11 s o

4000
3000
2000
1000 —

0 —0

A

-1000 | ™~
-2000
-3000

000 . . . . .
-5000 -4000 -3000 -2000 -1000 0 1000 2000
Kb
B fefeds il R e B A

Fig. 11 Optimal control system root locus diagram

B 5 B 7 A A, 2 T AR o B KA
PR A5 R il 7 A 2 S T, 45 ) R G AN RE AR
SE T AR, R Ak JE 5 i & e i A A R (0, 960)
rad/s, I I 3R M8 A 8 2% B 8 T ARy 21.5
Hz, Pk 5 5 i R o ke e TAE Ry 58 13 2 Howie
TAESCR M 545 LA L 0 TR 2R .

2.3 EFIRFEHEHEEX LS

T P15 X0 D00 A T 42 i 3R G A AR TR BE R TAR
WU AT T TST LA A T IR R S B A TN
R4 A RS M RE R 9 ) AR o Sl A PERE R RE
JE IR RGBT e v B R SR B N R AR
HE TR A AT 5 1) 28 G2 B0 B B IR 10 fh £ X LE 23
Br 1 H RS s S PERE

G55 2.1 80 2.2 A AL T IS I 9% A Sh 4% 5 2 fi
O Ji i H L A% S LA B i o)

0 ()= a o (1 U DS 1 () ()
f(;(s) f(;(s)
6, ()= a0 () (23)
f(;(S)

K 0,(s),0,Cs) Ry AL TS D 0o BT 2 B 20 1w s
i, a=K, K:K,,/(J,Ts,) , b=K,/K,,, c=—1/J,,
d=1/Ts,. CHT (s)h—IEsZhkah i, 5 TAER
w A K ACAK(22) AL HT S 2 1 5 G2 09 5147 B R



51 ARHRVE A5 - T O I kBT AR F ) 1R )y i A 4 ol 215
Wil JO7 3 3] 26 75 O 12
G G .S 1.0f
yﬂs)::a§4ib.32 C(s+*d)5. fﬂA (24) f N R
Jols) s fols) s+ 5 08} wos
s+b 1 = o6l e
o (s)=a O (25) B 0 i
f G ( S) $ .3\_5[ 04} e 0.22 024 0.26 0.28 0.30 0.32 0.34 0.36 0.3
‘ s & — L
K (24) , (25) By w8 % K X 2w (1) = 02k | HRALHT
. . IR — GBS E
L) Lpw(D=L"[w(s) ], K, L RN BLE L (| AV VVVVVVV VY VVVVVV VYV VVVVVVV Vo
SRR T HB T AR o R AL R R R 5 02 . .
\ 2 " 0.5 1.0 1.5
{5 B B0 8 28 T _—

R w=14,21.5,30 Hz F XJ B 19 B0 A7 [ BK v 57 il 2%,
W12 Fis .

1.2
1.0 _,F SORINESSBTNRLINGRDGRP RN NEORSN]
| o JREHOCE
0.8 1 1..02 !
Ll RIOA
E}iﬂ 0.6} i A VANVNAY J
0.97
@ 0‘906,10 0.12 0.14 0.16 0.18 0.200.22 0.24 0.26 0.28 0.30
H 04r
&
—14 Hz
021 |—215Hz
30Hz
0 01 02 03 04 05 06 07 08 09 1.0
BF1E] /s

BI12 DA ai AN [R5 42 i 4% 8 A7 B BR i i [
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at different frequencies before optimization
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Modeling and control of rotating eccentric mass block vibration damping

electric actuator

HAO Zhen-yang, WANG Tao, CAO Xin, GAN Yuan, YU Qiang

(College of Automation Engineering, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: The periodic low-frequency vibration generated by the rotation of the blade of non-fixed-wing aircraft such as helicopters
in flight will be transmitted to the cockpit, aero engines and landing gears through the rigid body, which will cause continuous vi-
bration of the body and affect the driving safety of personnel in severe cases. Based on this, this paper proposes a rotating eccentric
mass-type vibration damping electric actuator and carries out research on its control method. The output force model and load
torque model of the rotating eccentric mass-type vibration damping electric actuator are theoretically derived. The power actuator
output force servo control strategy based on the parallel independent control of dual motors is proposed, and the stability analysis is
carried out in the complex frequency domain. Aiming at the torque ripple problem caused by sine wave nonlinear load disturbance,
the dual-motor parallel independent control strategy is optimized. Through load feedforward control, the system has good robust-
ness and anti-interference. An experimental prototype of a weight of 14 kg is developed and the steady-state and dynamic perfor-
mance comparison and verification experiments of the electric actuator before and after the optimized control strategy are complet-
ed. The results show that the dynamic and steady-state performance of the actuator output force under the optimized control strate-

gy meets the requirements of various technical indicators.

Key words: vibration control; vibration damping electric actuator; parallel independent control; load feedforward control; robust-

ness
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