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Adaptive compensation of torque ripple in DC torque motor
SONG Yan'?,GAO Hui-bin' ,ZHANG Shu-mei' ,DU Bi-xiu', GUO Tong-jian'
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Abstract: An adaptive control and compensation scheme is proposed in this paper to solve the problem
on torque ripples caused by the velocity fluctuation in a DC torque motor. Firstly, a mechanism for
torque ripple is found out acoording to the analysis of DC motor’s structure. Then, the mathematical
model is established and a robust adaptive control strategy is designed. The control algorithm is con-
tained by two parts: one is a a lead-lag feedback controller for verifying the stability and the robust-
ness of the system nominally;and the other is an adaptive compensator, which is used to compensate
the torque ripple adaptively through a recursive least square identification. The experimental results
show that the peak-peak value and the RMS value of velocity fluctuation obtained by the proposed
method been reduced to 1. 77% and 0. 39% respectively as compared with two indexes of 4. 21% and
0. 97% obtained only by the lead-lag feedback controller. The conclusion is that proposed adaptive

compensation method can depress the velocity fluctuation caused by motor torque ripple efficiently.
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Fig. 1 Experimental setup
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Fig. 2 Velocity signal with constant input
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4 B P AMEIE S 69 Bt

Hi S0 25 SR 0] DL A% 48 0 - S AL OE
AN T R X I T P A AT i SR 1 0 B A
S X 3 A Bl X — RS Bl 3 AR ME 25 T A S
il o R AT S A T AR X T B e T
A — DL AT DU S AR E R A B PR IR
A G0 G PR 33 £ TR N R T
PRI o AN SO S e O o7 42 T 1 S AR ek
JEE AT B 1) e AT 98 SR BRI S+ BR 0 F l  Y
Jiik o IFAEBEEERD b A — A O A ER T
PATH BR 77 Rl B2 o 242 B 1006 SR i a8 4
/N TR IR LR IR GAMEA RIS
41 ETEHERN-RENSHHREBER

Mz

N T HFR R R ) i M

SFripple = fusin2xf o )+ focos2nf ) . (6)
RAKX G A1 RGN B AL

£9'<z>=—a@'(z)ﬂm(w—}(fﬂ sin(2nf » )+

frcos2nf « ))=—al(t) +bult) —
(M, sin(2xf + 1) +M,cos(2nf * 1)) .
(7
AR S HE R /D ZRE R R G SR B
PR (D Prn . 1 586 2 (7) R sk v [l
B y=@A, H y=0 J W&, o=[—0.
w,—sin(2xf * t),—cosnf « )" JEIT N &,
A=[a b, M, M, R R PR S K . 4w e 19 3%
Hefe/N R BRANT
O =0c—1D+K@@—¢"0t—1))
JK(z)=P (p (=P t—1D¢ () +
1 $T(OP (t— D¢ (1)) ’
PWO=U—K W$ ()P (1—1)
2 0C0) AT LAAR Hf 28 48 B9 bR AR B R ST A5 L, P
() MR B FE LI Ay — TE 28 FE B[R] I ol 326 4 A />
ARG R AT Ry R SR B T
K PO R R, ERSHHINE . FIERA
W I B R )

u=u tu, :Gv(feJr%(Ml sin(2xf * t)+

(8)

M,cos (2nf * 1)) (9
ﬁ(9)¢'9ﬁIﬁ u; = Gyce %*%Jﬁlﬂ%ﬁ%ﬂ»ﬁgﬁ
Ff— € B R E #5500

MQZ%(M] sin(2xnf * [>+M2COS(2Kf' t))
FI R S5 M2 LI s . XA I R
4i N

D) =—ad () +b(Gye » e+%(]\7[] sin(2nf « )+

M, cos(2rf * 1)) — (M, sin2xf » ) +M,cos(2nf * 1))
1o
Horh o= — o JHEEGR 22 Y BEIR S HUE IS
TR S HUANA
e=aw,—ae+bGyee an
TR B R 22U S B 0, ] DR F A A AR 43 26
Y Gve SRIUE >0, FEREFERN AT LL3E i % 88§
~ i JE PR B BT R ORAIE R B8 Y B E R AP RE .
R FH b 3R SR 1 AL IR R G A i AN 1AL 4 iR .



2216 2

518 &

|«——sin(wr)

RLS
1demiﬁcation cos(ar)
Adaptive
compensator
Velocity
— M
controller (4 otor
B4 PR G R

Fig. 4 Structure of closed loop system

4.2 EERMNEERES KR

B4 1 5 AT X B R S B R
B R RGBS E T MMEEE Y. SR E
PIAK BE R B2 AR FT LB B ) B 5 T (H G AR
B A & A AR R B BEAL R 75 L X %A S i Ak PR
ity AT A S R B AR S P . s A S Y
AR R A 220y . (RECRE TN T
R IR 1 20 AT R 7 AR 22 25 DL 7R 5
BAEAE 5 5 T 22 73 B30 0k A 0 Je b 2 — b vy T 5
L HERR NG E S S AR .y
A 5 A5 5 Ak 2 Hh o 2 it R A [

(1) Zor Rk AU

(2) 7 Hh s e g i o AR 719 5 1 8 )i

%JrXﬂ‘iXWi/l\l‘ﬂ B, K S0k ] Kalman 38 3% Al
T 3 3 R0 I B 5 5R - Newton B AL 374
Xt %%E‘J*ﬁﬁlﬁ”ﬁ)ﬁﬁﬁﬁﬁﬂ%ﬁ“” .

AR SR T A58 T T 2 AL TR A R e 5 18 Bl 2 L
T A Kalman 98 P 5800 B aod 7 S & 07 F208

Jx,? =Ar, +w
lzk:ka-i—vk

HUR SR o= (o a0) swp s ar ARG
FUIN G BE 5 H iz gy ok AR O AE e FE L BT DL A
1 T,

Eom
bR

=
¢

,(BIUE%E% H=(1,0);w,v 7%%U%ﬂ

PR I E M . Q=E(ww) . R=E(v{) s
I s o R M R RN R RS Y P T SRR . T
I35 22 TR R 2258

e =xk*§c,?
(M;‘Zﬁﬁﬁ{ .

€ — Xk T X

X, =Ax—
P, =AP,_ A" +Q
K,=P;H'(HP,H"+R)™'
x.=xi +K,(z—
P,=U—KH)P;

JPL =Ele, ef

IPL EI:e,eJ

Hi%e 5 M 3 E (5 B 250 B g Kalman 3§ 3%
HCIR 2 Ak T IS SR AT B0 R B8 10 3 38 01 ok £
5o A EIRES &0 Newton F Al T4 .
W A5 5 A 1 BRI AL B . Newton F5 I Al 11 £%
4% 3 sR AN T -

H;vp(z):ké)(l*zf”)k . (1D

BN RIS N BRI LM KR M By 2 35 A
Wa. ATRLESEARKB N M HE, KGN
(4 FE A R AT A R SCHERE M =2, N =1 (¥ 0 Jy
. H BB Bode BN 5 7w .

Hr;)

0.06
0.05}---
0.04}----
0.03 -+
0.02 k-
0.01
0
20

Bode Diagram

Magnitude/dB

Phase/(° )

107! 10" 10! 10°
Frequency/(rad/s)

5 ZKr—2 Newton Bl i1 B9 Bode &

Fig. 5 Bode diagram of Newton predictor with 2 or-

ders and 1 step

5 AL H

D5 FL TR AR 2 747 ik i s R, H

Je Xt HE I B B 3 AN R A ROR . R R
SRR 2 iR mER SN L O /s AL



4510 4] PN

E A LU R P B Sl 1 3 A A o 2217

WRER MW B RN T, BRI IR
2.2 N e m B JJ S BN fape = 0. 154sin
(27 + 0.219 40),

38 I M R A 2 () B R 1 45 41 Dy
X, B/ REFRSHE MM 6=1.1,
1,117, P(0) =101,

SR P I - Y )i C I R 3 R D A 4 A B9 5
BRI MNME 6,7 Fiw. i HERGE T Hr
M 3 FrR, Ho opp R85 25 1 05 - W L Oave
TR PHRE Srus BAR B TR, R
Mrml U 2R F 8 - i s 2 il O 2R A2 0
U Bl R e R RE e R O RS, A
SR VA N = D = 5 i P (S 3 e
1. 649 7% FEAK ] 0. 005 %0, 5 Ji 15 22 i 44 J7 AR A
H10. 580 5% FEAIKE] 0. 002% , ¥ A B F K. Ui
B 2 42 il SR s BB 08 A 80 RME FR 0 R D Bl ek 1

= T -, ;
DI . el
1IN AU Y O
a_ 1.02 ;
2
2 098}
-
096
0‘94 T ;
0‘92 y.v.-.l-.w".%.- i i i i i : ;
0.9 : i : : H : ; i L
30 32 34 36 38 40 42 44 46 48 50

time/s

P 6 R o 4l i — T ) I 1 il 2k
Fig. 6 Velocity signal with only lead-lag controller

1.1 T T T T T T T T T

%
1.06 ;
z 104.. :
o 1 .| I SRS SESU S
R |
3 0.98}---4
0.96

R e RN -
Y5 S S S S
09 H H i H H i i H i

30 32 34 36 38 40 42 44 46 48 50

time/s

B7 SRJH B IS L A o i i 2%

Fig. 7 Velocity signal with adaptive compensator

R T BRI B B AR RS E M T LA AL X
TR AT S o A TR A7 250K 2 B R 2R 5 M s 05 R I
ARG MR . BT 0 R G800 12 5 can
AR AR < AN P 2200 HE AL 1% H A FL R 5 R B 15 T AR 4R
TRV g AR L BE S B R ] Stribek BEAY L IS4
FrEEE ) F.=0.1 N - m, s B J) F. =
0.07 N o m, B BEE R BN F,=0.01 N+ m
s P BB T B R S AR B I AR A IE A S A
MRS IR 0,07 2528 0. 017 /s,

x3 HEZERREZTHW

Tab. 3 Accuracy analysis of simulation

Op.p OAvE Orms
BRI S Y 1,649 7% 0 0.580 5%
A i N AMZ 0.005% 0 0.002%

%8 FET 73 A st iy 000335 i 8 3 1l ) 1% 2%
AR Ty P S N 0. 23 Hz, {h EL45 R WA 8
[ s il DU AR 2 B8 L O B0 Bl R AR R 2 R
Z e UL 2 B R 2 (W (ED) S SR ZE 5 7E 504
AP 356 W 3258 A A AN 0 A P RIAT A R R 75 I
Tl RGN RA —E G R TERE SRR UE T .

Velocity/((° )/s)

7% S S S S S
FEENEEEEEN B
30 32 34 36 38 40 42 44 46 48 50

time/s

P8 2 JEAI Sl oA A AN 1 I ) R i 26

Fig. 8 Velocity signal with disturbance

6 FBAE

SEHG BT TR BB PR A /N 2 iR B
BHEMBER 1 ) /s X T B 3E R AMERE H 5
AR SCHE Sl 1IN AR S 1Al D5 ik 2



2218 e K TR

518 &

B0 IE. [ IO A 4 1l A 28OR B R 3% 5 vk R
Hij-#0F J5 R AE 7 I MO e .l T REIRAE 5 0 A L
R BRI P, S 36 45 28 P e ) o e 24 4 T 4
S o AR 9 26 19 Ak L
6.1 JfniEE(ES it

R B SO IR (9 Kalman J8 35 57 12 060 i 2
R AT TASTE . BBk v o S 0 W 7
D7 ZEFERE RCR TS BR B k. S
ik AR R R B PR IR SR R{E, M R=7.
A R Q fEL - A T K FE A S I R
Newton Z 5 X #U M 3% . 1& 1E {5 5 (9 # #f i )5 .
$e bR J7 i A T I B2 Hh A A 9 PR .

0.15

S
T

Acceleration/((° )/s?)

i i i
10 11 12 13 14 15 16
time/s
K19 R Kalman 8 1 Newton 5 % J5 75 31 i
PIIIBEY; S
Fig. 9  Estimated acceleration signal with proposed

method

6.2 HENIMEIBWERS SN

TEARAF NG B 155 Z ) - R e/ — R B8
5 HERAMEE P T B S R B AR i )
UG 25 4F P(0)=100 « I, A & W A2 i 198 X an
KD PR BRI & Gre MR A2 R
.

. 2
Gue =40 000 0.4s+1)

s(8.55s+1)(0.003s+1) ~
(12)
SR FH I AD  oh AY S2 58 25 R an & 10 By

i

S 5t o - i R I R A £ 4
A EE A BEAT T X EE o BT i R I A S 5 4
WP 2 7R 0T b O XS B A AR 1 SE i
BTN 4 s

1.01
1.008 i ; : : :
1.004
1.002

Velocity/((° )/s)

I S T S
10 12 14 16 18 20 22 24
time/s

P10 SRAT 1 3d B AN A i 0 o 2k

Fig. 10 Velocity signal with adaptive compensator

x4 ZBERREFITHMW

Tab. 4 Accuracy analysis of experiment

Op.p OavE Orms
AT —WE B 4.21% 0.02% 0.97%
ERCIR N 1.77%  0.017%  0.39%

J TR A R EE M, B 525
PRI IG O0 E, AT S0, LI AE R g iHE
A5 K opp = 1. 73% 4 Save = 0. 021% s Skws =
0. 41% , FIZ 4 1 S50 45 5 BIAH 45

L LRSI A A LU T A58

(1) N 4 W] LUE L 2 2R A 3 R ) 5 b
PS5 TR U 2l B PR AR R 2 - i 4. 2104
BEAC 2N 1. 7700, 3 5 AR 25 B 0. 97 %0 B AIK 3
0.39% ; MM Fa SR 2Z 5] /] LA AS T, HF
177 52 5256 1) 92 56 45 R 3T RUAH 45 BRI X —
TR HIMEE T Bl e A R

(2) XF3R 3 W45 FL45 L B0 5250 25 B A7 X b
KON ZERK., o HEE DT 56— 05
L EUXF g Bl R Al R B o) R E R
PWM 3K 351 & (9 F I i 20 3 oK % &, X 5 52 bR
5 0 A7 26 B 5 575 o gk 00 00k 2l B B 1 Ol
T 55 o IO ARG I 22 ek R S 40 8 1 s 3230 0 5 1 AR
SCR I 5% 77 2O g R I 2l g B in 2 Al 1 A
SRR BT B — R 22, 3K R R B S IR
B R 2 1 S A

AR SCEE Xl AR 2R GEAE IR EUIRZS T 32 UL 40



410 4 ES

E A LU R P B Sl 1 3 A A o 2219

i A R i B B R, T — R T
TaE IO I ) A T SR R A v R P AR R . X R
= 1B L T - s VG 4 o M | 7
RS MBCERERL, RSB 285 5 BAME
K — R A& =R LR s =t 4
TR B R AR AT S R ROE
FERUER G 4 LA E RS, LI ss R
FEWT NS P AT S 7 VR A LG SR TR R Y
25 1) SR W I 3 JE 3Bk 2y 110 0 - A R 88 O ARAEL R
W B 43 1 57,96 %0 F1 59. 79 %, Ui B I 7 B ik

Sk

(1] #hky. §o8, 5= B, —Fop i E & A 35 N 5 3
Tk B HAE mks AR R A g b i LT, Rk
FFRCHRAFR, 2006,36(3FF) 1).74-78.
YANG S, ZENG M, SU B K. New repetitive adap-
tive friction compensation scheme in high-precise
servo system[ J]. Journal of Southeast University
(Natural Science Edition ), 2006,36(Supp. 1) :74-
78. (in Chinese)

(2] F &4, G5, WA ETEE G B sh Jy s Ml b iy

BT, o8 R % Tk K% 5 4R, 2009,41(5): 10-
14.
YU ZH W, ZENG M. Application of torque ripple
rejection based on internal model principle in test
turn table [ J]. Jowrnal of Harbin Institute of
Technology. , 2009,41(5):10-14. (in Chinese)

(3] B & . WuAR. JA0 B3 & 5 3l I A5 40 1) R R Y B
5e0)]. & %45 L 4R .2006,18(3% F) 2).821-824.
HUO X,YAO Y . Research on rejection of moment
fluctuation in rate simulation table [J]. Journal of
System Simulation, 2006, 18 (Supp. 2) . 821-824.
(in Chinese)

(47 WA aRHE . A . RHLBE) I R
SEHAMEL) ] R F M T4, 2003,11(4):390-
393.

CHENG J, ZHANG SH M, HUANG YAN Q. et
al.. Repetitive study control to compensate motor

moment fluctuation [ J]. Opt. Precision Eng. ,

AT A ) P DR g R D Bl A B R B Bl L Rk
A B PEYE. SCERIEW], IR L T HOE
O F) 2 1) SRE W X K A 4 1 52 22 M It 8l A
R G A R .

(ELJE: o AR SC UK g 0 Sl T I R AR £ L E
— A i e R B A S L 0B T A i X LA A Bl
QPR 3% | V0 0 B0 R I B R A 5 R P A s i
AR JHL 0 3 B2 A8 JE ) 5T

2003,11(4):393-393. (in Chinese)

[5] ZHAO S, TAN K K. Adaptive feedforward com-
pensation of force ripples in linear motors[J]. Con-
trol Engineering Practice, 2005, 13 (9): 1081-
1092.

[6] JIANHUA W, DONGLIN P. Adaptive robust mo-
tion control of SISO nonlinear systems with imple-
mentation on linear motor [ J]. Mechatronics,
2007,17(4-5):263-270.

[7] TAN K K,HUANG SN, DOU H F.etal.. Adap-
tive robust motion control for precise trajectory
tracking application [J]. ISA Transcation, 2001,
400) . 57-71.

(8] FHE.umE. e &AL 3h )2 B 5 R
A0 k% #% 142,2007,15(10) :1577-1682.
LI H, SHENG X H. Electromechanical dynamic
modeling and coupling for optoelectronic theodolite
[J]. Opt. Precision Eng., 2007, 15 (10): 1577-
1682. (in Chinese)

(9] KXk, FRE AWM. KB E R I HE B 3
M SEE 23 M T ], #% ¥ HL,2004,37(6) :64-66.
ZHANG W H, LI J H, X L. Experiment analysis
of permanent magnet DC motor’s torque fluctuation
[J]. Micromotors. s 2004, 37 (6); 64-66. (in chi-
nese)

[10] HAN]JD, HE Y Q, XU W L. Angular accelera-

tion estimation and feedback control; an experi-
mental investigation [J]. Mechatronics, 2007, 17

(9):524-532.



2220 it K Y 4518 %

EER N

ROBEAISS—) I RBRIMA L
WE5EE 2005 4 ,2007 4543 3] F 75 Ak K
ARG E L L, E R
J7 18]k KG  BR B AR IR R B R E-

mail: mesy. ciomp@163. com

ER[E (1981 —) , 5, B A 5% 51, 2002
AF 2005 TR B K24l 3kt
7, ST Oy O A A g ) 3
NI

BIEEHE:

EER(1963—) . B HMKEN R
BTl A2 0, 1985, 1990 4F T 35 Ak
ol KA 43 A AR L Wy, R
W58 J7 18] g 6 Hi 0 o R B4 i B R
E-mail ; gaohuibinl@163. com

R (1964 —) . 20, HAMK TN BFSE
B,1986 4F F 3 MR Tolk K2 g2+ 2%
AL, FEZEWFFETT 0] Sy S Fin ) 4 0 R R 4
A .

HEEF1980—), J, B HHFST &, 2002
47,2005 4F 3 bR Dl K 2 43 ) 4K 2
e A2 A T B AT O A R R AR
A

o T L
B E RUR (LRI A5 240 L 18 E R

A E A
(PEMEFR KELERENURE WET LA EH K& 13003D)

h T AR R B O OB GRS AR A 1 024 X80 S5 7T 1 vt B K R A S8 L B T — B
T AE bR B BESE T SCH 1 nm SR AR R B8 bR O T T P D R R SR RO T A T PR
ST T A AN R O R G R R AR R A W R HEAT T AT RS . e T Ok
T R R X A S ARG B SR . O AR R AR B OB O S BURA) TAE A TS S
TR ABTAR A 1 TR A TR A O S AR I vk A A BB . e R DG E AR I E T 4
TR i i 3 40 G 11 B WA € ) B (AR v 0 O BRI i e iy 2R . SRS LR 23U
SR T A AR 0T I GBI BRGSOy AR 2D S TR RS R
5. BRSO T T A AR B G bR B T AR RS . T A bR 2 SR B RS R Ak
BEEFRG RS T 1 nm. &SR SET 0 8. 75 nm; 40 R RS R A i 545 R AHAT LR A
B R 14~19 nm, FHME R 17 nm; 1 nm {5952 bk B 48 55 Aok B2 B9 5% i 43 30/ 1% (3 000 K
O FNTF 0.2520(6 000 K B4R i G 3 BRI 1 nm S35 e ok B 19 223K .



