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In this paper, we propose a novel velocity ripple controller using phase compensation feedforward
control. Velocity ripples result in many kinds of performance degradations in manufacturing
machines, especially such as ultra-precision roll lathes. The generation of velocity ripple in
constant velocity control comes from various causes, such as electrical torque ripples,
mechanical worn out, inconsistent mass center, etc. Conventional researches about ripple is
mainly for reducing torque ripple in actuator level, which is only one of reasons for velocity
ripples, so in this study, we focus on eliminating velocity ripples in upper level controller using
phase compensation feedforward controller. The proposed algorithm is composed of several
modules, such as ripple extractor, phase adjuster and phase follower etc. The suggested
algorithm can be easily extended, and it shows a superior performance in the experiments of
ultra-precision roll lathes.

Key Words: Velocity Ripple (5T 2| Z), Torque Ripple (E3 2| Z), Feedforward Control (I] =X = X|0{), BLDC Motor
(BLDC ZE), PLL Algorithm (PLL 212 5)

7|=4Y ky ky = spring constant

Q = rotational speed
T = Torque
I, I, I, = current of phase u, v, w 1. ME
S.. Sy, Sy = magnetic flux density of phase u, v, w
K,= motor constant EH AL FeAd A E SR E2 EO
8, = current offset of phase u Y& AEdAC Qom, dnkor o] A+
n, = number of pole pair i e HAFooly oA EIgZ ¥ o}
Crnotor = center of rotation of motor Yyt 7173 dole o= A o]z 3tk
Cioaa = center of mass of load 7174 9l Wi EEHoAS EIaYES X
Copyright © The Korean Society for Precision Engineering
This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/by-nc/3.0) which

permits unrestricted non-commercial use, distribution, and reproduction in any medium. provided the original work is properly cited.



S22 TS5 x| Al 31 835 pp. 705-713

J

August 2014 / 706

T AAsE AAH 29le] ol HEe
3 wob 4% TEA SueEe Yuz

s},

4 el Apolel %i&% th‘% 1 BT 2R
28 Zo7l s mE A4 Tolol sub-slotd

Abgete el glolA 7]Eel Beo] Zhold
square EFJo] ol arc BlYOo R 3 Aple}

W JTAY D24 Gl skew Fol
AEAE Fol7] AT AT /b Atk HAT o
9% ATES 2 REl9 540 te dueE

afo] b= wHo] o] g3t ool

ROM H|o] &
e A9t EEM A4 F5e f8 Zas |
He 2~ AFAe A Hall AA L] 9174 %

:‘.’:
s
[¢]
o
o,
%“
S
o
oE
1>
o
fit
[l
ox

o] PLLWAS o]&38 HAINE AT e
A5 Commutation T-3rollA F7sles A/ 7<=
719} HAdteE ARFY 71e717F gAskA] ol
AstE EAEES Commutations g3 X4
A of T AFY 7127 2 sk b
S o) BAE A7 7 A

B =R Ae HA B9 gZdut 24d&
BE 7IE dTdE #ES gyste, #7149
&5 ZEY AA HFew, Hd7IAHA AU
& B olye}, X}H]/] ZIAIA dRlell o) &
AEe £5 & g go] AAs = As 5%
2 aglem mg F7EAQ1 st=dele Aot
M7 glo] dwt AgA|o] 7]l Feedforward Ao
237810148 2L @5lo] A Ao 7| FEFFOR
A HY frdsta Ago] A ES AR
2 BB Wy 6ol 24

dutd oz =49 & Jtegv s g2 AE

AR EAlZE He AL ASTEaM e
SiglZoltt. £xgEd RHAAN AAEHE
AgEds A glens HigEe] 9l
< T7HA7E "o a9 EE oA e B Eo
s fivkar et o2 7hA ol wiEel &
LeEol MAsk=H ol A7IHRl ol ik
ZIAARD vhEY FAITA B T GFE Al

7FA AL .

fr

2.1 2 E9 HI|F v ol

DEe W74 wAAe BE Txd @
AT wE =ojelue AfAel Reddd el
Ao vt By Fxo o Al 3
A AT R, AR mdel A
o gel Aol, SAA} nAA] A4 ol Ao
of AEs Wio] wAGE ZAEAT An
HE =l e AiAle] Bl o oA
AAL Aojrel HAdGA, [ A7) Aol
AfF S2ZA Fo] grp!t?

R B I I R B R B e B R A
T WA RE sghelne] Bohr Al o)
WAskE A Q3 Alo] o FARl B ofw
Agate] B fES THATIEA FAHoR
A ofefet 2Tk AHA<Ql BLDCREE U,
V, Wel 33 AfE AR FoR B A% ¢
o] AT}

[Iu[‘]“][S“S‘SM] (@9)]

TE 8 B4 KE B4 A4, L L L, 24 A
o AT, S, S, S 2 49l AEE et ol 4
Ql B¢ AR =S s 42), () 2o Ed
"t n, = pole pair®] 7fo]tt.

S, =cos(n,0)
S, = cos(nlﬁ - 2%) 2)

S, = cos(np@ + 2—”]
3

1, =1cos(n,0)
1, =1cos[np0—2?ﬁj 3)

I, = Icos(njﬂ +2—ﬂ)
3



_I

=28 UBs35(X| B 31 83F pp. 705-713

August 2014 / 707

= A5 Azlelth Aol sl o<l
AR ol Al HFE AtE = Eas 4
@k 2.

A BEAAE AR A 4
A gape A&UE R ol XA ] oo
EagEo] WSt Hrh

FE wide exA AF §, 7} EA5 2 2
gel 3¢ 44 % AlzzEe WAL ogd AR
E YERIE v 2k = 2H | pole pair®
7fEel e,

1, =1cos(n,0)+6, (5)
I,=—(1,+1,) (6)

AFe 2718 1, AHAEE 49 2| ©
aola} st A), ©9 dFe A3)9 1,

Aol dgste] Ea T & Asteld A7)
E‘r.

FH}L il o?;

(cos(n,0) + 5,)(cos(n,0))

T =K,|+cos*(n,0+ %) —((cos(n,0) +6,) @)

+cos(n,0 + %ﬁ))(COS(leH - %71’))

N2 gS B4% ol gl Aels) uw et

X .
T= 7’[3 +35, cos(n,0) + \/§§u sm(n],@)J ®)

T:%K,+AT5 &)

2
AT, = 5,,K,51n£n 0+37z) (10)
A0 ol oTAAF o EITL
AFLZA 5, o ddvte] HFH= YeuH, o,

Fig. 1 Trajectory of the mass center

o weq SdT wAsE e F7]7 A4
Ak o]d 54 wEe] AR fAd de &=
FE FAE 7Y Ads FEE mdYol
7}s sttt

22 BE9 7|7 &Y |

9Ee] 77A BAAAL FE AT 3
£Yoat, vh 9 v 273, 4 FAe
29X, AY Foz WM PR HYHo
2 4% 9E2 B

221 FF ol et Sk 2 U
Aol E e} #HH
AT BELAd 2 3)
dl Fig. 1914 Cpor © =
ste] FAIFTA, e= A
g, Wy mtE 5o

e RAFAe] Eold

2 1o off T
o,
)
R

ol m

o oo N
9

1

[ v

of N

Momx &4 o

e ahel wAFAC 2
g3 o} ol 7 3=
RE FHUF Y, e BH 87 24

stel LAZATA A4 AL ol

4%
—z o>

F =m
T (n
F =mgcosd
AT, =F xe=mgxexcosd (12)

2(12)9 AT, = A
ol ofel wAs=
EAE YERL o= BH 1]01

rg:
L
_‘
N
M
2
ro

‘g}‘]ﬂt ﬂ?_o]\:]—. ] Tl ]E‘— “?‘6]'9] ]7]' 711]01

A A4S A7)E ARE GEe] WA 9ol Hrh,



August 2014 / 708

Fig. 2t %ake] Aol o8] mEle 57
Coor®h 5318 FINFA o7t BAE 712 1S
g onAe ade nHEA @i dael =
Al Aotk
S ge Aol WARS Wl Vel v
A AT o Ay o) e 2
A e Aol o

is ﬂﬁ%‘% O]"/] -—,—7{]2/\1 -“lji]-’ T‘E‘ l:],_‘é.]_gl
2t Wl Qi ek AAsEolt. 13 B

of Agse Pe vEPHoR e Aol
o

WANe F7) A8 Q9B 2ol B A
Adera dedste] AE Tew 4a1s5)F do] ¥
Aol x5 et AL F & 5 ok

mx + kx = meQ* cos QU

, (13)
my + ky = meC)” sin Qt
x = AcosQt
. (14)
y = AsinQt
x=1 ¢ —cos Q)
7 (15)
y= 5sin Qt

AR Al Bl Flg 37 22 wjoj o] o3

A EE A5y gol TAFNe 4L FAe
2 2HUES WS4 wolge 7} FHol 7
A= Pol dekAa o2 s nhAHe Wzt

B ol A6 gol xyBHeIMel &
WshE WA A7 SEe) wsk Ja7) 2ol
F7HHQ B2 WAAA ® sl gEe] U
o] e},

A :ﬁ-kﬂ (16)
dt dt
Adeszl—xe 17

713 2] (10), (12), (1)l A A E nke} ko)
REA wAsE EadZ 749 AA 4

B4 E39E 5e ¥ 4dv%z nuyd

o~
ne

y
A Modeling of a bearing

A Relation between Force and V

Fig. 3 Torque for frictional force change

Proposed Algorithm

Phase
Follower

Velocity
Ripple
Extractor

Frequency and
Phase Checker

Phase
Adjuster ‘
eea-
forward
Controller
Target + % Pl

Position Controller

Current
Motor
Controller

Position
s

Velocity
Controller

Velocity

Fig. 4 Block diagram of the proposed algorithm

Jornz B =i gES VEFHoz AHY
o2 magstial, 4 sEeHE A st A9
Aol 7] A GAH O Z Aojste A=EE HE
Ae)715 A A
3. £E2|E A 2259 4
3.1 £E8F A4 €8s

oA Abe B ERY diE 52 Figd
of et wbzof] ZHE npe} Zo] Fr YEFE FE
7], T 2 92 A=), 94 2487, 94 F
T71E A glon, dauFEe A& &



S LUSES|X A 313 8% pp. 705-713

August 2014 / 709

He &% fEd 94 s oy, SueE
o 7], AF wANEY A9, Trela AxYe
9194 ¢l o] o}

o
=
o
-l

A% wasel A Axge
} ]

AR AF wANT AL AF WA
Ageln 94 F378 Bal SEeE gagel

3.1.1 5E8|E FE7|(Velocity ripple extractor)
. :

=
tnalEe) Adel SEE FE7): mEe

£EN5E 24l WETLAHE o Aole
oF ¥ HEFFY F5E FEFHE HPolrt
% SsA FHBANN EHE AA A%
TEN AA £% AR dolHE FHtD FFTE
g FPse] £neEe AYFASE Sl
5 WEs s S AA
AAE MedsPEE AROR B

3.1.2 Fht4 3 4 HE7|(Freq. and phase
checker)

Fis 9 94 4EVlE 7 SueE
T2 suEE A AT v 3
7] 9% T3 BHow £n
A aela A71E FH ek

Fig. 55 £x21&9 setHE A= 344
o7 HxglZ Av|E hEE AE F o o
g T Syl Hd, Hx AVIE s
of Fgor Ao £rEe] Faget 94
S AR AR FQE(Zero cross point) S 7| F O
SAstm A7) 543 ol A ] @e ¥
wo® sto] ARggTh ojwf SAHE HrgE

A7) 1 #7019 T2 7ol drh

3.1.3 ¥4 Z=H7|(Phase adjuster)

IRH Ag AF RANE A e

Filtered VelocityRipple

i i i i i i i i
ol Stabilizing || | Max |
[

4

o
=

VelocityRipple(deg/ms)
—>
! |
-
—_
| |
‘ [
[ R R
R
;1\\
T

i
‘ | d I
_ 4 |
I | | | |
| | | | |
w dj | ,‘ [
| | | |
N U\ ‘mu J\‘,.H\
I I Zero Cross Point; Min |
0 100 200 300 400 500 600 700 800 900 1000

Time(ms)

o
< o
- a
T T
| |
L=
e —

Fig. 5 Measure of velocity ripple parameters

% 10" Phase Delay
35 T T T T T T T
| | | | | | |
| | | | | [
] i R A Al Bl i Nl
| | | | | | |
| | | | | | |
F ] e e L A e
N | | | | | |
g ) | | A | |
2 — — Rt B e e e
2 \‘\\ | | /o | |
Q@ [ | v/ I I
e e N A i S
o | \ | A | | |
\ /
L e S B T I e e
I I\ A | | I
| | | /o | | |
0 [
I I \f I I I I
| | T | | | |
0 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
Degree(x10°)

Fig. 6 Phase delay of the system

ng AA HF w5 A8 o
N AolE THAERE FHdte Zlo] o} Fu
T HR A"l gAAS Abdel FA4sk] 1

< F3 F4s, :
S5 AT F AT FagolA Al=ged 291
(Sweeping) 3t HdlFo] SrgEo] HA7L 5

= 4 #Fe e Aotk

Fig. 62 $lollA Ads Aoz 2 7133
oA XA =A% 20Hz £EYZ A ~H
A grolth =] xF2 94
ulr yHe] g2 & SxgZo 7
= 98 dAH A 5U¢Y SReA TEEE



st5|X| M 31 ¥ 83 pp.705-713

August 2014 / 710

O.BJ
0.6
0.4

0.2

0.2+

0.4+

Velocity Ripple(deg/ms)

0.6

-0.8

W %
9
e A%

3.14 Y4

SES)
SOEE
Aol

o,
N
o
-1r
2

fo 2
ofo
ol
o

T 2 M

o
>

ALK
et o+

( _ll.‘>,
o

ox ofN of\ ki
N

>,

¢

o
folr Lo,

)
N0
2 g

N
F
o!
J

of mjtell Akl Aol uwpek H*o x
ol o] o] AA =t

2
2
mlo
ol
iin)
ol

pll
o
N
Lo,
offt
2

s
oX, -
> fg N
ot > ol
N
o
offt
i)
N

D fol

lo
(S
o
o

i)
2
Jb FiN
l‘ﬂ —10{1

Phase Follower reference line

2000 4000 6000 8000
Time(ms)

10000

Fig. 7 Phase follower process

do) gk Hste] 5 o gholh

H$4e Bal setE Alzage] 9
BA A% 29 A AL

37| (Phase follower)
oAA ofele A F S dAR &

2407 WEITI=

Fohgrt AAw A%

[

(

o)

43

10

r&
ihi

11 9l

Z

of
=

A 917 A o] WA S
A orsl A ). Fig. 7
= YEd el

=2 SteplolAd =AHH
o] 30%°]t}. Step2¢llA]
ErgEe] A7 4%
S7tet HE
2 ol

a7}

>
w o

it
~
0
ox
o
h
M

_lﬁo

)
ol

oo 1
foi

&0

)

O

N
o
J

+ MY
o2
o

S
N
it

% 12
N
N

ki

A OE‘
il
O
J

-0,

lo “
e s} -}1‘1';
1o, T,
2

o 1Y ﬁ
2 oo
o
N

Tox N
+
&4w£
oot ofN

o N N

f lo

1o ol d

ox X

oy

)

2
=}

i)

2,

+

i)

o,

o

L

4 2

o> FN
)

3.2 A Edlo|M

A ot
ol g3to] A
A
2 A

Se £

U=

< A<st7] a4 Matlab<
sttt AlEd o)A
Z} 20HzS¢F 100HzY] £x=dZ
=3 @A Aty 9l
Hol +0. SHzﬁ}Xl &Aoot
= o

1 it
iu
Py
o

ol
EE

_VE
E;f#rlr
iEﬁ

9

m}n N e
to
o

=]

a T}AE]'

Velocny Ripple and Compensatlon Slgnal

VeIo|cty Rlpple
Final Compensation Signal

Velocity Ripple(deg/ms)

I I I I I I I I I
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

Velocity Ripple applied Phase Follower

o
3
L

o
o
L

Velocity Ripple(deg/ms)
o
el
3
|- 4 =0
T a

-1
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Time(ms)

Fig. 8 Algorithm simulation (20Hz)

Velocity Ripple and Compensation Signal

IS

Veloicty Ripple
Final Compensation Signal

o

I I I I I I I I I
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

S}

)

Velocity Ripple(deg/ms)

Time(ms)
Velocity Ripple applied Phase Follower

bbb

B I I I I I I . . .
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Time(ms)

1

0.5F

Q‘W‘MWMVMWMMW{‘”ﬂﬂwF‘\J\HHN‘U/MMM i

0.5F

Velocity Ripple(deg/ms)
o

Fig. 9 Algorithm simulation (100Hz)

o
=
ot
)
P2
o 2

,
2

!

_ P

2

4
3
S N )

ox flr 1
w2
3
e}
[N
fu
B
o
iz
0%
>,

fi
o
)
rO
fo

Lo
o

Az gge

o2l
lo

F

Aerst ol
éﬂ% BANEE 180° 94 A
W Fig. 8, 99 1y} o]
AL & & 5 U
(Phase follower)° 2 &3]

o) AAW HAFAE ]
Hago] 74 HeE AL

2

o

Y

==
T
i
L
=
=]

_,d

2 I
rot

we o sl

oﬁﬂlﬂirﬂ E

B
0%

™ o

(

i e K 2 ot ox M

St N o X 1
= Jfu
o A o

re
it

4. MY

41 48 IH H 48 Y

Ao} 71 Delta TAUAFS] UMACAHR-&F AL A
Al & 7tErle 23E FU& FEE2A}



August2014 / 711

Spindle
UIHL

Fig. 10 Experimental apparatus

o] RE9t REtglolWE FASIT AAE o
2 E5L UMACS Q2 ZAH(Open servo) 752
3 T

AA o] A& AEe FH| o] FFTEA

N

4
10rpm®} 300rpmol| Al Z 3 3FA ). A o] 7] 9] Ao
g oF 4.5kHzo|al HoE & Hlﬁ%— As g
59 A& A, T diste] ZF rpmelA 5% F
F S£E9k Ao dHolHE w3 7]EA

o

O

v T =
J EHe 5 UMAC«] Jog WHES o] 83519
on RE} SHT0] wuehu by AL
& ol BMARE AgAR Fadte 15
= AA dagls e A AR Ade e Als
CEICREERESTESERNIEE R R
A5 AN ZAF H AE WANTE W57
Ao FuclEe olgd einE Sgs
stepl 3} HEWANTE F4d ¥ ehbe 3
T W 949 tﬂﬁ}% }S1E step2 @ Lo
X839t

42 A9 dx
4.2.110rpm A3

Fig. 11> B2HE 10rpmo 2 45 F& 39S
g AtE dnES ﬂ—&o}ﬂ A3 Ff Ao
i HEeEgs vl A
Ao JEgFS Fie %Eﬂ%ﬂ A FIrE
18Hz ©|t}.

HE BANSE AALs] A FdEEHe
Stepl S S3 TaZ F7] semset AbH AAS T
) Tzl HE RS 42130000, Sl
+100°(A| 2281 9] 9]/42 280°)°]t}.

Fig. 12 AFARE g E4] ofd £= A=
AAE gjste] ®=Ag Flolth £ Ao T

FUL

@ gl ZA FohdE AL e ¥ F vk

T A

Compare of Velocity Ripple(18Hz)
0.2 T T T T

— Without Algorithm
e —Appned Algorithm
g ‘
(2]
2 | I ‘l
Q.
< ’H”“ ‘“‘H ” H‘ H ’
> -0.05
S
[
>

-0.2

1000 200Q 3000 4000 5000
Time(ms)

Fig. 11 Compare of velocity ripples (10rpm)

Compare of Velocity
0.0603 T T

— Without Algorithm
0.0602 — Applied Algorithm
g 0.0601 ]
=)
9] I | W I “ |
% 0.8 “ M * "‘ | m‘ w Y ‘( i ‘mw‘ “ ‘ \‘ I
o
© 0.0599 ]
> '
o.osga
095000 1100 1200 1300 1400 1500 1800 1700 1800 1900 2000
Time(ms)

Fig. 12 Experimental result of velocity (10rpm)

Compare of Velocity Ripple(5Hz)

0.25

) — Without Algorithm
o —— Applied Algorithm
0.15 -
—_ ‘ |
I
3 |
@ 0.05f
kS
2 o
8 \
=8
>

0 1000 2000 3000 4000
Time(ms)

Fig. 13 Compare of velocity ripples (300rpm)

4.2.2300rpm &

Fig. 13 REE 300pml.& A% 7% sl

Aetd Y ES JLa7] A Fo Sig
W3l FS Aot 300rpmell A Al 2Elol] &
v £5gZ 4] FuE SHz olth

a=
=

oo i 2
o mlo
N =

o



S LUSES|X A 313 8% pp. 705-713

August 2014 / 712

Compare of VeI00|ty

— Wlthout AIgorlthm
— Applied Algorithm

i w“ iy

Velocity(deg/ms)

8
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Time(ms)

\M

1.799 L

Fig. 14 Experimental result of velocity (300rpm)

Table 1 Experimental result

Motor rpm 10rpm 300rpm
Velocity ripple Frequency 18Hz SHz
Decrement of vglocity ripple 94.01% 59 50%
(corresponding freq.)
Decrement of Velo'city ripple 67.38% 45.74%
(total velocity)
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