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Singularty Control of Robot Wrist Joints using Euler Parameters

E.S. Jeon*, S H. Park**, J E  Oh***

Abstract
Considering the singularity of robot, singularity avoidance control of robot is very important,
Because it is very difficult structurally to exclude the wrist singularity, Then new control policy
is needed to overcome wrist singularity,
In this paper, the singularity states of robot wrist was analyzed and control algorithms
for 3 and 4 axes robot wrist were proposed, Application results of the proposed control
algorithms to the path including singularity showed us their usefulness and validity.

LM =2 pralel A7slgn M M. Stanific ' & 4% =@
non-degencrate solutiono] #dle] A3slge}
H Agjo]l nx 2 waHe o Yy 2 AT Eol4 ooz M Sampei ™ 52 Time
e 9fstd 3R gEla ok olHF A scaling®& olg3led Hojd TelrMe ZHEAE
253 ZRldMyz dubA]l A 1]3}04 A= drstddtt & Yoshikawa'™, Y Nakamura®, H,
£ #= ZREJ Fgsy sy Mw& A%AR Hanfusa *, QA& " & Jacobiand @& ol§3 7t
Aol Exe SANME FAETe] FE R By A RIS o83l ARARE Aojd #I ATE
B 5o &4 gz #Ade Ak 4 Eg%‘ gl -*‘ES]‘ it 222y ol2id Time scaling'& YBF&E
A7t w4 ol Bl ERES T2 2 A 7b - e fsle 8 At} vehg 2}
offHe] e eld FEEHolH 4 3tk iﬁl?}@‘:’%% ol g8 Ao FAAofolnz 43
mela PR Z2Hd e MR 73 ZRE oln Fshy AAZWE AT Ho] U Zo
weh Azt =8sojx gtk Hollerbach ' &= 6% 2 FAgsn AGAREE M ZHEQ FS MY
o} Boldg RAMslon 6% RHEC A{AFEE sigho] o3t & MEE HHS g dA XI
B7tsled 24 e Eol4dS AMojA77 A% 7% TogEs Adn 9
EREAA disle A7 sk oo AAHYE £ AollMis edd e (Euler paramter) &
$jsted R P Paul* & 634 iﬁ*ﬁ# A A olgald 3% 9 45% i RHE &EWH Eoly
F 3 ARG dFd @il AFsiden oleld A 9- FHMetn o4 AAvEE o]§d 4F ZHE &
okz7e #AE 98 H Asada ' §& £2e end- Ao Aoy " & AASA sk AMAlE dx
effector mount& ©o} 5o|#L zglojel vroz ) ]'ﬂ'*] EAS #AEsh7] st EoHHE X
EA71 0 9 end-effector mountel &2 4 Aol Az ey 3% 2 4% ZRE £E93L HFH

* wekEqlAe
X% AL /] oA T+

@ g VA eat

137



Al gdoldstazt st ZHA A B
AHe olgstu Pk

g8 3apd 2

2. tengel J1THH A

9 1 Euler angles® o]£38 hand® AAEHWY

EHE £9d %S 737 YalMe £ hand
a8y frame (H)E
forearm Ewe] reference Cartesian frame (F}<l
tated 7)&steiof gtk frame {F)olA frame (H)
29 A matrix "' &I 2oL

Cartesian frame {H}&

H cos P eos #
Rt, e, p)=]| cos¥sin@sing-sinipcosp

F cospsin@cosp+sinpsing

L

sinycos @

sin@sinfsin@+cospcos cossind

-sinéd

sinsinfcosdp-—cosPsingd cosHcosp

—

———— ()

A

#H,  Euler anglest £Z%#749] joint anglesdl
#Fstna  joint angle rates9+ hand®] angular

velocityste] #AE 983 2

I F - —
b W x 1 cos &8
é =[JI-t |wy| = — | 0
'b. wz cos 0

] T -

sin&sing sin&cos ¢ W x

cos G cos P -cos & sindg Wy

sino cos b wz
N I

0=+90"old det(]) =cosf=00] = o] joint angle
ratesE 78 5 ¢tk ol JHE 5ol (singular
state) 2 &lv &£E@HY e FAZe] & HHAF
A o g olHE AL oW joint angle
rates® FUet® hand7} &&o)x] 3= Wao] UA
A wga 3% £E2HEL Jacobiand WA Aol
A4S SolaHdME A7t E7Esih

2.2 Euler parameters(quaternion) & ©}4% hand
o ANEH =Y

Yo 4 =38 Euler anglest 7178202 o]d3}7)
A& AHE A Eoldd dFq] &E[HE Aot
7l BAgst E-My Euler parametersg o]
48 AqEdidd dstd =3nz @ YA
matrix R # Euler parameters9}y t}33 2 @&
A7t o,
20 72+q12)-1 2(qi1q2—7743)
20 7 2+q22)-1

R = 2(q1q92+ 1 y4z3)

2(q1q3—792) 2{q2q3+7q1)

-
2(qi1q3+nq2)
20q2q93—-nq1)

2077 2+q32)-1

—

joint angle rates ¢} Euler parameters ¢}o] #A

- ge wy,



rgsgdzstsa) =98

. 0 - x ~Wy
q1 1 W x 0 @z
qz2 2 Wy ~Wz 0
q3 Wz wy Wy

L -

— [
—wz n
“Wy q1
——————— (@)

—x qz

0 q3
— e— — )

a8 A WA AR WrE Aol uehy
1= Euler parameterZ 7, q°lg} sz FHA FHo
2 AWl AAAelE uehl: Euler parameter®
T, & BE FHY o] d&Hoz dojit Ho
ZAate)& Uehl: Euler parameters 7, 4 o8
T 2

A1Z (1992.3.)
7 = 7y 72 - qr o+ Q2
- (5
q = ni1q2 + 7»2qt t g1 X qz

3. Euler parameters& 0|23l

SE 2|1 of

£2ny9| =0

3135 £234e Ao vy
Fig. 1% 3% ZBE &9 328 Yeld} Fig |9

q X, Y. Z ZRE

angular velocity wy,

&& YeEY p,q r& handgl
wy, w, T AV)Sch 3% 2RE

Robot Hand
|

-
Robot forearm

Fig. 1 Robot hand with 3-axis robot wrist

ai,
(i-l.lz.k:l.t) Block 4 (x u.)hl
Probe-tip y
movement » ﬁz “'g‘"'
Up jket
y Block 2 Block 3
X ¢ Block 5 Y
Integration Rotation
of quaternion matrix Joint angles Pt
rate equations R+t S
¥s DS
Pa [nitialization ate
8. (i=1.2.3.4)
6
e ¥ Block .
iy P Joint angle @
Oy rates ! G:

Fig. 2 Block diagram

139

of the control algorithm for 3-axis wrist



oY - MEE - RS
.(i=al.il".{(2|.4) Block 4
Probe—tip
movement
y Block 2 Block 3
Integration Rotation
of quaternion matrix
rate equations Rt

I

¥ Block 1
Do Initialization Al
(i=1.2,3,4)

G

P« Ve

Qy  —————

I:k Py -
Ex

Block 6

Joint angle

rates

=\ up

(2( u;)nl

3

Yo
P
S

kvl

Z up fxes

Vi
7N

=P

Fig. 3 Block diagram of the control algorithm for 3-axis wrist with scaling procedure

£09] control algorithm& Fig 29 block diagramo.

2 Jepdideh 28y 919 algorithm® 202 #H§
& A% EBolxd, % 671 +90'ZAel s1E joint

angle rate ¥ ol =W AA1Z FE actuator?

Z5HE dA"ED o3 Ase AAEs A3y
B A7y joint angle rates® scalingshe
algorithm<& AQFgt} o] scaling algorithmo]§ A4t

# joint angle rates7} Ztzte} joint actuatord) FHdl
318 Zt&zol HlaEol e HER U¥oAT Al
123 scaling algorithme] A&% control
algorithm¢] block diagram< Fig, 3o Uehdi

o}

3.2 4% &EWHY Aopiy

orol|l A 13 scaling algorithme joint actuator
of IRyt dale AL WA d3A &v AA
ol LAY, 1nE 3% £ETHA A4 FHES
Hisle] o] A{AHE o]43d BolYHE it
Fig 4t 4% 2ZRE 9 728 Uehdn 4% &53
HolAe] joint angle rates®t hand?l angular
velocitysbel @A o 2t

¥={(psin a+qcosa)sing+ (r-a)cosg}/cosd

0 = (psina +qcosa) cos¢- (r-a) sing

¢= (pcosa-gsine) +¥sind (6)

140

Robet Hand

e : -7
Yu _."/_;.j;_’__
o2
PRy a
Xu -
LK
h\/e
Four—axis
robot wrist
I
l
yeb
i ¥ Robot forearm
1
IX; 7. |
| |
Fig. 4 Robot hand with 4-axis robot wrist
714 Eoldd Ao <duF slEdds
cosf =00] Hiz EoliHe] TE3l7] Mol 09 F3 &
B glolth & e 22 of A4S ALk
a=-0sgn (sing)
o714, sgn(A)=1 when A > (

sgn(A) =

-lwhen A < (



rg=2dd3es2, A9 Alz

(1992.3.)

a
(lnxlzk:u) Block 4 (X up s
Probe-tip
movement EZ ::;:_:
Block 2 Block 3 Block §
QcC
Integration Rotation Toi Vet
of quaternion matrix oint angles Pre
rate equations R+l Oii
y Block 1
@ Initialization
8. _ Fourth |joint angle
- = — K O« sgn(sin o) = ax + (B/2)(3 6 — Guer) f—e e
P —
I'x
Block 6 )
[+ 2
M- Joint angle ;:
rates 6\
ay
Fig. 5 Block diagram of the control algorithm for 4-axis wrist
40
Fig. 59 4% 2HE £¢ Ao| algorithm? block ]
N ——————-
diagrame.2 JEeRAA, 49HA joint angle .., & E, 1 —_———— - p
Adams-Bashforth second order predictor §m: | -0
integration& o]§3lo Ty Fo] AL 4 Yk UF | T
Fop :
ak+l=ak+ (h/2) (3&k_a.g+|) (8) %-10 E— i
3 £ H
g . -
S ano|A I b
4, Alﬁ'alohj §.T'_I» g’t I’—Q g T 2 3 P! ) s 7 ) ] 10
ZE AlBdolAe (1) Time (sec)
10
1) 3% 2HE 29| joint angle rates& scalings} !
7] e Ay ’5: . — - X'%P
2) 3% ZHE &9 joint angle ratesE scalingd TiE O = Yup
: A
T T .
3) 4% EHE &£§F AEE FHed .3-7 t T—/ﬁ
37H4 AW Eol4HE E¥s: Az Z iiig . e
- N -
Probe-tipo] robot forearm axis system (F} ] E::E -~
0,6.0)14 (0.0,-6)& Zf3ted (60,0002 &Hol 2 E
e =
A gk 99 FAE 57 gt AFFF3 O e
h& 1/30 sec® 3tgle™ robot hand rates ib) Time {sec)
command& {0.6,0) 44 (0,0, -6) T M p=0

141

Fig. 6 Desired output



(deg/sec), q=30(deg/sec), r=0(deg/sec)E &}

om, (0,0,-6)eAd (60,0 FAME p=0(deg/
sec), q=0(deg/sec), r=-30(deg/sec}Z 3}

Fig 6ol 1A 31+ probe-tip® $x¢ robot hand
rates commandE& UERIS

41 3% ZERE £9 joint angle rates& scalingd}
[o1Xe) 73_?_

2 e
rate &

A%l
commanded robot hand rates®l joint angle rates
& Fig 7o) Jeldidel Fig. 7(b) & BW 3%004 v9

joint angle scaling 3} A %<&

azi7k Byl 51 dS2 ¢ 4 o olAE &=
Hdo] EBolduirl HAULE ouist o}fF joint
angle rate’} W2 joint actuatore] AYE A%

joint actuatort #FEEFHE LA Ho] AR FaAL
234 €

40
5 W p—e———-
i 1 o
Bl l -
g . = 4
fop | e —
3.t i
Tt i
: :
-20 3 !
wb A -
B e e N 2T P RS
Tire (sec)
@)
-
ZE e *
: 1 —e——
_ . _ .
% % - l N .e
2, E % = ?
1 !
S oo, oo
e
T b
E-\s F
aE |
19 S S,
-JZF
e e
Time (sec)
hi
Fig. 7 Simulation with 3-axis robot wrist without

scaling of joint angle rates

142

4.2 3% ZRE £9 joint angle rates& scaling3dt
A

joint angle rate& scalingdt 2%, scaled robot

hand rates, probe-tipel 9%, joint angle rates}

joint - angles&  Fig. 8o hepfisd olm joint
actuator®] Hd SE&7445E 60(deg/sec) & 8%

Fig. 89 (a), (c)& BW scaling 3% %%
Fig.8(b)ollM joint angle rates7} 7L ulg=z

scaling ¥%lem o2ls Hol4elg Edel=d A7
ol ¢ .42 Ak Fig 9914 B9 o 3xdlA 44
Z AtololA= probe-tipel Ag &3Folx EE R
4 4 A% oRE Bolduz Qs is

aaA %e
]ZEA o] A Fojr,

>

434% RRE £9 3%

Fig. 10(a) ¢ commanded robot hand rates& B
H oo]7l& Fig 6(a)9t 2oem, Fig 10(c) ¥
angle rates® Y3ttle] ghol uez ottt
4 A9 joint angle rate o9 Fgoz § +90"
o FIZetAl Z3Al Hol Kol suwelrt HeE 9
dth Fig, [1& 4% ZBE &9 probe-tipd) £5&
3a9o2 e,

joint

oA

=

2

—

5 &

£ =fodME &3ade EoldHE 24391 o
o] AolE 3o Euler parameter$ time-scaling's
& AgEgon Eol4HE T¥sl: AR Hg3ld
AEHoldatd 2 A g e AEL A
A, Euler parameterg ol43lo] ZHE £E33

7178 dlE FEgh
&4, time-scaling® & o|&ste 3% LRE &£27
Ho| EolHiE T3 Y AAMe @ Ho
HEAEE 94 ¥ ¥ AEELE Boj4e 3y
g 9 AUTh

A, A¢E Euler parameterg o]&3h Aoy
os 4% BHE £E3Ho] ARG glo] SelduHE
g 5 IS

4% ZHE &2
AT =
HEE Ao, tholuhy]
¥ool o AF Hs|ojop #

H0O

9]

3 AH2g A5y Al
&} Bro] opd
¥

HE EQA Ao

@
el

Aol



Scaled robot hand ratss (deg/sec
-2

c8¥s8838

= B
£l

Joint amgle rates {deg/sec
EEEEREE

Y
X% 1.

tims = 0 (sect

Y
X b4 X

tim = 3 {sexc)

Y
x}‘z X

ting = 6 (2ex)

Cetr gl yetsl« ) 98 4135 (1992.3.)
- 0 -
. b
—— e
1 .
F | ——0— g 55 F N -6—— - =X tip
= 4 N
_ | —eee— e 3iE N —o——Yw
E ; £ F \\ —-- =& --—Z1p
o ——————
P s | —
3 \ I EN e
b ' RN IR e
3 ! “nE RN -
£ SR s
£ e
3 . e et s B SO e s
o ER ST io e ' z [ B S T
Time (see) Time: (o)
i) )
: —_———_———-—
3 O— 8
-_»—-o-—-j —_——— - - ¢ _
Ry
3 g |
3 2 ®F \
: 'quo nd “\‘
3 -60 |- -
. \
3 ~80 - ‘\\ .......
o R T p F I S e T
Time (niec) Time:ec)

(c)

Fig. 8 Simulati(;n w-'ith 3-axis

tise = .5 timg = 1}

Lg_‘

tims = 3.5 (ml tiss = 4 (30c)

S/«

tim = 6.5 (sec) timo = 7 {sec)

tim = 1.5 ({2ec)

tise = 4.5 (aect

2.2

tims =~ 7.1

{anc)

A2

()

robot wrist with scaling of joint angle rates

A2 400

tims = 2 (3c) time = 2.5 (2ec)

Y
X% 1
tiss = § (aec) tima = 55 {sncl

Fig. 9 Probe-tip movement of 3-axis robot wrist with scaling of joint angle rates

143



EEERISEE RS
@r
o —_— - P :: 3 .
q 0 —————- — :
g 1 —o——a 3= v
E‘ 0 l —_——— ey —— T E “© 6
T ok i iz K
B ,= B é
L | in
3 : -3
-20 i -4
o 1 -80
- [ Lo e — o
b =70
e e S R T e S B e T S
Time (sec) Time (sec)
(a} (¢)
———-— Xiip
% —O0——— Yiip
T e b oo —— Ziip
: T
B z
= g
® E
£ 5
ST
Time (sec) Time (sec)
(1 (d)
Fig. 10 Simulation with 4-axis robot wrist

v o Y Y v Y Y
’%z X%z. X}z X 1 X 1 1

tim * 0 {oec) tise =

Y Y Y
X 7 X%z X%z

tims = 3.5 (sec)

tias = 3 {sex)

YI
‘%z

tiss « 6 (sec)

S laec)

Fig. 11 Probe—tip movement

tiss = 1 (2ec) tims = 1.5 (oec! tima = 2 (sec) tism = 2.5 ({oec!

Y

A Y

tims = 4 (s0c} time = 4.5 (oec) tim = § {sccl time = 5.5 {aoc)

of 4-axis robot wrist

144



Mesyd5sts

4 n 2 8

. John M. Hollebach, “Optimum Kinematic
Design for a Seven Degree of freedom
Manipulator”™, The 2nd Int, Symp,, P.P,
215-222, 1985

~ R P, Paul, C.N, Stevenson, ‘Kinematics of
Robot wrists”, Int,  Journal of Robotics
Research, Vol, 2, No. I, P P, 31~38
1983

. H. Asada, ] A, Cro Granito, “Kinematic

and Static Characterization of Wrist Joints
and their Optimal Design”, IEEE Int. Conf,
on R & A PP 244~250, 1985
. MM, G.R. Pennock, “A Non-
Degenerate Orientation Solution of a Four-
Jointed Wrist”, Int, ],
Vol, 4, No,

StaniSic,

of Robotics
Research, 2, PP 10~20.
1985

. M., Sampei, K. Furuta,
Nonlinear Systems: Applications to
IEEE Trans, on A C,, Vol

5 P.P. 459~462, 1986

“On Time Scaling
for
Linearization”,
AC-31, No,

98 A1z

10

11

(1992.3.)

M. Sampei, K, Furuta, “Robot Control in
the Neighborhood of Singular Points”, IEEE
J. of R & A Vol 4 No3 PP 303~
309. 1988

T. Yoshikawa, “Analysis and Control of
Articulated Robot Wrist with Redundancy”,
Robotics Research : The First Int,
735~748. 1948

Y., Nakamura, H,

Control

Symp,
hanafusa, “Optimal
of Robot
Manipulators™, Int, J of Robotics Research,
Vol.6. No.1, P P 32~42, 1987

g Ao, ANY MAF gAsl, =R
I ZAMY AlAade] Eold ENH dfalfm
A", &= 714 & =83, A 1279, 65,
P.P. 1252~1264. 1988

SAE,  gAsh Ao waF,
parameterg ©|88 ¥ EEFH Eoliy
A3 GFARFE A", g xFAo &
=3, 1989

John J, Craig,
& Control”,
1986

Redundancy

“Introduction to Robotics :
Mechanics Addison-Wesley

Publishing Company,

-

E,d_

FIHLTHIA A8H 45 (19919 129%) o AAE =8 A5 ACEHF-BBHFHZ Do 98 A)2¥
HeolE S Aol Herh Qenz o] =R @Yol oA E& Adddta JAFSH ¥4

2 (Tel : 062-520-6343) <A

QA WAL 2m YT

145




