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Construction of the Robotic Platform and Experimental Comparison of the

Control Methods

Student : Tsung-Ming Yu Advisor : Dr. Te-Sheng Hsiao

Department of Electrical and Control Engineering

National Chiao Tung University
ABSTRACT

This thesis sets up a two-joint planar robotic platform and experimentally evaluates the
performance and robustness of various kinds of controllers on this platform. The dynamic
model of the robotic platform consists of the rigid boody motion of the mechanical links as
well as the dynamics of the actuators. The linear least square method is applied to find out the
unknown parameters of the model. Then we".design thtee kinds of the controllers: the
computed-torque controller,. the  adaptive controller “with backlash and low speed
compensation, and the controller without velocity estimation. The first controller has been
used extensively. It serves as the baseline-controller in this thesis. The second controller can
compensate the backlash phenomenon which diminishes the performance of the control
system. It also can reduce the influence caused by the dead-zone of the actuators at the low
speed region. The aforementioned two controllers use backward difference method to
estimate angular velocities, resulting in large variations in the estimated values. As a
consequence, the robotic arms start vibrating in the case of high controller gains. To
overcome this problem, the third controller which needs no velocity estimation is proposed.
Experiments are conducted for these three controllers on the robotic platform and the results
show that the second controller eliminates the backlash phenomenon and decreases the
tracking errors. The third controller also can get good tracking errors. These three kinds of
controllers are all robust and have been verified in the experiments.
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T AT H LS (dhengHc o

=
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B8] 0 4o(19)58 #ror e

(RM(q) + 9)q + RC(q,9)q + RG(q) + RB(q) + Fq = Kv (19)

4.3 %ﬁiﬁ%j‘&'p B

Frpenp i L IR & - B DR 4 R dept B4 amenl gl Bk
“"JTI 7‘; é&j\ 'F"LV/L: 2Ll U o ;:Hb @ *q.‘f\_’”fg__‘q‘l ﬁjzgﬁ’ﬁ Fg@ ° t""i‘j‘l Eﬁ#']%ﬁ%‘l‘—i

H 0 45 T FEEY A & £ -

FARY S R RIN AL T SRR R R R RD R
Bliz i b B E Y o BB EIT R o Jo (19)58 s B 2 A (2) 38 A5 o
(D(qaqa(j)@ =V (20)
O F RS doT®HTT o
0, =[(,+ mllczl +m2112)ﬁ%+ Jml]l%1
0, =(, +mzlc22),%1
0, =1 21%1
0, = (myl, +m,l )g 2 Kl
05 = (/f "'[71,1_2)71

eﬁ = ﬁl 2 131 (21)
0, = (I, +m,l’%) %

0 =1, %

0,=J, ©

0, = (/3 +b2§)1%2

enzfczé%z

LR R TR FNOQq,q) 0 F 0 @B AR AER
friéc_@}i,&h‘ W A BF LR F Ysh BEPIT] ﬂmgﬂ% I A R
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. q(1) —q(t—Ar)

Ar (22)

v AriE B AR F E R e Arn g * 4o[7][8][9]° At T i Ut Jmik B
x$ ﬁ_@}iﬁq«éﬂ‘%{ o
Z B (19): > #3(23)5"

M(q)d+C(q,4)q+G(q) +B(@) = v (23)

™

g| Nl

(@) =K (RM(q) +J)
q,9) =K 'RC(q,9)
q) =K 'RG(q)

q) =K' (RB(q) + Fq)

| al

(24)

= o

#-(23) 55 A i e pEEL A(r) T 3% 4R 4 (convolution) 7 31 (25) 5% > A(r) & (10)5% e7% fie 58
o
v, = h(t)*v(2) = h(t) *[M(q(1))d () + C(q(1), 4 ())a() + G (q (1)) + B@(1))]

= h(t)* [% (M(q(1))a(@) =M (@@)a@)l () *[C(a(),a())a() + G(a(e)) + B@())] (25)

= h(¢)* % (M(q(1))a(0)) +hi(r) “C@@sa@)Hai)+ Ga(n) + B@©) - M@()a()]
F2B) P EE -G s AL M(Q)q b u() » HESEHE S UG) R
h(2) *u(z) = H(s)(sU(s) —u(0)) =[sH (s) = #(0)]U(s) + A(0)U(s) — H (s)u(0) (26)

#(26)5° F g 0 7 RI27)F

h(t)*%(M(q(z»qo»

(27)
= h(r) *(M(q(1))q(5)) + £(0) - M(a()a(?) - h(r) - M(q(0))4(0)
#A27)5% 2w (25)5% 0 (B I)(28)5% > ¢ e Y “,/TT G Avig RIE o
v, =h(t)*v()
= h(r) * (M(q(1))q(5)) + £(0) - M(q(1))a(?) - h(r) - M(q(0))4(0) 8)
28

+h() *[C@(0),a(0)a () + G(a () + B@(1) - M(a(1)a(1)]
=®,(q(1),q(1))©
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rank) » ¢ 5 4B (@] (q(1),q(O)® (q(1),q()) " ¥ fo T bR F 2 el o 0 T
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v=M(q)ld, +K,§+K,q+ K, [qd1+C(g,9)q + G(@ + B(@) (30)

B2 B RAeR 1097 @R T S AT - RS E o
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) q
Motors — Arm |4
+
+

K
1 ey C@di+C@+B@ [ ? %
if q

L PR 402
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DEUNES REE R S 8
#(23)3 & ~ (30)58 ¥ W 5I(31)
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Z
74
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_ g law
q .5 P
) E 9 92 4.
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q s
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Bl 11 i Rl § 2 SR
5 (11)3% > % g Bz RlAeT
d~ L .
E[@(z)]:Fo[d)T(qd,qd,qd)s+ZT(q,q)REf] (32)
He
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Z(q(1),4(r)) = h(z) * ®(q(2),q(2),4(2))

¥, =Z(a().4()O0) (33
v, =h(t)*T(1)

[y =g >0~ & % e i 5
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BEEAIEE A TRF AR A SRR TR & R EHSFAL e RS

v=K, q+sign(q,)-v, (34)

9K, FEHED LT BB 2y, 7 RDER o

B 13 5§ if 7 % (dead-zone) 7+ &, M
53 * 3 &% AR &RSDIENE

FH LA N A kg BB T o 4oB) 14977 o 5B F i

ER 7
#AAP A H & LRI E g R TRHLE e g HEAFE A
TERFBBRIFIRRFH e Tk - A BRI AR E
Sk o R SR TRE 4 8  fr R T A g s 1% [17]F & )
SRR W ] B SV St IR AP I e ) B o H ez ag
MER A& ReNbFRfrE S REME TRTEDER TN T E DB A
Ba 4 B W Pl ens % o dogt 2 8 BRI B AR KAy WF R &R GE

RIE o BB 374 B e H R 4o @) 15977
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| 1 1 1 1 1 1 1 Desired angular speed
2L Ur,,,\ ,,,,, - 4 L [ - _ - _ Differential angular speed
" | | | | | T T
w" f I I A VA A I
1 [ w4 Rk il (N W A W2 I S Sy A (R it Sl e At Sl
o | 1 | | 1 I f [ |
) AN I _ b ,;‘,\,f,‘\ ,,,,, (A N/ A VY A W U _
3 I T | \ ] \ /i | Lo |
d | I | ‘ | | | ‘ il W If |
B i i B o I e S At Sl st e B e B B e el B e e
\ | I | N | | | ‘\/ | | ‘ | \\r‘ A “”
¥ - |
2o N
I I I | I | I I I
3 I | | I | I | | |
0 2 4 6 8 10 12 14 16 18 20
sec

rad/sec

Desired angular speed
Differential angular speed

q, 4
oy
q, q ] + v q
# Y, Linear Controller Motors »  Arm
- +
q,— Dynamic Equation ®
q, — (nonlinear term)
Bl 157 F & & GRSt F > BF
TR RS e 4 S e Y P BRRE TR AT 0 TR
R4 ® o 5(23)5 B B 1F 1(35) (36) 5"
K%#(Il +1, +m21(=22 +m1151 +m2112 +”12Jm1)ql +1<%,1Az(12 +m21(=22)62 +1<%,1Az(b1 +’”ff1)é1
+%1#m211162[2005(q2)éj1 +€05(q,)4, _Sin(%)(%)z —2sin(q,)¢,4,]
5z a2 8 C08(q, + ;) + myl, g c08(q,) +m,li g c0s(q,)]
+1<%,1l2 asign(q,) =v, (35)
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5 (L +myloy )Gy + ;) + 35 ol + 35 (0, 417 12)4,
+ 25 Fmall ,[c0s(q,)d; +5in(g,)(d:)°]

+K——2m l.,gco0s(q, +9q,)

+ 3,75 S S1gN(g,) = v, (36)

2
'K

2 Kl FH-(36)3" 7 1](37)5"

2 By
%2%([1 +mllczl +’7”2112 +ﬁ2Jm1)41 K_szqz K, 2 (b +1, fl)% KZ 7z (b, +17 fz)%
+1<A2ém211lc2[005(‘12)@1 +G,) =Sin(g,)(d; +4,)°]
+ %%(mllcl +m,l;)gcos(q,)

#(35)5° K 1

+KA_2 «81gn(q,) - 1<2 ,22 L25|gn(Q2)_r12 7BV (37)

BLR(36) {375 » 7 g RS A b - Fm e s BB B ehd T
4e(38)5% o ¥ ok 2o N Rl 6 N M B end E Rk e B R B g

RFR (o R M IR B S e ko @Rl TR
X =Ax+Bv

y:m:cx (38)
Y2

He Vi=q YV, =q,+G, V{ﬁkﬁig% i fﬂ"'Jr‘f’Jfg@ .

X:[yl Yo W yz]T

0 0 10
oo 01 B_gg c[tooo0
|0 0 » ’ - 1 ’ o100
0 0 -1"B, I
(39)
| KLLZ( 1T mllczl + mzllz + ’12Jm1) +1%sz2 _K%sz
- K%sz K%r%(lz +m21"22) +KL2J’"2

1%% 7‘1f1+b +I’2f2) Kzr (b, +7’2f2) ’ V:{ﬂ}
_%%(b +’”2f2) 1<2 oz (b2+r2f2)

‘72

T3 ] B ND A R IO T R(EE) R ¢ TE R i x e &
REBGELx=(7 7, B V) B0 i=du a0 7= )~ (6 +4,)
M EMGATRVEST > V=V, -V=[0, V] =[0, -0 V-V, o #F

A A @D R R 0 B A S R R R TRV, 4(40)5 4
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Gua
q.ld + q‘Zd

v,=[B, 1]l (40)
414
C‘]‘ld+62d
X = AX+ BV
41
¥ = |:yl:| Cx ( )
Y

53084 B ank it

FHLT]Y R MR wRHIERY > S REHELET L2 HE
Fhcnpdl o 2 Y RP ARPRET RSB REER G Y hied o o
SR BT RIR Gk G w R Fla 3 o R B i o
B B N BN FARGIR A Mo v R ] BT - B
B plE A 3 R P R B o B E Y o F A (A5 e
Fo7F e PR b - RiRA BRSO X P R S BRI BT
* 4 & FURH S R AT * LQ ™ 2 (Linear quadratic methods) ¥ 3 - B 2 4

(proper) mﬁi,?] I ] B

#y -

B GS)AAS L BF s 4 5 2 f2 58§ MMM (41)endE A 4 o b~ —

Bk B A(s) LT RE » 0B % L ERG(S) o de ] 1657 ¢

LN A M- G ¥y

B 16 5 % s £k 6 f [17]
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A =P D= A e s+ 4 42)

D(s)

Gl A 3K ddice A B 2 40(43) 58 7 #4258 (controllable canonical

form)
[0 1 o --- 0 1 1o o
0 0 1 0 0 0
: : c : 0 oo
— A A -4 4,4 1 0
= . aeld O
0O 0 1 - 0 0 0 (43)
L A A =4, - _/1%1_ _0 1_
- [1 0 0
V=
00 o"
n=M ‘;;l S - ‘:;2 ‘72(r_l)]7 AV VUL A, T LAV SE
:)’/\.//f)d{p,tfé?\ o

ot r>1 R & IESE R Vs o ho g L A B4t B e g e o BN iE

#r=1> P D(s)=84 A, >4 (43);5F it g L (44)5c > 20 =]y, V[ -

~h 0 + 0 A n+B
u= u
0 —a Vo 1T OANTE

=
Il

(44)

(45)

BLE(A5) > T 0L (g B g PG B < )k Siu LT e T

R R RS RS E TS W e T
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R0 5 BH A S RGP - BRE T E - iR LQ 2
(Linear quadratic methods)i4&-2_ - F]pt ik fs v 304 B 3 & &
_)71_
X (k, k., k. k¥
u=—[KX Kq{x}z—Kxi—K,ﬂlz— 1 K Kz Ay ):2 “K,m
n _k21 ky Ky k24_ N
y;z (46)

:_[ku k13:||:.)31j|_|:k12 k14}[)’:2}__ll§n11 llznlz}n:_KXl_le__KXZ[JZQ}_KUH
ky  kys || 1 ky ko |V, | K21 22 | V1 V2

H 5B KK K] 6 R il R Bl R i 2 g

BT - HHEdmAc s LQ 23 AT F e o

# =
PRy S LSS PRSI S E SRR R T R Rl

PN o B~ Vo A HFaFas Vel S g o KB 169 ¥ s
FV=Au

VAl > @ T =V ST (AB) N A e T A T L
V= _A(S)(Kﬂ[fﬁ S§1r +K,; [ﬁz Sﬁz]l +KUV) (47)
Te ¥ (A2)31(47)3% 5.7 1418 218 dR ™ $edr ]2 B](48) 58
VoA )+ K, T K ST KL ST (48)

#-(48)5 B B ¥ 1F 1] (49)50

i) 1 |
Vy | 822+ kg 50)s+ (g + Koy ) Ao +hp) Kok | @ Gy
ayy = kyys” + [y +kys (A +K,50) = Kyokiog I + kg (Ag + kyp) — Kok

ayy = kyys® + [k + iy (Ao + k) = hyioking 15 + iy (Ag + k) — Kok

Ay = kiyys? +[kyy +hpg (A + kysy) = yarkys s + kyy (Ag + kg ) = Kk

gy = kipys® +[kyy + by (Ag + Kppy) = Ky pkeig I + kgy (Ao + Ky ) — Kk,

(49)

FAB)R FI(A8) e R f R IR E L M o S 2GR R
FREEAERGRHE . 241 SRR E s B RSER R

bk Bl Renb e @ B A A B REIFOH S Bl f ztapgl
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532k M ETHER

¥ oo B 165~ o 1 PR AR S X AL EA SR S -

LQR(Linear quadratic regulator)#;=+1 % e71= & 3 #c(cost function) 3
™ |er T i(t) T
J=[ Ux ) 1 (t)]QLl(t)}ru Du}dt (50)

P QeR™E LI gap s DED TAEE R w RS E T LG B T

et

A2 cipBh R F[K, K, ]=D7'B,P > PE1 ¥4 5 % & Riccati

equation
A’P+PA -PB,D'B,/P+Q=0 (51)
Q. 0,50
SN . dl 0 4x4 2x2
FEH#Q=| 0 Q; 0 | D= ey "2 ¢ Q,eR™>Q, eR*>d >0>
0 =0 0 i

d,>0 > Pl AE#IcT LE B 5

=[5 Qx+VIQuF + d{(VERAALNTE 2TV d, (V2 +2259,%, + AV it (52)
B2 8 dfed, 7 i R R b kS e T R S
F LRI hd, fod, G PR T R T AR d A e d,

Pl BET RN
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