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Teeraphong Trakoolchokumnuay 2009: Command Shaping Applied to Point-to-Point
Motion of a One-link Flexible-Joint Robot. Master of Engineering (Mechanical
Engineering), Major Field: Mechanical Engineering, Department of Mechanical

Engineering. Thesis Advisor: Mr. Withit Chatlatanagulchai, Ph.D. 72 pages.

Joint flexibility is used to reduce damage from accidental collision. Actually, robot’s
joint has the flexibility from basic property of its material. The past research specified that
ignorance of the joint flexibility during the design phase may damage joint due to resonance,
and the control design has less efficiency. However, the control design of the flexible-joint robot
is an open research problem because the mathematical model of the robot is complicated, and
the flexible-joint robot is under-actuated. The robot cannot move too fast because of the residual
vibration at the end point due to the joint flexibility. Traditional reference acceleration signal is
a square wave, which has high power spectrum energy over a broad frequency range. When this
reference acceleration is intergraded to become reference velocity and position, they also have
high power spectrum energy over a broad frequency range. This high power spectrum signals,
when used as reference signals, will excite the robot’s natural frequency causing resonance.

In this research, we use a ramped sinusoidal basis function to reconstruct the reference signals to
reduce power energy at the natural frequency and, therefore, reduce resonance. Simulation and
experimental results show that the residual vibration of the flexible-joint robot using shaped

reference signals is lower, and the flexible-joint robot achieves faster move time.
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V = IRm + kbkg(92 (6)
Iag
T == kg km I (7)
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A [ [ d‘ 9 4
V o ﬂ"l!,ﬁ\‘lﬂﬂﬂclsb"llﬂﬂi’]m@ﬁ
I As  nyzualuveada
A 9 J .
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kb Ao (motor back emf constant)
K, A A1 (motor torque constant)
k Ao M (gear ratio)

NNEAUMST (6) waz (7) wld
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m m

@UNT Transfer Function Y94n15iAaUNLULAA Ias Input VOI5EUVAD V LAY
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@ v o Jdo
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1 a g A YA
HIANITIULAD TN IINTAUNITN (9)]‘1ﬂﬂi’)

K =[12.0333], Tw=[0.33261], Zeta = [5.0546]
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1. @IURUILUAOIR N UINTEAINIUAUUDIIA-TA (two-position HTD

on-off controllers)
2. @ ’Jﬂ’J‘]JﬂSJL"]QN’c?{J adIU (Proportional controllers, P-control)
3. ﬁ?ﬂ?ﬂﬂhllﬂﬂﬁl&ﬁﬂ%ﬁ (Integral controllers, P-control)

4. @ aﬂ’mﬂm%qé’f ATIUVINOUNNS D (Proportional-plus-Integral controllers,

PI-control)

o A o 1 v
5. AIMUAMPITATIULINOYNUT (Proportional-plus-Derivative controllers,

PD-control)

v A o 1 [ o a a o
6. AIMUANPIAATIUVINOUNUTUINOUNNIA (Proportional-plus-Integral-

plus-Derivative controllers, PID-control)
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Na1NFAga (Dominant time constant) agAdyaIuAaNa1A lUd0IUZ DGR (Steady state

9 g
4 E4

error) Glumqﬂf]ﬁa‘lfum%ﬁswam%ﬂﬂmﬂﬂiwﬁwﬁu 91992 A09R1119D9 $29a1TU (Rise
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(Bandwidth), AMUAIS T (Resonant Frequency), HazAWOUNAYAFIGA (Peak Amplitude)
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v YA
ponuuUAIMILgUEINsaagl Idne
1. Aud mﬁaﬁﬁumﬁmnﬂa (equilibrium specifications)
= =) age
1.1 aNUUFDYTNIN (stability)
1.2 ANUAANEIA U IUE YA (steady state error)
2. puauiaramIneuauedlun1IEFINg (transient specifications)
<
2.1 anusrlumsaovaues (speed of response)

22 jUuuvYeIMInoUAUEIEI®1ITUEN IUFULUVYBIAINTHUN (degree
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3. ﬂmﬁmﬁﬁﬂ@ﬂﬂ’ﬂlﬂ’ﬁlﬂﬁzﬂﬂ (sensitivity specification)
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3.5 MIAIUANUUY Inverse Dynamics
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o o 1 a 4 o
Tdsunsu Matlab d1vsumsmimmsilmoesvesssuulumsi System ID

clear
close all

%load raw data

V = load("C:\Documents and Settings\Administrator\My
Documents\poohnaruk\sys_id\V1l 21_txt");

thetal = load("C:\Documents and Settings\Administrator\My
Documents\poohnaruk\sys_ id\thetal 21.txt");

theta2 = load("C:\Documents and Settings\Administrator\My
Documents\poohnaruk\sys_ id\theta2 21.txt");

thetal = thetal*pi/180;
theta2 = theta2*pi/180;
%time

ts = 0.001; %sampling time
t = O0:ts:ts*(length(V)-1);

figure(1),
subplot(311),plot(t,thetal)
subplot(312),plot(t,theta2)
subplot(313),plot(t,V)
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T1s1n51 Matlab §1%1 50519 Fast Fourier Transform ¥1ANA5IIUHA IUATNAADI934

function [w,X] = MyFFT(t,x,N,showplot)

if ~exist("N") | isempty(N) | N<length(x)

p = ceil(log(length(x))/10og(2))+2;
N = 2™p;

end

X = FFe(x,N)/sqrt(N);

X = X(1:N/2);

dt = t(2)-t(1);

df = 1/(dt*N);

f = (0:N/2-1)*df;

w = 2*pi*f;

if exist("showplot®) & lower(showplot)=="plot"
mag = 20*logl0(abs(X));
%mag = abs(X);
ph = unwrap(angle(X))*180/pi;

subplot(211)

semi logx(w,mag)

axis([min(w) max(w) min(mag) max(mag)])
grid on

xlabel ("Frequency (rad/sec)”)

ylabel ("Magnitude (dB)")

subplot(212)
semi logx(w, ph)
axis([min(w) max(w) min(ph) max(ph)1)
grid on
xlabel ("Frequency (rad/sec)”)
ylabel ("Phase (deg)”)
end

clear
close all

%load raw data
x = load("C:\Documents and Settings\Administrator\My
Documents\poohnaruk\sys id\accelerate 22_txt");

%time

%ts = 0.0005; %sampling time
ts = 100/100000;

t = O:ts:ts*(length(X)-1);

MyFFT(t,x, [1, " plot™)
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ANUFURUEITHNG Input Spectrum (a2 Residual Acceleration Amplitude
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Taeh

I~ ) 1 9 A = ..
Y, WU @umiagamevesnsinasui (final position)
< { 4 { A a 1
T, iJu namlslumsindounves y, NGenn square wave input

F il IR (peak force)

4‘ d' a [ 1 A a)A
ﬂ’J"IiJﬂﬁTﬂLﬂaﬂuﬂ]@ﬂﬂ’ﬂllﬂ‘ﬁiﬁllGIfWIﬁ”lNiiﬂllﬁﬂﬂiugﬂﬂlGQ@@]iTﬁ’Ju 1o —
Wy

Taen

I { a A
(O 1Y ANUDBTTUVIADTIVOITE UL (actual natural frequency)

< A a .
o, 11U ANUATITNNAYTENIA (nominal natural frequency)

INTLVY Two-Mass System Model 3 HANVDFITUBIAVDITLUVAUALI Faa 11150

v o J J ! a o a
HEAIANUTUNUTIEHIN Magnitude input spectrum "’U’fNﬂ’NiJa‘ﬁiiiJGm@ﬂ‘ULL’E)%JWﬁ@WU’ENﬂﬁ
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VNN
A= (26)
Tagh
d2y < ' A
8= (T, ) riluanusavosna m, fna T,

J 4 A 3 A
‘]0 :%(Tf ) Lﬂumilﬂ’a@u‘ﬂﬂElNi’JﬂLﬁ?ﬁl’Jm Tf Iag

ml I A a
1+— | WuanudsIsUTIAUDITZUY Two-mass system
m m

1 2

Tag A 9naumsi (26) udasdaounagamsdui lulinsmuag e sounus

a,uazJ, 1ﬁa§1u Fourier transform 1979

1
a, :;J'_w Re[ F(w)H, (@)]cosaT,do

J, =%j_°;Re[F(a))HJ (o) ]cos T, dw

F(o) Wu Wi5o ns1unlesy ¥4 input spectrum

H, (o) W yi5e duiinia uansileddunieTonvos input force ( f )
2

RGN M
dt?

3

a a 4 4 1 d
H, (o) W yiSe Buiina vesilandudiaTouves f Lmszz

v Y v
flafdulan f(t) Gunnne t=0 sazduganna t=T, wideuliegluves

Wiso niwvesuldne
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0T

F(w)= J1 f(t)e dt= [FR (w)+ jF, (a))]e = (27)

[ v  Aany

Tagh f,(w)uaz f, (o) WudmaTuasdiuauanmaudady 1launanmsunu

a o

A A J v 1 A Y Jd o @ d A
‘N“Liﬂ BUNNIA 611’aqWanwmaiauwmmmm:au ﬂ1ﬂﬂ151ﬂﬂﬂﬂ%ul®ﬂﬁﬂﬂm o

o) T s a) o] G

2 2+ H
o, +o° 2jo,

T m+m,
w? jo &
Hj(m)=m1+m2{a)§+a)2+E[5(w_wn)_§(w+wn)]} (29)

Tash 5(w) duilsdFuaad nansan lannaunsae

S(w-w,)D(w)do=23(w,) (30
Taufi (e, ) FuilafFuiismuaty

o ~ a A o = 1 Y A
TI"IﬂTiLmquﬁEJ aunnsalumsuanenenm a uag Jo ﬂgllﬂﬁllfﬂiﬂﬂ

w, o, T; o, T
- |F F 31
a, m1+m2[ = (@,)sin +F (o,)cos > } (31
T T
o __ o {FR(a;n)cosw” ~+F (@,)sin “n f} (32)
®, m+m, 2 2

mmsunua luaunsn 2e) azld

(33)
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Taeh

(26)

Taeh

= a .
F . N0 UOUNAIAGIGA ( peck force amplitude)
[~ Aq U A P =2 a o £ = ]
Tf L‘}Junm‘vlslﬁlflum‘ima’aumtﬁmmLtﬁmwagﬂmiﬁu G]Nﬁ’]iﬂﬁﬂm]ﬁluﬁlﬁll
Ifegluglaumsno
. A

JN—— [N 26
F_ /(m+m,) ol |F (o) (20

LA
IF™(@,T))| = |F (,)]/ FouT,
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clear
close all
clc

%Ramped sine desired

TraJecCtorieS. . ..o e e e e e e
load alpha

ts = 0.001; %sampling time (s)

T = 10; %end time (S)

tt = O:ts:T-ts; %time (s)

J = 1; %inertia

wn [10]; %natural frequencies (rad/s)
YF = 4; %Final position (rad)

Fmax = 40; %max torque (Nm)

rho = 10; %weight in the cost function
L=10; %number of sine terms

[B,TF]=rs_coefs(wn, rho, L, Yf, Fmax, J);

t=0:ts/TFf:1; %dimensionless time (at sample rate)
F=forcfunc(t,B,a); %dimensionless force (torque)
tdim=0:ts:Tf; %dimensional time (s)

%SF = max(F);

SF = 1; % Modified by prof. Meckl at 13th of August, 2004
Fdim=F*Fmax/SF; % dimensional torque (N-m)
ndif=length(tdim)-length(Fdim);

Fdim=[Fdim zeros(1,ndif)];

alphard(1)=0; alphar(1)=0;

for i=1:length(Fdim)
alphar2d(i) = Fdim(i);
end

for i=1:length(Fdim)-1
alphard(i+1)= alphard(i) + ts*alphar2d(i);
alphar(i+1) = alphar(i) + ts*alphard(i);
end

for i=length(Fdim)+1:T/ts
alphar2d(i)=0;
alphard(i)=0;
alphar (i)=alphar(length(Fdim));
end

%Square-wave desired
18 = ¥ =03 e ] gl =T

alphas2d_max = Fmax;
Tfs = sqrt(4*Yf/alphas2d max); %End time for square wave
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for i=1l:round(Tfs/ts/2)
alphas2d(i)=alphas2d_max;
alphasd(i)=alphas2d_max*i*ts;
alphas(i)=0.5*alphas2d_max*(i*ts)"2;

end

for i=round(Tfs/ts/2)+1:round(Tfs/ts)
alphas2d(i)=-alphas2d_max;
alphasd(i)=alphas2d_max*(Tfs-i*ts);
alphas(i)=alphas2d_max*(Tfs*i*ts-0.25*Tfs"2-0.5*(i*ts)"2);

end

for i=round(Tfs/ts)+1:T/ts
alphas2d(i)=0;
alphasd(i)=0;
alphas(i)=alphas(round(Tfs/ts));

end

figure(1)
subplot(221),plot(tt,alphar2d)
subplot(222),plot(tt,alphard)
subplot(223),plot(tt,alphar)

figure(2)
subplot(221),plot(tt,alphas2d)
subplot(222),plot(tt,alphasd)
subplot(223),plot(tt,alphas)

figure(3)
WMyFFT(tdim,Fdim,[], "plot™);
MyFFT(tt,alphar2d,[], "plot");

figure(4)
MyFFT(tt,alphard,[], "plot™);

figure(b)
MyFFT(tt,alphar,[], "plot®);

figure(6)
MyFFT(tt,alphas2d,[], "plot");

figure(7)
MyFFT(tt,alphasd, [], "plot™);

figure(8)
MyFFT(tt,alphas,[], "plot®);

figure(9)
plot(tt,alphar-alphas)

Ywrite to files
fid=fopen(“alphar2d_v2._txt","w");
fprintf(fid, "%5.5M\n" ,alphar2d);
status=fclose(fid);



Ffid=Fopen("alphard v2.txt", "w");
fprintf(Fid, "%5.5F\n" ,alphard);
status=fclose(fid);

fid=Fopen("alphar_v2._txt","w");
fprintf(Fid, "%5.5F\n" ,alphar);
status=fclose(fid);

Ffid=fopen(“alphas2d_v2_txt","w");

fprintf(fid, "%5.5M\n" ,alphas2d);
status=fclose(fid);

fid=fopen(“alphasd_v2.txt","w");
fprintf(Fid, "%5.5F\n" ,alphasd);
status=fclose(fid);

fid=Fopen("alphas v2._.txt","w");
fprintf(Fid, "%5.5F\n" ,alphas);
status=fclose(fid);
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clear
close all

%load raw data

vr = load("c:\Documents and Settings\Administrator\My
Documents\poohnaruk\sys_ id\result\v_r.txt");

vs = load("c:\Documents and Settings\Administrator\My
Documents\poohnaruk\sys_id\result\v_s._txt");

alphar = load("c:\Documents and Settings\Administrator\My
Documents\poohnaruk\sys_ id\result\thetal r.txt");

alphas = load("c:\Documents and Settings\Administrator\My
Documents\poohnaruk\sys_id\result\thetal_s.txt");

accr = load("c:\Documents and Settings\Administrator\My
Documents\poohnaruk\sys_id\result\acc_r.txt");

accs = load("c:\Documents and Settings\Administrator\My
Documents\poohnaruk\sys id\result\acc_s.txt");

%ts = 0.001;

%t = O:ts:ts*(length(vr)-1);
%compute acceleration

%accr = diff(rater)/ts;
%accs = diff(rates)/ts;

%reference
ref = 0.5*%ones(1, length(t));

figure(l),
plot(t,vr(1:length(t))),hold on, plot(t,vs(l:length(t)),"r:"),hold
off

figure(2),
plot(t,alphar(1:length(t))),hold on,
plot(t,alphas(l:length(t)),"r:"),hold on, plot(t,ref),hold off

figure(3),
plot(t,accr(l:length(t))),hold on,
plot(t,accs(1l:length(t)),"r:"),hold off
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clear
close all
clc

%Ramped sine desired

L r= Y (=03 e ] o =
load alpha

ts = 0.001; %sampling time (s)

T = 3; %end time (s)

tt = 0:ts:T*10-ts; %time (s)

J = 1; %inertia

wn [10]; %natural frequencies (rad/s)
YF = 4; %Ffinal position (rad)

Fmax = 40; %max torque (Nm)

rho = 10; %weight in the cost function
L=10; %number of sine terms

[B,TF]=rs_coefs(wn, rho, L, Yf, Fmax, J);

t=0:ts/TFf:1; %dimensionless time (at sample rate)
F=forcfunc(t,B,a); %dimensionless force (torque)
tdim=0:ts:Tf; %dimensional time (s)

%SF = max(F);

SF = 1; % Modified by prof. Meckl at 13th of August, 2004
Fdim=F*Fmax/SF; % dimensional torque (N-m)
ndif=length(tdim)-length(Fdim);

Fdim=[Fdim zeros(1,ndif)];

alphard(1)=0; alphar(1)=0;

for i=1:length(Fdim)
alphar2d(i) = Fdim(i);
end

for i=1:length(Fdim)-1
alphard(i+1)= alphard(i) + ts*alphar2d(i);
alphar(i+1) = alphar(i) + ts*alphard(i);
end

for i=length(Fdim)+1:T/ts
alphar2d(i)=0;
alphard(i)=0;
alphar(i)=alphar(length(Fdim));
end

%Square-wave desired
1 =} =03 e ] i =T

alphas2d_max = Fmax;
Tfs = sqrt(4*Yf/alphas2d max); %End time for square wave
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for i=1l:round(Tfs/ts/2)
alphas2d(i)=alphas2d_max;
alphasd(i)=alphas2d_max*i*ts;
alphas(i)=0.5*alphas2d_max*(i*ts)"2;
end
for i=round(Tfs/ts/2)+1:round(Tfs/ts)
alphas2d(i)=-alphas2d_max;
alphasd(i)=alphas2d_max*(Tfs-i*ts);
alphas(i)=alphas2d_max*(Tfs*i*ts-0.25*Tfs"2-0.5*(i*ts)"2);
end
for i=round(Tfs/ts)+1:T/ts
alphas2d(i)=0;
alphasd(i)=0;
alphas(i)=alphas(round(Tfs/ts));
end
%Continuous desired
L = Y =T e gl 1=
%Square-wave
alphas2d = [alphas2d, -alphas2d, alphas2d, -alphas2d, alphas2d, -
alphas2d, alphas2d, -alphas2d, alphas2d, -alphas2d];
alphasd = [alphasd, -alphasd, alphasd, -alphasd, alphasd, -alphasd,
alphasd, -alphasd, alphasd, -alphasd];
for i=1:length(alphasd)-1
alphas(i+1l) = alphas(i)+ts*alphasd(i);
end

%Ramped sine
alphar2d = [alphar2d, -alphar2d, alphar2d, -alphar2d, alphar2d, -
alphar2d, alphar2d, -alphar2d, alphar2d, -alphar2ad];
alphard = [alphard, -alphard, alphard, -alphard, alphard, -alphard,
alphard, -alphard, alphard, -alphard];
for i=1:length(alphard)-1
alphar(i+1) = alphar(i)+ts*alphard(i);
end

figure(1)
subplot(221),plot(tt,alphar2d)
subplot(222),plot(tt,alphard)
subplot(223),plot(tt,alphar)

figure(2)
subplot(221),plot(tt,alphas2d)
subplot(222),plot(tt,alphasd)
subplot(223),plot(tt,alphas)

figure(3)
%MyFFT(tdim,Fdim, [], "plot™);
MyFFT(tt,alphar2d, ], "plot™);

figure(4)
MyFFT(tt,alphard,[], "plot™);

figure(b)
MyFFT(tt,alphar,[], "plot");



figure(6)
MyFFT(tt,alphas2d,[], "plot");

figure(7)
MyFFT(tt,alphasd,[], "plot™);

figure(8)
MyFFT(tt,alphas,[], "plot");

figure(9)
plot(tt,alphar-alphas)

Ywrite to files
fid=Fopen("alphar2d v2.txt","w");
fprintf(Fid, "%5.5F\n" ,alphar2d);
status=fclose(fid);

fid=fopen(“alphard_v2_txt", *w");
fprintf(fid, "%5.5M\n" ,alphard);
status=fclose(fid);

fid=fopen("alphar_v2.txt","w");
fprintf(Fid, "%5.5F\n" ,alphar);
status=fclose(fid);

Ffid=Fopen("alphas2d v2.txt","w");
fprintf(Fid, "%5.5F\n" ,alphas2d);
status=fclose(fid);

fid=Fopen("alphasd v2.txt", "w");
fprintf(fid, "%5.5F\n" ,alphasd);
status=fclose(fid);

fid=fopen(“alphas_v2_txt","w");
fprintf(fid, "%5.5M\n" ,alphas);
status=fclose(fid);
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