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Chawalit Narumitbowornkul 2012: Robust Position Controller Design of Robot Arm
with Parametric Uncertainty Using Quantitative Feedback Theory (QFT). Master of
Engineering (Electrical Engineering), Major Field: Electrical Engineering, Department
of Electrical Engineering. Thesis Advisor: Associate Professor Peerayot Sanposh,

D.Sc. 104 pages.

This research proposes a robust control system design using quantitative feedback
theory for two types of robots: one-link robot and two-link SCARA robot. One-link robot is a
Single-Input Single-Output (SISO) system with parametric uncertainty because load installations
and load sizes are different. Two-link SCARA robot is a Multiple-Input Multiple-Output (MIMO)
system since it is nonlinear. Thus, it is difficult to find accurate robot mathematical model because
of uncertainty in the plant, disturbance at the plant input, disturbance in the plant output, and
measurement noise. Therefore, the robust control using quantitative feedback theory is applied to
cope with these problems. Both simulation and experimental results show that the designed
controllers can control both types of the manipulators to desired responses. Moreover, the

quantitative feedback controllers are more accurate and more efficient than PID controllers.
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Robust Position Controller Design of Robot Arm with Parametric

Uncertainty Using Quantitative Feedback Theory (QFT)
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cle

clear all

close all

c=1;k=660.03;
for a = linspace(3.79,8.64,10),
P(1,1,¢) = tfk,[1,a,0]); c=c+ I;

end

k=287.09;
for a = linspace(3.79,8.64,10),
P(1,1,¢) = tfk,[1,a,0]); c=c+ I;

end

a=8.64;
for k = linspace(287.9,660.03,10),
P(1,1,c) =tf(k,[1,a,0]); c=c+1;

end

a=3.79;
for k = linspace(287.9,660.03,10),
P(1,1,c) = tflk,[1,a,0]); c=c+ 1;

end

nompt = 11; % define nominal plant casel 1

w=[1,2.5,5,10,20,50,100]; % working frequencies
disp('")
disp('plottmpl(w,P,nompt); %eshow templates')

drawnow

75



plottmpl(w,P,nompt), title('Plant Templates')
% ROBUST MARGINS BOUNDS

disp(' )

disp('Computing bounds...")

disp(' )

disp('bdb1=sisobnds(1,w,W1,P,R); %margins');
drawnow

Wsl = 1.2; % robust margins weight

bdbl = sisobnds(1,w,Ws1,P);
disp('plotbnds(bdb1); %show bounds');
plotbnds(bdb1),title('Robust Margins Bounds');

%TRACKING BOUNDS

disp(' )

disp('bdb7=sisobnds(7,wbd7,Ws7,P); %tracking bounds');
drawnow

wbd7 = w(l:4);

sysTru = tf([3.427 10.28],[1 5 10.28]);

sysTrl = tf([153.8],[1 17.84 93.81 153.8]);

Ws7 = [sysTru;sysTrl]; % tracking weight

bdb7 = sisobnds(7,wbd7,Ws7.P);

disp("'plotbnds(bdb7); %show bounds');

plotbnds(bdb7),title('Robust Tracking Bounds');

%GROUPING BOUNDS

disp(' )

disp('bdb=grpbnds(bdb1,bdb7); %grouping bounds')
drawnow

bdb=grpbnds(bdb1,bdb7);

disp('plotbnds(bdb); %show all bounds")
plotbnds(bdb),title('Margins and Tracking Bounds");
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%INTERSECT BOUNDS

disp(' )

disp(‘'ubdb=sectbnds(bdb); %intersect bounds')
drawnow

ubdb=sectbnds(bdb);

disp('plotbnds(ubdb); %show bounds')
drawnow

plotbnds(ubdb),title('Intersection of Bounds');

gpause;close(gef);

% DESIGN CONTROLLER

disp(' ")

disp('Design")

disp('lpshape(wl,ubdb,P(1,1,nompt),G); %loop shaping')
drawnow

wl=logspace(-2,4,200);

numG = 0.1835*[1/4.5 1];

denG =[1/272.5 1];

G = tflnumG,denG);

Ipshape(wlLubdb,P(1,1,nompt),G); gpause;

%DESIGN PREFILTER

disp(' )

disp('pfshape(7,[]1,Ws7.P,[1,G,[1,F); %pre-filter shaping")
drawnow

ind = find(wl<=50);

numF = [1/7];

denF =[1/20.25 1.72/4.5 1];

F = tf(numF,denF);

pfshape(7,wl,Ws7,P,[],G,[],F); gpause;

77



% ANALYSIS

disp(' )

disp('Analysis....")

disp(' )

disp('chksiso(1,wl,Ws1,P.[],G); %margins spec')
drawnow

chksiso(1,wl,Ws1,P,[],G);
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clear

close all

ts=0.01;
%lower bound

w_low = tf([200.9],[1 18 100.1 200.9]);

%upper bound
w_up = tf{[3.36 33.6],[1 8 33.6]);

QptasaiciciikOther Specs & Frequencies Vectors™ H#dsdiddoikeick
wbd =[.01 0.1 0.5 1 2 5]; %for tracking and disturbance bounds;

wh =[355070 100]; %for stability bounds;

w = sort([wbd,wh]);

wl = logspace(-5,1); %for loop shaping;

wsl = 107(5/20); % for stability 5dB

bll =w up; % for tracking

all =w_low;

b12=0.1;

al2=0;

b21=0.1;

a2l =0;

b22 =w_up;

a22 =w_low;

bDI=0.1; % for input disturbance rejection

bDO = 0.1; % for output disturbance rejection

thetalMin = 1.4; thetalMax = 8.3;
theta2Min = 1.2; theta2Max = 2.4;

theta3Min = 5.6; theta3Max = 6.4;



V1Min =0.23; VIMax = 0.68;
V2Min = 43.96; V2Max = 45.22;

c=1;

for thetal=[thetal Min thetal Max]
for theta2=[theta2Min theta2Max]
for theta3=[theta3Min theta3Max]
for V1=[V1Min V1Max]
for V2=[V2Min V2Max]

pinv(1,1,c)=tf([(thetal +(2*theta2)) V1 0],1);
pinv(1,2,c)=tf([(theta3+theta2) 0 0],1);
pinv(2,1,c)=tf([(theta3+theta2) 0 0],1);
pinv(2,2,c)=tf([theta3 V2 0],1);

c=ctl1;
end
end
end
end

end

for i=1:c-1
p(:,D)=inv(pinv(:,:,i));

end

nompt=1; %nominal plant

plottmpl(w(1:5),p(1,1,:),nompt)
plottmpl(w(1:5),p(1,2,:),nompt)
plottmpl(w(1:5),p(2,1,:),nompt)
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plottmpl(w(1:6),p(2,2,:),nompt)
bds_tr11 = sisobnds(7,wbd,[b11;al1],inv(pinv(1,1,:)));
plotbnds(bds_tr11);

% T12

% syntax --> bdb = genbnds(ptype,w,Ws,A,B,C,D,P0,phs)

bds_tr12 = genbnds(10,wbd,b12,pinv(1,2,:)*b22(1) ,0,pinv(1,1,:),1,inv(pinv(1,1,nompt)));
%plotbnds(bds_tr12);

bds trl = grpbnds(bds_trl11,bds tr12);

%plotbnds(bds _trl);

%

% Plant-input disturbance rejection bounds

bds idr111 = genbnds(10,wbd,bDI, 1+pinv(1,2,:)*bDI ,0,pinv(1,1,:),1,inv(pinv(1,1,nompt)));
%plotbnds(bds idr111);

bds idr112 = genbnds(10,wbd,bDI, 1-pinv(1,2,:)*bDI1,0,pinv(1,1,:),1,inv(pinv(1,1,nompt)));
%plotbnds(bds_idr112);

bds_idr12 = genbnds(10,wbd,bDI,pinv(1,2,:)*bDL,0,pinv(1,1,:),1,inv(pinv(1,1,nompt)));
%plotbnds(bds_idr12);

bds idrl = grpbnds(bds_idr111,bds idr112,bds idr12);

%plotbnds(bds_idr1);

%

% Plant-output disturbance rejection bounds

bds odrll1l =
genbnds(10,wbd,bDO,pinv(1,1,:)+pinv(1,2,:)*bD0O,0,pinv(1,1,:),1,inv(pinv(1,1,nompt)));
%plotbnds(bds_odr111);

bds_odr112 = genbnds(10,wbd,bDO,pinv(1,1,:)-
pinv(1,2,:)*bDO,0,pinv(1,1,:),1,inv(pinv(1,1,nompt)));

%plotbnds(bds_odr112);

bds_odri21 =
genbnds(10,wbd,bDO,pinv(1,2,:)+pinv(1,2,:)*bD0O,0,pinv(1,1,:),1,inv(pinv(1,1,nompt)));
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%plotbnds(bds_odr121);

bds_odr122 = genbnds(10,wbd,bDO,pinv(1,2,:)-
pinv(1,2,:)*bDO0O,0,pinv(1,1,:),1,inv(pinv(1,1,nompt)));
%plotbnds(bds odr122);

bds odrl = grpbnds(bds odr111,bds_odr112,bds odr121,bds _odrl22);
%plotbnds(bds_odr1);

%

% Stability margins

bds stl1 = sisobnds(1,wh,wsl,1/inv(pinv(1,1,:)));
%plotbnds(bds_st11);

bds_st12 = genbnds(10,wh,ws1,1,0,1,p(1,1,:),inv(pinv(1,1,nompt)));
%plotbnds(bds_st12);

bds stl = grpbnds(bds_stl11,bds_st12);

%plotbnds(bds_stl);

%

% Worst-case bounds

bdb1 = grpbnds(bds_trl,bds idrl,bds odrl,bds stl);
ubdb1 = sectbnds(bdbl);

%plotbnds(ubdb1);

%

%Controller design
Ipshape(wl,ubdb1,inv(pinv(1,1,nompt)),tf(1,1));
g1=6050*tf([1/20 1],[1/89 1]);

%Pre - Filter design
pfshape(7,wbd,[bl11;al1],inv(pinv(1,1,:)),[1,g1);
f11=tf(1,[1/5 1]);

%**************Calculating Bounds for LOOp #2**************
pinv22bn = pinv(2,2,nompt)-pinv(2,1,nompt).*pinv(1,2,nompt).*inv(pinv(1,1,nompt)+g1);
pinv22b = pinv(2,2,:)-pinv(2,1,:).*pinv(1,2,:). *inv(pinv(1,1,:)}+g1);



pinv21b = pinv(2,1,:)*gl.*inv(pinv(1,1,:)+g1);

detp = p(1,1,:).*p(2,2,:)-p(1,2,:).*p(2,1,:);

% Tracking bounds

% T11

% syntax --> bdb = sisobnds(ptype,w,Ws,P,R,nom,C,loc,phs)
% T21

bds_tr21 = genbnds(10,wbd,b21,-pinv21b*fl11, 0, pinv22b, 1, inv(pinv22bn));
%plotbnds(bds_tr21);

% T22

bds tr22 = sisobnds(7,wbd,[b22;a22],inv(pinv22b),[],nompt);
%plotbnds(bds_tr22);

bds_tr2 = grpbnds(bds_tr21,bds_tr22);

%plotbnds(bds_tr2);

%

% Plant-input disturbance rejection bounds

bds idr21 = genbnds(10, wbd, bDI, -pinv(2, 1,:)*inv(pinv(1,1,:)+gl), 0, pinv22b, 1, ...
inv(pinv22bn));

%plotbnds(bds_idr21);

bds_idr22 = genbnds(10, wbd, bDI, 1, 0, pinv22b, 1, inv(pinv22bn));
%plotbnds(bds_idr22);

bds idr2 = grpbnds(bds_idr21,bds_idr22);

%plotbnds(bds_idr2)

%

% Plant-output disturbance rejection bounds

&4

bds odr21 = genbnds(10,wbd,bDO, pinv(2,1,:)-pinv(2,1,:).*pinv(1,1,:)*inv(pinv(1,1,:)+gl), 0,...

pinv22b, 1, inv(pinv22bn));
%plotbnds(bds_odr21);

bds_o0dr22 = genbnds(10,wbd,bDO, pinv(2,2,:)-pinv(2,1,:).*pinv(1,2,:)*inv(pinv(1,1,:)+g1), 0,...
p p g

pinv22b, 1, inv(pinv22bn));
%plotbnds(bds odr22);

bds odr2 = grpbnds(bds odr21,bds odr22);



&5

%plotbnds(bds_odr2)

%

% Stability margins

bds_st21 =
genbnds(10,wh,ws1,g1*p(1,1,:),g1*detp,1+g1*p(1,1,:),p(2,2,:)+g1*detp,inv(pinv22bn));
%plotbnds(bds st21);

bds_st22 = genbnds(10,wh,ws1,g1*detp,p(2,2,:),1+g1*p(1,1,:),p(2,2,:)+g1 *detp,inv(pinv22bn));
%plotbnds(bds_st22);

bds st2 = grpbnds(bds_st21,bds_st22);

%plotbnds(bds_st2)

%

% Worst-case bounds

bdb2 = grpbnds(bds_tr2,bds_idr2,bds odr2,bds st2);
ubdb2 = sectbnds(bdb2);

plotbnds(ubdb2);

%

Ok Hrkkk R xkk Ak Shaping for Loop #2F*H#kkkkkkk ko
% Controller design
Ipshape(wl,ubdb2,inv(pinv22bn),tf(1,1));

g2=6100*tf([1/5 11,[1/17 1]);

% Pre - Filter design
pfshape(7,wbd,[b22;a22],inv(pinv22b),[],22);
£22=1.0*tf(1,[1/7 1]);
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Abstract
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Robust Control System Design for SCARA Robots using Quantitative Feedback Theory
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Chawalit Narumitbowornkul' Peerayot Sanposh’ and Withit Chatiatanaguichai® 1
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ATLANAIL
ABSTRACT
This research presents a robust control system for a SCARA robot using quantitative feedback
theory. To control 1% and 2™ link of SCARA Robot, we considerate and design controller. Also, the
system of SCARA Robot are multi-input multi-output (MIMO) and non-linear. Therefore, it is difficult to
find a mathematical model of the robot arm with accuracy, including plant uncertainty, plant-input and
plant-output disturbance, and arising noise measurements. So, the durable design of control systems
using quantitative feedback theory can be applied and given the demand response. The result

demonstrates the effectiveness of this control system with simulation of the control position.

Key Word: SCARA robol, quantitative feedback theory, MIMO system, piant uncertainty
Email address: g521450001@ku.ac.th
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ATIUADINITTRINATA mquu‘lum?Hnmm?muam:nuuﬁdquﬂumuuqmﬂuﬁq-néiwﬁ’fyﬁm-:—m:ﬁﬂ e
ma*’mmn?u‘[aﬁaﬁ'ﬂluaiﬁLh‘lmﬁmﬁ’m{uﬂm"luamnm feasflazunmadnfiadududey Farfuudadafhunng
enlunisiinzmuusdnaemnn ﬁlmmam?ﬁqnﬁ sauazwaugn usnannifuszunag ATLANYBIYUL WS Ha
fanssnusguuazsziisommuseacubinivevssdnmiine fiemwanwst ﬁ*qu'lﬂﬁaﬁfqmnwﬁﬁwmﬁ‘q
yoinequearzuull ivezasduudanizeen wuuzzLuATILANI S uudiand .mﬁqm«:q i umaniian
LR RELaTh l.wa'tﬁmmuﬁ]umminﬁumumamnﬂﬁuuuﬂmmnﬂw‘ln SeazvialdissuuiuiussBninam ws
fazfnlilyuiniseenuuudeemsudoumnniy (alamn, 2550)

annAnE LA raanu nidiseng e leundui@ainm (Quantitative Feedback Theory —
QFT) fprusiiaulaifhiednai walilimansannuuiudmemansiigann wissasnuuuainian
184A7A N L uUuaE RN A Tl i‘nﬂrﬁ‘nﬁnF{uuﬁ:ﬂmmnqwﬁﬂwnﬁmﬁqﬂ?mm Af Professor |saac
Horowits Tuil .7, 1960 Fadlunsiwssiuasesnuuumiednulamusaut TAsazeenuuLLLLELN W
filnad (Nichols Chart) uazilanAfeuanseniBimeeiileundudatu il $lunseenuuda
AN itu e mefileunduidafnan i lunisesnuuudmauguaesszuarurunsin
(Phillips et al., 1995) sEULNTATUANTIEAINITUSHIUNA UL (Houpis ef al. 2006) sy wazluaniids
Aawmiing (1@ wss Rezen. 2554) B nsesnuuuiuueusiinuAnfaiusuwilsdoonod i
uazvihdtyndlaveen (SISO)

qmﬁé’mﬂﬂum-rﬂ-lmuﬂmm-anu.uuTmumuqmﬁﬁwmwumnwamjuuuﬁamﬁ laszyinnng
senuuUFIAURNluUNUR 1 uazunud 2 seniuend Fafluusuovanedyoniloudtlausen

(MIMO) WinamiauamanaRaLauesIaassLLATUARTULLR 1 wazunud 2

fuUnsiuazign1g
UUUSIRBINMATAAAATIB UBUAANTS
ANNTITINATHYBIULWE 2 unu (Noorbaksh and Yazdizadeh, 2010) gniiumlsg
M(q9)q+Clg.9)g+G(g)+F(g)=7 (1
Tat# M(q) Ao wnindvesng V(g.q)An wiinfesausavienuazunliesin G(g) An vinmaflu
wanrtullinnswasdan uaz F(§) Ao wradoanu
ﬁqﬂummﬁrma@'ﬁ:qnﬂqmﬁLﬁﬂﬁmﬁ'mﬂmnmnﬁit%qwaq"muﬁamfuﬂuﬁ 2 unu Trtmaazides
vaanunadmadauunilidudaduasiidnensfaunmasiald
[6, +26, cos(q,) ]G, +[6, +6, cos(q,)]G, + Fg, =7, =u, (2)
[0, + 6, cos(q,)]4, +6E-?1 Fyg, =7, =u, (3)
et F, Ao dunlsr@niusa@eanmnmeunudl | .4, ﬂaqumnmﬂwaqunuﬂi Taurivalidhusnine

18932, 7, Anussdlanastnimatraaunudl i Troimsll o, Wuduwesesssuy uazivunli
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O, =1+ 1, +mx] +m,(I] +x3)
0, =m,l x,

0, =1, +m2x§

(4)

= o A . d . o .
Tnen 7, A Tiusiro@eseadunuil i, m, Ao Noa903NuR 7, [, A ANEN2TBIUNLN | URT X, AR

- . J i -
muwwnmnmwamnuﬁ i

ananmsliithedadu (2) uas (3) amnrodszinaliidhadadu seuqrauna (0,0) uazamisn

masAsznauraamatud P atnaumsraaiaitudielewdadu Seiivusiag

MM

_bOs+F,
= ®
P —(6, +6,h)
Pinl(s)= ___—ﬂ(s)
_—(6.+6h)
2=
\j (0, + 202h)s +F
P (8) —_—sﬂ(s)
e
B(s)=A,5° + As+ 4,
TaniidanlszAvasail '

4,=0,(6,+20,)-(6,+6,)’
4, =60,F + F,(6, +26,h)
4 =FF,

warAMITmeTTENuLWEANTI (Garcia et al., 2002) azuanslilu Table 1

Table 1 SCARA robot parameter

Parameter Nominal value Minimum value Maximum value
m, 15 kg 12kg 18 kg
m, 12 kg 9 kg 15 kg

1, 0.23 kgm? - -

1, 0.16 kgm® -

ll 0.25m - -

l 0.25m - -

X, 0.125m s .

X, 0.125m - -

K 2.99 s/rad 0.89 sfrad 5.08 sfrad
F; 0.69 sfrad 0.155 s/rad 1.225 sfrad
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NITRBNUULAIATLANUAZAINTDY
1un'17aanuum:numuqnu.uunmuﬁqwquﬁﬁaunﬁm‘iuﬁmmfu fsumeuvdnlunig
sanuu 3 Fuseu dsznaudnn Fuil 1 Ae AnunAmANHUEIBITTLILANAKBINTT 9UT 2 An neaia
LEIULLLUVATUE (plant template) ARmnERTadac biniuauss e UuANETELlS WEauTs
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