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Problems for a report
Solve Ex.7, Ex.8, Ex. 9 and 10 and make a report. If you can not
solve all problems, please answer as many as you can and submit
them. If you have Ex.s which has not been checked by TA, please

submit them also.
Deadline : August 7th

Place of submission : Room 705, Ishikawadai 1st bld., Oh-Okayama campus
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As the texts for the lecture and exercise can be down loaded from

the following URL, please down load the files by yourself.

http://www.ac.ctrl.titech.ac.jp/member/yamakita/
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y = sin(x);
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Math. Matlab Math. Matlab
i1 j2
[12 3] [1,2,3] il
row vector A= |:“ AG,jLij2)
1 | |
2 [1:2.3] pick up colomn vectors
3
column vector
A= i1 o
123 o A(|1|2,)
456 [1,2,3;4,5,6]
matrix pickup row vectors
A= i1 |-
A B - o | A(i1:i2,)=]
block augumentation delete row vectors
i1 j2
|
A= =
iz |
o . A(,jLj2)=
A= --- - | AGLI1212) \ L=l
I2_ T | | i
pickup block matrix
delete column vectors
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global A;
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if [
O
{elseif O | else O}

end



2.whileDOOGQOQOOO

while [
U

end

3.switch OO OO GOOO

switch [0
case U001 [0O1
{case OO i O i}
{ohterwise [}

end
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MATLABO switchO OO OO OOOOOOOO cased [0 other-
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4. forO00OO0O0OO

for JOOODO = 010020100 200 30
[

end
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5. break
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/;;nction y = function_name(x1l, {x2,... })
% Hi
% Comment
Statements
y = result

O000functionname0 000 000000OOx1, x2,. 0000
000 (00000000 00ooo0o0oooooooooDoood
O0)00Oresultd Statement OO0 000000000000y OO
O000000000b00000o0bobooo0obOn resultd
gdddooooooooobbbboooooououooooobo

10



O00DO00o0o0obbbooobbobd function name.m [0 0
O00000% 0 000000000000000000000H1
O00 lookfor DO OOODOOODOOODODOOODOOODOOON help
oooobobobobobbboHIOoooooooog

10 Joooood

gogbobbbbbodoggouonbboobooooooon
guobbgoobbooobbooobuoobooobbuoond
goobobooboooooooobobobobooooMOooooooo
gobboobbtogoooboooobobbooobbooobd
XOoyYyoooooooo

o

unction y = function_name(x1,

{x2,... 1) \\\

global X Y
% H1

% Comment

Statements

y = result

o /
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(clear)

global X Y
X =2.0;
Y = 3.0;

goggbbbbbubooooooboooouoooog

JodooboboboooobobobobuooodbglobalOOOO
o XyYUoooobooboooououooboouooooooood
O0global DOODDODOOODOclear 000D DOO0OODODOODODOO
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2(t) = fla(t),u(t),t), x(0)= o (1)

00000000000000000000000f)000000
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000000000000000000000¢000000000
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unction dx = f(t, x)
% H1

% Comment

b

b

b

Statements

dx = result

- /

Statement U O D OO0 0O0Ot0xO0000dxO000O00O0OOODOO
00000 ftmO00O0000000OO00O0O0O0OOO0ODOOODOODOO
02000000 X0OUOODODOMATLABOOOODODODOOOOO
goouoboooood

{}t, x] = oded45(’f’, [ts, tel, X0); :}

OO0 tsO X0OOOoOoooooooteooooooon
t0xO0000000D0 (00000000ooooooOO)0o00og
O0000000000x00000000000000000 x(t)
0000000000000 00000000(@oon)

BN | X = 2/(ts) |
tl x’(tl)
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/

plot(t, x(C:,1),’-"{,t, x(:,3),’*’,...1);
title(’Solution of the ordinal differential equation’);
xlabel (’Time [sec]’);

ylabel(’State xi’);

legend(’xi’,{’xj’, ...});

@:id on; J

oooooobo~-od00bobbouoooobboooogooboon

O00{}j000000000000000 ;0000000000
U0000ddddddodddgdbxlable, ylabelDODDOOODOOO
O0lgendD 0D 000D0O0O0DOOODDODO0ODODOO0ODOOOODOOO
O0gridon’' 000000000 O0OO0OOOOOOODOOOOOO
guobbgoobbooobotoobobobuoobbuooobbd
O0000000gridof’00000O0OOODOOOOODOOO
goooobogn

[axis([ts te xs xel); }

O00dboooobbibibibbobobodd s, 000 te, 00000
xs, HOxeOOOOOODODOODOOOOODOOOOCclose0dnogg
ot ooouobobd
O0000000000000000000000O0O0000 00

\
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My(t) + Dy(t) + Ky(t) = ft), 9(0) =50, y(0) =90 (3)
00000000000000000000

1=y, xa=9, u=f — x—{%] (4)
Ty

goouobooogoon
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u(?) (5)

0
1
M
good
ooobobooooMbOoobOoboooobobooboonboo

00wl
u(t) = G'sin(omegat) (6)

O000000b0ooboGE0oo0O0bddomega00000O0O0ONO

/fﬁnction dx = f(t, x) N
global M D K
global omega G

% Differential equation of mass-dumper-sprint system
% omega and G should be defined beforehand as global

hvariables.
u =G *x sin(omega * t);

dx =[x(2,1); inv(M)*(-K*x(1,1) - D*x(2,1) + 1xu)];

o /

O0OMOODODfmODODOOOOOMOOOOOOO0OO g(0)=
0,9(0)=100000000000000 100000000000
gooobooboboobobbboboiM=1.0,D=05K=40000
god
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/global M D K

global omega G

M=1.0;
D =0.5;
K =4.0;
omega = 0.0;
G =0.0;

[t, x] = oded45(’f’,

N

[

(0.0 10.0],

[1.0; 0.0]);

/

gogbobbbobbodoggouonbooobooooooon
0000000000000 000O00O00O00 xx000O0

oooood

grid on;

[plot(t, x(:,1),

7_)).
’

guoouoboooobobbodoooobod
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[plot(x(:,l), x(:,2),7-");

grid on;
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@obal M DK \

global omega G

M=1.0;
D =0.5;
K =4.0;
omega = 4.0;
G =1.0;

[t, x] = ode45(’f’, [0.0 10.0], [1.0; 0.0]);
u = Gxsin(omega * t);

plot(t, x(:,1), ’*%’, t , u, ’-’);
xlabel (’time [sec]’);

ylabel (’x1,u’);

legend(’x1’,’u’);

\g;id on; ///

gobboobooooboobbboooobbboooonobood
t0000000000000000000 u= G*sin(omega *t) O
oded500000O0OO0OO0ODO0ODOODDODODODOOODOODODOODOO
O0000000000000000x10*00.00000000
0000 legend0 00 00O0O0OOOOO
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—=
K1 K2

AT A

M1 M2

ONIONENONEO)

yl y2

020000000

1.00000
.Zlfl:y]., x2:y27 x3:y1 $4:y2

goboobbooobobobooooboobuouooobonbd
Oo0oboOg fOO00b00dy0oooO

2. M1 = 1.0, M2 = 0.5,D1 = 0.01, D2 = 0.001, K1 = 4.0, K2 =
10000000000000000000

(a) £1(0) = 1.0,22(0) = 1.0, 23(0) = 0.0, 24(0) = 0.0, f(t) =00
ODO0o00oD0OD0 100000oooodd(a,2z3)0000
gotoobooobooood

(b) 21(0) = 0.0,22(0) = 0.0,23(0) = 0.0,24(0) = 0.00 f(t) =
20sin(4.06) 000 0000000O0O0OOOOC 10000000
00y, 0000000000 0OO0O00O0O00
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[Ex. 1-1]
Let assume a 2 d.o.f.(degree of freedom) system shown in Fig. 2 and

answer the following questions.
1. Defining states of the system as
Iy = y17 Ty = y27 I3 = y]- Ty = y27

express the state equation and output equation of the system
using the state variables when we assume that the input for the

system is f and the output is y.

2. When M1 = 1.0,M2 = 0.5,D1 = 0.01,D2 = 0.001, K1 =
4.0, K2 = 10.0, simulate the system behavior and show the plot

of the responses under the following conditions:

(a) Setting x1(0) = 1.0, 22(0) = 1.0, 23(0) = 0.0, 24(0) = 0.0,and
f(t) = 0, calculate the solution of the dynamic equation with-
out an external input from O[sec] to 10 [sec|, and plot the
trajectory in a phase plain of (x1, x3).

(b) Setting 21(0) = 0.0,22(0) = 0.0,23(0) = 0.0,24(0) = 0.00
and f(t) = 2.0sin(4.0t), calculate the solution with the ex-
ternal input from O[sec] to 10 [sec|, and show the responses
of y and u in a same graph whose horizontal axis is time,t,

and whose veritcal value is y(t) or u(t).
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(>> simulink
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0(AB,C,D)D000D0O0O0O0O0OD0OOMatlab0D0OOO0ODOO
00000000000 O00000000000000000000
O0000000000000000 SourcesDO0OOOOOOOO
O00000000000 SinksOD0O0O0OOO0ODOOODOOO@OOO
0000000000 Scope00O0ODOODO)

Simulink0 000000000000 0000000O00OOOOO0O
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Matlab Function O 0O O O 0O O
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2(t) = fla(t), u(t),?) (7)

000000000000 0x(t),w(t),t000004000000
000000000000000000000000000000
0ooo

*a untitled * = B
DIG I5—
DG I5-DFT
untitled

[Pauntitled A

E U Ee @
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MATLAS Function

»
BERT 100% oded5s

00000000 MATLAB FunctionO z(¢),u(t),t 0000 O
00000000000000 #(),u(t),t00000000000
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O00000OMatlab FunctionO O OO OO0 O0OO0OOOOOOOO
gooooboooooogooon

d | (1) —sin(x1(t)) + u(t) )

dt | z5(t) —u(t)
000ddooooooodoondMatlab Function 0 0O 0O O O
Ooooodoodoodboodooodoodoodoooood

function dx = f(t,u,x)

dx=[-sin(x(1))+u;-ul;

00000 00000
gobbotboobobooobbooobuoooboboooobd
00000000000 000oDoo00 (Doo)oboooooo
Udz0000000O00O0O0O0O0O0OLOO0O0O0O0LOLOOO
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OD000000 SinksOOOOOOOO Scope0O0O0OOOOOOO
O00000o00ooobooboooboobooboooOgn Scopeld
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0000000000000 000000D00000d|Libraryd 00
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guoooobuoooooboogn
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O00000000000Ooog State-SpacelOOOOOOOOO
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O000000000000000Simulink 0 Matlab Function O
0000000000000 0000O0000000000000
o0o0oo

O mi® + 1)0 4 pb + mglsin(f) = 1 9)
O0000m = 1.0[Kg],l = 0.1[m], I = 0.001[Kgm?],u = 0.001[K gms],g =
0.8/m/sq]0000000000000000007() = 0.0,6(0) =
7T/2,9(O):0.0DDDDDDDQODDDDDDDDDDDDDDD
9,0 0000000000O0Matlab00 70 ptdgooon
[Ex1-2]

We consider the following pendulum system:
O mi? + 1)0 + ub + mglsin(0) = T, (10)

where m = 1.0[Kg],l = 0.1|m], I = 0.001[K gm?], u = 0.001[K gms], g =
9.8[m/s*]. Define a model with a Matlab Function using Simulink,
and show a simulation result of 6,6 during 20 sec. when 7(t) =
0.0,6(0) = 7/2,0(0) = 0.0
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MATLAB O O LTI(Linear Time Invariant) 000000
Bode 00 00 0 Nyquist [0 O

16 MATLABUOOOOOOO
OO00000D00O0O0O (SS:State Space) I O O

i = Ax + Bu (11)
y = Cx + Du, t€R", ue R"yc RP (12)

O000000000000000000 (TF:Transfer Function) O
000 H(s)OsOODODDODOOoOoooo

H(s)=C(sI —A)'B+D (13)

O000000000H(s)OsOO0000D0D0DO000pdmOO
Ooo00oooooooood (6,)000

b,s™ + b,_18" L+ -+ by
T s fan s+ +oag
JodddsdgoououoooobboooobboougoLTriod
00000000000 oooobooooooMATLABOOO
guotdubobugbooougodoboobouobogooooug
0000000000000 000000O0oo@oooooon
O000000000000000000000000000000)
goooooogod
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p(s) = s* — 2542
goooobod
1 —2 9

0000000000000000000000000000000
0o
[1+i 1—4]
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O00000000000b000DoOoOMATLABODDODOODOGOOO
gobbooobbtooobbboooobbooobbboooobd
guobbgobtooobuoooobuoobuooobbooood
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i = Az + bu (15)
y = cr + du (16)
HREREEN
0 1 0
A= , b{ ], c=lco 1], d=0
—Qap —ap 1

O000000000000000 H(s)O
c1S + ¢
252+a13+a0
0000000000 H(s)DOODOoDoooooooo
(s + 21)
(s 4+ p1)(s + p2)

H(s) (17)

H(s) =
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O0O0000ooboOooboOgA, b, e,dd MATLABOODODOODO
gooubobbodooobobbogooobobobuoooooon

[sys = ss(A, b, ¢, d);

goouobbodooobobbgooooon

[sys =tf([1 a1 ag], [a1 <0));

O00000000DoOo0o00ooooooooDooooooo (o)o
0000000 (0)DoDooooooooo

[sys = wk([z1], [p1 pal, b

ibodogbdoioouboobootoboobdoboooobdodoodd
Oooogoooo Tsoboooooooooo
gdbodoodoooobouobboobootoooooogn
godoboboootoboogobooodgooboooooobdd
godobobooogoboooooobootooboooooobod
0000000000000 000000000O0oOoOoOoo0[]o
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odooboodgtooooddggboooduoooooobod
obbodddoobtooddoobbotodgdoobodgdoobon
Ooo0D0000C00O0O0OO0O0OO0OO)0gggooooooOooO
ogodggg

1 s+1
s2+3s+2 2s2+3s+1
goodgoooooood

H(s) =

(sys = t£({[1] [1 1]1},{[1 3 2] [2 3 11});

goood
goboobooboodobooobooboobooooood
sysUODODODOOOOODOOoOOoOoSS,TFZPKOODOOOODODOO
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000000000000 00D000oon)
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O000o0b0ooobooooooogsSS, T, zpPKOODOOODOO
guobbgogobouoooboobooobbooobobouoooobd
goduoobbogogn

SS > ZPK > TF

gobobbgoobbbtooobobouoooobbbobbuod
gotdobobobobtoobobtuobobuobuoouobouog
Dodoboboooboboooobooossobgoboboooboon
guoouobboggooobboggn

18 JUuuobupuooooon

OooooLTiDbooooobbooooobbobbobooon
godobotoobobuobobouobooobobuoooouoa
goood

[A,B, C, D, Ts] = ssdata(sys);
[N,D, Ts ] = tfdata(sys);
[Z, P, T_s] = zpkdata(sys);

OoboOoTsOODOOO00dooooobbobooooouoobooo
gooon
sysUmUO0OpOO00O0O0O0O0O0O0OOODODOOOO0O LTIODDOO
OoOobooobgobbleckbOODODOODOODDOODDODLO
00000 () 000000000000 00oooooDodsysOOd
guobbgoobbuoobbuoobobuoobbuooobobd
goooood
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[subsys = sys(3,1:2);

goboobobbobgoobbooobobobgoobobbgod
goboobooboood

19 BodelO[

00000 ;w00000000000000 [rad/seci00000
0000000 booouboobbibd BodelOOOOoooO
000000000000 000000DoDo0o0oooooDog(@™@
000000000 jwODOOODODOODOD)DODODOODODOOOOO
00 [dB], 0000 [deg] D00 0000000000 OODOOODOO
guoddoodoooouobobgoooooooooooooog
guobbgoobbuoobbuoobbuoobobuooobood
O0D0D0000bboooobonlegspacel D0 DOOOODOOONO
gooooood

[w = logspace(dl,d2,n);

00000000400 w?o00000000A0000000
O000000000OwOUODODO0O00DD0wODOODOBodel O
O00o0oodobbbodel 000 bboooonO
goood

[ [gain, phase] = bode(sys, w);

gain, phase wO OO O OUOOODDODOO0OOOOOODOOODODOO
00000000 0000ggogG,)bookboboooooooo
000000000000 DDOOegain(i,j,k)0phase(i,j,k) 0000
O0gainU 0 DOD0OO0O0O0O0O0O0OOOOOOOddBOODODODOOO

[ gain = 20%log10(gain);

O0OO0000obOobobOobb BodeOOODOOOoooboonog
OO0O00D0O0O000000 subplot 00O 0O semilogx 0 OO OOOO
O00OO0OsubplotD0 0 0O00O0O0OOOOOO0OOOOOOOOOO
pot00D00O0O0OO0ODOOOOOO
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[ subplot (nmp) ;

oot ldnmUiibi00n00mO0000ddpdd
O0D0plotD00O0O0O0O0OO0OOpUOODDOOOODDOOOOOO
goooog

0000000 (1,1)000BodeDOD0OODODOOOOOOOOOODO

Gain = squeeze(gain(1,1,:));

Phase = squeeze(phase(1,1,:));
subplot(211) ;semilogx(w, Gain);grid on;
subplot(212) ;semilogx(w, phase);grid on;

OO0O0Osqueeze UL OO OOODODOOOODOOOOOOODOOOO
guobbgdgobbuooobbuoobbuoobbuooobobd
0000 (CO000)0ooooooon
O0o000bo0oboobbooobbouboonbddUbode
goooobbon

[ bode(sys, w);

gogobotoobobbobtdobouoobobuouoboo wtd
gotdbtdwboboobotogboobouoboboobuoogoog
gooooobd

20 Nyquist 00

BodeUDDOUOUOUDD jwO0 0000000 wOOODOOOOOO
O0oooooooooobbbobooooooooooooboo
00000 Nyquist DO OO O ONyquist O 0O 00O 0O OO O nyquist
00000000 bodeODO0O0OODDOOOODOODOODOOO
oooooo

nyquist(sys);
or

[re, im, w] = nyquist(sys);
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O0000000000o0ooodn BodeOOOOOOOoOoOoOQ
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dboodgoodouoodoubodd

H(s) =

sys = t£({[1] [1 1]1},{[1 3 2] [2 3 1]});
subplot (121) ;bode(sys(1,1));grid on;
subplot (122) ;nyquist (sys(1,2));grid on;

gobogobgooood

Bode Diagrams Nyquist Diagrams

0.5

041

0.3

g 02}
3
2 :(%’ 0.1f
& >
= S ol
> i=)
@
g E
o -0.1
2]
@
=
e —50 -0.2
-0.3
-100
-0.4
-150
-0.5
-1 0 1 I I I
10 10 10 -1 -05 0 05 1
Frequency (rad/sec) Real Axis

35



21 OO0

0000 (00000)Do0000D0O0000DyODOO y20
guobbooobbuoobbuoobbuoobobuooobood
goooon

lL.gdbougoboobuooboobouoobuooboon
gooooobod

2.0000y000 BodeOUOOUOOOoOy20000000
Nyquist DO OO OO0O0ooooooond

. 0000y000ooooooogonooooboouoooyg
00 (@CO00000)00OD0D0o0ooooooooooooood
0000000000000 (@oooooooooooogo
O000000ooo0ogoooooooooon)

36



[Ex.2]
Consider again the system in Ex.1-1 but now we consider that y2
is also the output of the system in addition to y, i.e., we consider an

1 input and 2 output system. Then answer the following question.

1. Define a state space model of the 1 input and 2 output system,

and calculate the transfer function matrix of the system.

2. Plot a Bode diagram of a transfer function from u to y, and plot
a Nyquist plot of a transfer function from w to y2, then display

the both plots in a row in one figure.

3. Determine a circular frequency whose amplitude of the transfer
function from u to y is maximum,i.e., resonance circular fre-
quency, from the figure, and make sure the relationship in time
domain by a simulation. (Plot a sinusoidal input with the fre-
quency and the corresponding output in the same graph when

the time is large enough.)
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22 0JOOO0O0O
Joodoooooooooo Lribtoooooood
t = Ax + Bu
y = Cx + Du (18)

gougouogoud:
det(sl — A)

0000000000000 (A0DO0OO0)00oOoooooooo
MATLABOOOODODOOOODOOO

(P = poly();

godddgooggogoooddpbbbboooobbogd
00000000000 00000000000000003d roots()
gooobood

[roots(p)

O000000000ADOO0ODOeig)DO0D0OO0O0O0ODOODO

[V = eig(A);

0000000000000 0D00Deig)DODOODOO0O0ODOOO
guooubobbodooobobbogooobobobuooooon

(Lv, d] = eig(A);

oboobooboobdobbobooboooboooobooonbog
oo oobooobbbuuon
oo on
bbb buoobboooboooood
Oo0oo0oobono MATLABOOODOGOOO
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23 0000

0(8)000000000000000o0o0oooooooog

gogg
A—-sl B

C D
O0000000000000 (Normal Full Rank) DO O O0O0O0O

DO00000000sO000000ooo0oooMATLABODOOO
goooon

(19)

d = tzero(sys);
or
d = tzero(A, B, C, D);

guooobobooooboboiod
dstgoooobobooobobbbobugoooogbboood
guoouboboooboobuooooboboooad

0O 1 0 0
r = 0O 0 1 |z + |0|u
—4 -3 =2 1
y = [6 5 0]z + Ou (20)

gooobobbboobbbodooooogouobboboobood st
guobbggobbuooobbugobbuooobobuooobobd
000000005 +600000000000000000 H(s)

0
55 + 6

T S22+ 35+ 4
O000000000000000s=-120000000000
0000

[OO]

000000000000000000000 (000000000
0000000000000000000000)000 tf(),tzero()
noo0oo0ood

H(s)
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MATLABOOOOODOOODOODODODODOODODODODOODOOoDbDOO
O0000pzmap()DO0OO00O0O0OOOOOOOOO

pzmap (sys) ;

or

[p, z] = pzmap(sys);
000000000000 p00d0d0d 200000000000

24 O0O0oOoOooooo

000000000000000000000000 (00000
0000)00000000000000000000000000
000000000000000000000000000000
000000000000000(MATLABOOOOOOOOOO
000000000000000000000000000000
00000000000000)
0(18)0000000000000000000000000 PBH(Popov-
Belvitch-Hautus) 0 0 000 000000000000000000
00000000000

ooo0]
000000000000000000000000000000
0000000000000

L W(0,t) = [ eMBBTeA"t 00D DO0DO(00 W(0,¢)00
D0DO00DO0DO00)

2.000000V :=[B,AB,..,A"'BlO000O0Orank V =n
0000

3.0 A0000000000000rank[]A—A,Bl=n0000

00000000000000000000000

ooo0]
000000000000000000000000000000

0000000000000
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1. M(0,t;) = [her'CTCeMdtD OO0 (M(0,4) 000000
Ooooooo)

2.000000 NT;:= [CT,ATCT, .., (AT)»'cT]00000 rank N =
nO0000

3.00 AD0O000000Orank (M —AT.CT] = n

MATLABOODOODOOODOOODOOV,NODOOODOOOOOO
goooobbodoogd

V = ctrb(sys);
[N obsv (sys) ; }
O0000000000rank() 0000000 ODOODOOODOOO
OOooboooboooboooboooo

O0000000000 We=W(0,00) 000000000 Wo=

M0,00)J000000DOCO00O0ODOOO0ODOODOO0ODODODOO
gad

Wc
Wo

goog

gram(sys,’c’); J

gram(sys,’0’);

o0 d oo T o T
|7 dt W(0,8) = W(0,00)~W(0,0) = A [~ BB e dt+ |~ e BBT e dt AT
0 dt 0 0
(21)
0000ADO0D0DDOOOOOOO000OOOOO0O000000
—BBT = AWc + WeA” (22)

000000000000 000000000000000000
000000000000 000000000000000000
D00000XOO00000A,QUOO0NDNODOOOnO

AX + XAT +Q =0 (23)

goooobbgd
MATLABOODOODOODOODODODODODODOODOODOOOODOO
gooon
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Oo0]
030000000000000000000000000

K1

M M1
1]
(31O
i
: ()T 10)

03 000000o0an

1.00o0gno
r1=pl, 2o=p2, x3=pl 4 =p2 r5="0

oo oonoboboon
oduoobobuoodoutuow,pl—p20000

2. M1 = 1.0, M2 = 0.5,D1 = 0.01, D2 = 0.001, K1 = 4.0, K2 =
10.0000000000000000000000000000
0ooooo

3. M1=1.0,M2=1.0,D1=0.01,D2=001,K1=40K2=4.0
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odddooooooooooooaoooonobooooon
good

[Ex.3]
Let consider a 2 dof system in Fig 3 , and answer the following

questions:
1. Let define state variables of the systems as
1 =pl, o =p2, x3=pl 4 =p2 x5 =0,

express the state space equation and output equation of the sys-
tem using the state variables where input for the system is © and

the output are v, pl — p2.
2. Let assume that M1 = 1.0, M2 =0.5,D1 =0.01, D2 = 0.001, K1 =

4.0, K2 = 10.0, calculate system poles and invariant zeros of the
system, and also check the controllability and observability of

the system.
3. Let assume that M1 =1.0,M2=1.0,D1=0.01,D2=0.01, K1 =

4.0, K2 = 4.0, calculate system poles and invariant zeros of the
system, and also check the controllability and observability of
the system.
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000000000000000000000000000000
000000000000000000000000000000
D000O0000O0MATLABOOOOOOOOOOOOO0O0O0OO
00000 rand()0 randn() 00 000000000000000
0000000000

rand(nm,]) 00000000000000O0O0OCOO
Do00d00odoodddloddd Udn
OmUdO0oooogoogoogoon
gogd

randn(nm,]) 0000000000000 0O0O00O0OO
Doooooboooooboooloobg
U0On0D mUiodoooooooooon
ogoon

Uboobdbodd mO0Om-LO0O m+LO0O0O00O0OOO0O0OO0OO
gobooood
m—L+2xLxrand(1,1) (24)

gobbooobbotbdotmbdddb e O00oooooooood
goooobooogd

m + /o * randn(1,1) (25)

gooobod
0O0)|0000ooooooooon

MATLABOOOOOODO oded5() D0 000O00OCO0OOODOO
guooobbooobogobbooobbooobobuoooobd
guobudgobouoobbouooobugobuooobobood
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guobobobobbboboobobbooobuooobobooobobd
goouobooooobobbogooooon

t = Ax + Bw, z(0) = X0

ODO0wDO0OQQLUOODUOODDODO0O0O0O0DOD0O0O0oODOoooooDg
gooboobuoobotoobobuobobbuobouobobuog
O0ts, te0 0D 00O0DOOO0OODOO0OODOOOODOORKDOO
goooobbgoooooboggooobobod

/giobal w N \\\

round ((te-ts)/h);
randn(N+1,1);

EH
I

[t, x] = oded5(’f’, [ts, tel]l, X0);

\ )
/;;nction dx = f(t, x) \\\

% Simulation with stochastic state disturbance

i = round(t/h) + 1;
if i > N

u = w(i,:)*sqrt(Q)/sqrt(h);

dx = A*x + Bx*u

o /
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26 UU0UOUoooooooooooa
gooboboboboobooboorrmuoudooooon

t = Ax + Bu
y = Cx + Du (26)

goooorFrooooooooooouoooog
u(t) = Fx(t)

oo oobdgooouooooooog
guoouobbooooooboogn

i=(A + BF)x (27)

O0oooooooooboobobUu A+ BFO0UOOOOOoDOoO
gooobbobobbodoboooooobbbbbboooooood
gobodbododoooonuouoobooounooboonod
guobbgoobbuoobbuoobbuoobobuooobobd
guobbgoobbuoobbuoobobuooobobuoobobd
goouoobooogoon
ODO00000o00boo0obO0oOoMATLABOOODODGOODgOoGoOoO
O00 FOODOOD0ODOOOplace)D00000DOOODODO

[F = place(A,B,p);
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O0D0OO0OOMATLABOOOOOOOOO (A-BF)OOODODDOO
dodoootuobbvw=FU0O0ODODODODOO0O0Qoooo FOOO
O -FOOOOODODDODOOOODOODODOplaceOODDOOOOOOO
bbb buoobobouoooood
gogd

27 OD0O0DOO(ODOoOoOoo

271 0O0OOO0ODOO

0@6)00000000000000000000O0000oDd
O000000000Dooo(@mo)oooooood

jtg;* — _ATE() — CTy(t) (28)
u(t) = BT2*(t) + DTy(t) (29)

guobbooobbuooobbuoobbuoobobuooobod
guobbooobbuoobbuoobobuoobobuooonod
Jobbboooooouooooouoooooobsb-soug
0000000000000 oo000oooooooDooood
guobbogobbuoobbuoobbuoobbuooobobd
gogobobbbobboodoooogogboooooooogd
000000000000 0D)00000000D0DODO0O0O0O0000
gubbgoobbuoobbuooobobuoobobuoooood
gr7roooon

r=T—t (30)

oo -0 -rogogo
dde*(T) = ATz*(1) + CTy(r) (31)
u(t) = BTa*(r) + DTy(r) (32)
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gobooboobotoobuobboobbooboobouoobogn
(0000000000000 0D000000 KalmanOOOOO
0000000000000 0D0) 00000000000 LTId
goooobbogn

z = Ai + Bu + K(j—1y)
gy = Cz + Du (33)

o KOOOoOooooooooooobobobbbbobooooo
O0Db00o0oobobuooooboo ¢é:=2z—20000000000
gooooboogn

{=(A+KCO) (34)

00000000A+KCOOOODOOOOO0OO0O0O0000000
0&0)00¢)00000004020000000000000
00000000000000000000000000 44 KC
000000000000000000000000000A4+KC
0o0oooo

det(s] — A — KC) = det(sI — A" — CTK™) (35)

Do0oooooooo Ah,ehooooooooooooooo
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guobogobboobboobbuooooobobuoooood
000000000 A0ATOOBOCTOOOOOOOOOOOO
gobodoooobouog FObdooub Koboooogogooo
O0000000b00o0ooooo MATLABOODODOODOOoDOoOoO
goooboboooooobod
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[Ex.4]

Let suppose a system considered in Ex.1, and answer the following

questions.

1. Determine a state feedback gain F' so that poles of the closed
loop system with the feedback are assigned at —0.5+75v/3, —0.5—

JV3, =1+ jV3,—1—jV/3.

2. Determine an observer gain K of a full state observer whose poles
are assigned at —10, —11, —12, —13.

3. Let consider an augment system composed of the controlled sys-
tem and the observer determined in the previous question, and

answer the following questions:

(a) Define the augmented system as a state space representation
where we assume that the output of the controlled system is

contaminated by a disturbance v.

(b) Calculate the poles of the augmented system defined in the

previous question.

(c) Let assume that the disturbance is a Gaussian stochastic
noise whose mean value, covariance are 0 and 0.1 respec-
tively. Simulate the response of the closed loop system from
t=0[sec| to t=10[sec] when the initial state of the controlled
system is (1.0,0.1,0.0,0.0) and that of the observer is zero
where the holding time of the disturbance is 0.01 [sec].

(d) Changing the poles of the observer to —20, —21, —22, —23,

and simulate the response of the closed loop system under

the same condition of the previous question.

Option Execute the above simulations using Simulink where Gaus-
sian random signal can be generated by a Random Number

block and holding time can be specified by the sampling time
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in the block. Addition of signals can be realized by s Sum
block.
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u(t) = wkT) (kT < t < (k+1)T) (41)

0000000000000 0«(t)000000000000 y(t)
[

z(t) = ety +/ A=) By (7 (42)
y(t) = Cux(t) + Du(t) (43)

Ooooboooobobboodt:+=kroogoobobobtn krog
god

(kT) = My + [ A Bu(r)dr (44)

y(kT) = Cx(kT) + Du(kT) (45)
O000000000t=(k+1H)TO00DDO0OO
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y(k+1)T) = Cx((k+1)T) + Du((k+1)T) (47)
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goooouoodod
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z((k+1)T) = Px(kT) + Tu(kT) (52)
y(kT) Cx(kT) + Du(kT) (53)
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[sysd= c2d(sys, T);
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[sys = d2c(sysd);
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0000000000000000000000000000000
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000000000000000000000000000
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/éiobal u

T=20.1;
tspan = 0:T:(10.0+4T);

v = sin(tspan*w )’;

Newx = X0’;

x = Newx;

Newt = 0.0 ;
t Newt;

n=1;

for i=1:round(10.0/T)

u=v(i,:);

[Newt, Newx] = oded5(’f’,

[n,m] = size(Newx);

[x;Newx(n,:)];
[x;Newt(n,:)];

end

[(i-1)*T+ts,

i*T], Newx(n,:)
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/;;nction dx = f(t, x) \\\

% u is constant over the sampling period

dx = Axx + Bx*u
\ /
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2. 000000-100+1000000«(k)0000000000
000t=000100000000000000 {y(k)}0000
00000000000000000000000000000
00TO0100000

3.00000T=01000000000000000000000
000000000000000000000 {u(k)}0000
00000 {y(k)})00000000000000000000
00000000000000

[Ex.5]
Let assume a system considered in Ex.1, and answer the following

questions.

1. Calculate a controllability matrix V' and check that the rank of
V' is 4 to see X by using singular decomposition (SVD).

2. Assume that a holding interval of input is 0.1 [sec] and zero
initial state. Simulate the response of the system from t=0 to
t=10 when u(k) is injected to the system where u(k) is a uniform

random signal from -1 to 1.

3. Discretize the system by the holding interval 0.1 [sec] and obtain
a difference state equation. By recursively applying the differ-
ence equation check if the response of the system to the same
input {u(k)} in the last question is equal to the response in the

last question.
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z(k+1) = ®Px(k) + Tu(k) + v(k), z(0) = xg
y(k) = Cx(k) + Du(k) + w(k) (54)

0000w, vk),w(k)00000000000000000000
00ooo00ooo

v(k) Q S
w(k) ST R
O000000opoooOoy()oooooooooooooood
O0o0o00ooooooo (e, I,e,p)0D0000ooDooooog
00 %, (Q,S,R) 0000000000000 0O0O0O00O0O0O0OO
O000«x(k)0D0O00DOOO0OODO(OOO0ODODOOOODOD)OO
0 Kalman Fiter DO DD DOOOO0OO0DOOOOOO0O

E{zoxl} =20, E{

() w(l)]} = o(k = 1) (55)

~

#(k+1) = Di(k) + Tulk) + KE)((y)(k) - y(k))
G(k) = Ci + Du(k) (56)

O000KKk)ODDODOODODOOOOODoDOooooooooood
gooooboogd
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K(k) = (®X(k)CT + S)(Cx(k)CT + R)™ (57)
Y(k+1) = Xk + Q — K(k)(CEZ(k)CT + RK'(k), 2(0) = X

000000000000 pv(k)DO0D00000OD0O0O0OO0

v(k) = g(k) —y(k) (59)

v(k)0000000000000000000000 {v(k)}000
000000000000000 »(k)0000000000000
ooooo

z(k+1) = ®x(k) + I'u(k) + Kv(k)
y(k) = Cz + Du(k) + v(k) (60)
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0000000000000 000000000000000000
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00000000000000000000(9,T,C,D,K)0 30
000000000000
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y1(0) y2(0) . yp(o) () T
yL(T) y2(T) yp(T) Uy um(T)

YUN-T)  y2((N-DT) yp((N-l)T)i ul((N-1)T) um((N-1)T)

O000000ndsid)0D000000D000DOOOO0O0O0O0O0O
goooobboooooo

[TH = n4sid(yu,1:n,p);

0000000000000 1n00000best 000000
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000000000000000000000000n000000
0000000000

ndsid) 0000000 THO ThetaDOOOO0OO0O000O0 ARX
000000000000000000000000000000
000000000000000000000000000000
O0LTIO0000000000000000 th2ss()000 ss()0
0oo0ooo

[Phi, Gamma, C, D, K, x0] = th2ss(TH);
sysd = ss(Phi, Gamma, C, D, T);

oo bbobbobobbbbdduoooooooon
goooooogn
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sys = d2c(sysd);

[0)]
<
)]

O Q o =

O000Osys. A, sys.B,sys.C,sys. DO O O0ODOO0OO0O0O0OOOOO
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OO0, I'o0oononon sysd.A,sysd.BO A, . BOOOOOOOO
O000oooooooobooboooono A,pO o, Tro0onog
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0000000000000000000000

1.0050 (2)000000000000 ndsid)0000000
00000000000000000000000000000
0000000000000000000

2.000000000000000000000.10000000
000000000 ndsid)0000000000000000
00000000000000000000000000000
00000000000MO0000000 pzmap()0000
0oo)

3. 000000n=2000n4sid)000000O00OOOOOOO
oooobobooooobod

[Ex.6]

1. Identify a system using n4sid() based on an input-output data
obtained in (2) of Ex.5, and determine a continuous state space
model. Compare the identified continuous system with the ac-

tual continuous model.

2. Add a noise sequence whose mean value is 0 and whose standard
deviation is 0.1 to the input-output data used in the last ques-
tion, and determine a continuous state space model using the
contaminated data by the ndsid(). Furthermore, calculate poles,
zeros and Bode digram and compare those with the actual ones.

(Plot the zeros and poles by pzmap().)

3. Assuming n = 2 in the last question, identify a continuous sys-
tem by ndsid() and compare the system with the system obtained
in the last question by plotting Bode diagrams.
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y=mu, u,y € R (61)
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\Ul - U2\ (62)
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[m| (63)

000000000000000000000000000
|m — 0| (64)

0000000000000 000Doo0g o jwoboodooo

ly|  |mul
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©(t) = Ax(t) + Bu(t), u(t) € R",y(t) € R?,z(t) € R"
y(t) = Cx(t) + Du(t) (66)
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y(t) = [ H(t—7)u(r)dr (67)
oodg
CeB + D§(t) (t > 0
Hty = | OB+ (t) (¢t = 0) (68)
0 (t <0)
O00000000D000006O0 DiracOO0O0O0D0O0OOOOOO
D0000000000uw()=0(t<0)00000

y(t) = [ H(t — ryu(r)dr (69)
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Il = [ (o) 2t (70
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|HIZ = [T IHO|Fdt = [~ trace{ HE)H (t)}dt = [ trace{H" (t)H(t)}dt

(71)
OD000000(ABC)OODOH#OOODODOOODOOOO D =
opgdooodooooodggn

|H? = | CNH®)|2dt = /0“ trace{Ce™ BB e""'C"}dt = | " trace{BTeA  CT ¢!
(72)
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P = /OOO A BBT A gt
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H,O0000
trace{CPC"} = trace{ BTQB} (73)

000000 H,000DbO00000oobbobboooooobon
goooobboooooon
oot onnooibd
guobbgoobugbuooobobuoobuooooboooood
guooubobooooooood

< Hy, Hy>:= [ trace{Hy(t)H] (t)}dt (74)
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000 H,H,O0OOOOOOO £, H,0000000000000
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gdboogboogbogo~d
H(s) = H'(—s) (77)

gogdboobbodobobobbbbbbbbbbobobooougd
O00H(o)=00000000000000000DODODODODOO
gobooboobotoobtuobtuobuobobobobuoobouoa

35 H,,UOOO

000 A, 0000ooobobboooooooooobbood
D000 () 0000000000000 00ooooogoood
gobbobbbodoougbbouduF0bbouooooogoooo
guobbgoobbooobboooobbuoooobooooobd
guobbggobbuoobbuoobbuoobbuooobobd

71



gobobdgbooubobooonoobuodu FRx,0booooooo
goooobogd
oot oogn
gooooboogn

y(t) = |H(jw)|sin(wt + ArgH (jw)) (t >>0) (78)
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[ hinfnorm(P, epsilon)

D000 POOOO0OU0ODODODepsilonOOODOOOOOOOO
O0000D0000000000000 MATLABOOOOGOGOO
0000000000000 0000000000 (AB,C,D)OO

oo
A B

C D
ODOOOOOOOMATLABOO LTIDODDODODOODOODOOOOOO
OsysUUOUooooooooobogoooon

P = (87)

[P = pck(sys.A, sys.B, sys.C, sys.D)
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[[A, B, C, D] = unpck(P)
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goooobbooooobobboooooobboooo

74



[ h2norm(P)

[0)



oo 7
0000000000000000000000

L.oboboboboobudduu fL,oouougoogd
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oouoobbooouobouogooooobuoaga

[Ex.7]
Let consider a system considered in Ex.1 and answer the following

questions.
1. Calculate the Hs norm of the system considered in Ex.1.

2. Calculate the H,, norm of the system and compare the norm
with the peak value of the gain plot of the Bode diagram drawn

in Ex. 2.
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000000000000000000000000000000
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0000000000000000000000000 K2 =
160,02 =0.03000000000000000000000
00000000000000000000 —1+45v3,-1—35vV3
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[Ex. 8]

In the problem 3 of Ex. 6, we idenfied the plant assuming that
the order of the system is 2, i.e., n = 2. This kind of assmption is
made to identify a system when we simply assume that there are no
high frequency modes. In order to see how such modeling affects the

controller design, we consider the following questions.

1. As in the problem 3 of Ex. 6, identify a system assuming n = 2
where in this case we assume that true parameters of the sys-
tem are given as K2 = 16.0, D2 = 0.03 and that there is no
observation noise this time. For the identified plant, design a
state feedback gain so that poles of the closed loop system are
allocated at —1+ jv/3, =1 — jv/3 and design a full state observer
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whose poles are —10, —11. Then show the response when the
designed controller is applied for the true system. (Hereafter,

the plant with the new parameters is refereed as the plant in Ex.
8. )

. If the closed loop system becomes unstable in the last question,
find a controller which stabilizes the plant by just modifying the
feedback gain or/and observer poles without re-identification.

Explain the procedure how you found the controller.
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85



gobgobgoogd
000000000 00oo0ooooooooooooogo
O0A(s)DD0000000000000000000o0ooon
gobgobooboooooon
goooouopobdbouobubouobouobouoooood
oo A, 00000 oooouooooogn
0000000 A(s)DOooooooOoOoooooDoDoDDDOOO
O00U0OA(s)DDO00000DO0ODOO0O00OoDooOOd
a —sT

A(S):s—i—a or A(s)=e ™, a>0T>0 (97)
|IA(s) ||l =10 000
A(s)00000000000000000000A(s)00000
gobgobgooogd

7(A(jw)) < |w(jw) (98)

000000000000000w(s)000000000 (000
0)000000000 M(s)O w(s)M(s)000000|w(s)M(s)|ls <
1000000000000000000000000000000
0000000000000000

[A(s)M (s)[loc <1 (99)
O0000A(s)00000000

[A(s)/w(s)w(s)M(s)]le < [[A(s)/w(s)]lscllw(s)M(s)]loc < [lw(s)M(s)]loc
(100)
0000(00000000000000000)0000[w(s)M(s)||sx <

l1§obgoooubobuoooobbobuooooon

86



oo 9
008000000000 00000 H(s),00801.0n =2
000000000000 A(s)0000000000000000
0oo

. 00000obbboooobboobobbibd Bode OO
gooon

220080200 pugoougobuoobuooobouoobd
bbb boobbuoubbidtb v
0000000 LTI boboboobobog

. Udddl20Hd 0000000000000 000000
bbb ogobbnoobuogooboon
oduoobogooouoobooooad

[Ex.9]
Let assume that H(s) is a true transfer function of the system in
Ex. 8 and that H(s) is the identified model of the system whose

degree n is 2. Answer the following questions.

1. Calculate a transfer function of the additive disturbance and plot

a Bode diagram of it.

2. Let consider the closed loop system which consists of the stabi-
lizing controller and the plant used in 2. of Ex. 8. Determine a
LTT model whose input port is the output port of the disturbance

w and whose output port is the input port of the disturbance z.

3. Calculate H,, norms of the systems in the above questions 1. and
2., and check if the small gain condition is satisfied or not. If
the condition is not satisfied, explain why the closed loop system

becomes stable.
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[Ex.10]

1.

Let consider a quadratic criterion function below for a system in
Ex. 8:
J= [ 2" ()Qu(t) + v’ (t) Ru(t)dt
where i

10
10
= , R:=11].
Q o 1
10

Then calculate an Hs optimal controller when an external signal

w is injected through By and the evaluated signal z is defined as

Ql/%
RY%y

Z =

In this case we assume that we can only observe an output signal
y defined as
y=[1,1,0,0]x.

Compare the obtained Hy norm with that obtained in Ex.4 which

consisted of an optimal state feedback and an observer.

. A mechanical system of one degree of freedom is controlled by

a linear servo motor where the transfer function of the amplifier
from voltage to force is given by

1
B T.s+1
and the transfer function from the force to the position is given
by

H.(s)

1

H,, = .
(5) ms? + us + k
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The parameters in the transfer functions are given in the follow-
ing table. (The controlled plant can be expressed as a transfer

function which is a serial connection of both transfer functions.)

notation | value
T, 0.1
m 1.0

14 4.0

k 10.0

Answer the following questions.

(a) By ignoring the dynamics of the servo motor, let us assume
that the transfer function of a nominal plant, P, can be ex-
pressed as

_ 1
P(s) = :
(5) ms? + ps + k

Determine a proportional feedback gain,/,, in the following
figure so that the steady state error becomes 1/10 to the

reference signal.

(b) Show a response of the true closed loop system including the
dynamics of the servo motor when the proportional feedback

is applied for.
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(c) Let us assume that the ignored dynamics of the servo motor
as an uncertainty and determine the multiplicative uncer-

tainty A,, according to the uncertainty.

(d) An upper bound function for the uncertainty in the previous
question is given by the multiplicative uncertainty itself, and
robust stable controlled system should be designed where the
steady state error is suppressed less than or equal to 1/10 to
the reference signal.l] Error should be suppressed less than
1/10 to as high frequency as possible.[l Design a controller

in the following steps.

i. Controller C' is design for the plant with the uncertainty
in Fig.13so that the input to the controller is error signal
and the output is the input to the plant. For this design
a generalized plant is considered for the block diagram
below in the figure. If we set S(s) = 1/(1+ CP),T(s) =
CP/(1+CP), compute transfer functions from w to z1, 2s.

Explain what we can see from the relationship.

O 13: Robust stability and generalized plant with frequency weights.
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1i.

11.

1v.

Let us assume that the bounding function for the uncertainty, Wr(s)

is given as Wr(s) = A,,(s), and the weight function for the

: o K

tracking performance is given as Wg(s) = 7,57 (Kg > 10).
Design a controller so that H,, form wto z = [21, 29]7 is
less than 1. Note! Since this generalized plant does
not satisfy assumptions for standard H,.control prob-

lems, define a third signal z3 as z3 = eu.

Show the step response of the designed closed loop system

for several T}.

Plot bode diagrams from w to y, e and show that the gain

plots are lower than |[W;'(jw)|,|Ws'(jw)|, respectively.
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