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title('Sine Wave as a Function of Time')
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Continuous-time transfer function.
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num = [1];
den = [m b k];

sys = tf (num,den)

sys =

s”"2 + 0.2 s + 1

Continuous-time transfer function.
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s = tf('s");

G = 1/(8"2+2*s+5)
pole (G)
G:

s"2 + 2 s + 5

Continuous-time transfer function.
ans =
-1.0000 + 2.00001

-1.0000 - 2.00001
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ans =
-1.0000 + 2.00001

-1.0000 - 2.00001
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u = 2;
s = tf('s');
G = k_dc/ (Tc*s+1)
step (u*G)
G =
5
10 s + 1

Continuous-time transfer function.

Amplitude

Step Response
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Ts=2.3/a=2.3Tc | Ts=3/a=3Tc | Ts=3.9/a=3.9Tc | Ts=4.6/a=4.6Tc
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Bode Diagram
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s = tf('s");
Gl = k dc*w_n"2/(s"2 + 2*zeta*w _n*s + w_n"2);

pzmap (G1)
axis([-3 1 -15 15])
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zeta = 1.2;

G2 = k _dc*w_n"2/(s"2 + 2*zeta*w n*s + w_n"2);

pzmap (G2)
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axis([-20 1 -1 117)

step (G2)

axis ([0 1.5 0 1.5])
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zeta = 1;

G3 =

k_dc*w_n"2/(s”2 + 2*zeta*w _n*s + w_n"2);
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pzmap (G3)

axis([-11 1 -1 17)
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step (G3)
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zeta = 0;
G4 = k dc*w _n"2/(s”2 + 2*zeta*w n*s + w_n"2);
pzmap (G4)
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axis([-1 1 -15 15])

step (G4)

axis ([0 5 -0.5 2.51)
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bode (G1,G2,G3,G4)

legend ('underdamped:
1', 'undamped: zeta =

zeta < 1','overdamped:
0')
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Bode Diagram

Magnitude (dB)

undamped: zeta = 0

Phase {deg)

underdamped: zeta < 1
45 —overdamped: zeta = 1
critically-damped: zeta = 1

. - o = L
Frequency (rad/s)
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Kqs* + Kps + K;
s

K:
Kp+?l+Kd5= (Y)
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Kp = 1;

Ki =1

Kd = 1;

s = tf('s'");

C = Kp + Ki/s + Kd*s

Continuous-time transfer function.
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C = pid(Kp,Ki,Kd)

Kp + Ki * -—— + Kd * s



Continuous-time PID controller in parallel form.
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ans =

Continuous-time transfer function.
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P-only controller.

s”2 + 10 s + 320

Continuous-time transfer function.
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Kp = 300;
Kd = 10;

€ = pld (Kp, 0,Kd)



T = feedback(C*P,1)
t =0:0.01:2;

step (T, t)

CcC =

Kp + Kd * s

with Kp

300, Kd = 10

Continuous-time PD controller in parallel form.

10 s + 300

s”2 + 20 s + 320

Continuous-time transfer function.
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Kp = 30;
Ki = 70;
C = pid(Kp,Ki)
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feedback (C*P, 1)

t =0:0.01:2;

step (T, t)
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with Kp = 30, Ki = 70

Continuous-time PI controller in parallel form.

30 s + 70

s*"3 + 10 s”2 + 50 s + 70

Continuous-time transfer function.
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Kp = 350;
Ki = 300;
Kd = 50;
C = pid(Kp,Ki,Kd)

T = feedback(C*P,1);
t =0:0.01:2;
step (T, t)
C =
1
Kp + Ki * -—— + Kd * s
S

with Kp = 350, Ki = 300, Kd = 50

Continuous-time PID controller in parallel form.
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opts = pidtuneOptions ('CrossoverFrequency', 32, 'PhaseMargin', 90);
[C, info] = pidtune (P, 'pid', opts)
C =
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Kp + Ki * ——— + Kd * s
S
with Kp = 320, Ki = 796, Kd = 32.2

Continuous-time PID controller in parallel form.
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K = 350;

sys _cl = feedback (K*sys, 1)

sys_cl =

350 s + 2450

s™4 + 40 s”3 + 475 s”2 + 1850 s + 2450

Continuous-time transfer function.
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step(sys_cl)

Step Response

Amplitude
s o o

1 15 2 25
Time (seconds)

bz 4l ) 51 AS 93 Olo) 9 70 1 ASS iglyd SDIS odel s 4y Frwly cenitinls HUaw1 4 jghailan

Wdty) qwdid O8e (b Sl JAS i (2o )bl 3 oolasul
Coud Jdo ) oalaswl b . ooled oolaswl die o dﬂsw b 1l )Gl e)}’@wwgb)
tomled s Ciuyad ) Kb 1) H(S) o ¢d

s = tf('s");
plant = (s + 7)/(s*(s + 5)*(s + 15)*(s + 20));
392 Sl Loy (gwiid 08 | Jise ol 5o d9y2 U8 4 Jid=3 9 (&b ©ly controlSystemDesigner b
S 3)lg e o D ) ogiwd g9 2 Sl ML&)G oolaiwl (b hg)y Olgie do diww dil> @adao dly Feaoly
controlSystemDesigner (plant)
Control System 4eliy il 9 APPS Bysw do dazlyo b cizmad 20982 3b ) S0y ygiwws ol Sl b
2hSLs ddin) (wdin O jlaged dilgi 2 GUI ¢yl 33 3903 [yl 565 1y )il 0l GUI Ol s <Design and Analysis
oddlice K =1 (2,3 (i JAS L [ dsly Soud b et (Sl diwy 4> dly frwly 9 5b dil> @t S92
Aoled

55



4\ Control System Designer - Bode Editor for LoopTransfer_C - o x
CONTROL SYSTEM BODE EDTOR VEW G4 0B
' &=
0 H = @ & 8
Open  Save Edit Multinodel  Tuning Mew  Store Refreve Compare Export  Preferences
Session Session  Architecture v Configuration  Methods Piot v - -
FILE ARCHITECTURE TUNING METHODS |ANALYSIS DESIGNS RESULTS |PREFERENCES =
Data Browser © | | Bode Editor for LoopTransfer C ¢ | | Root Locus Editor for LoopTransfer € |
w Controllers and Fixed Blocks Root Locus Editor for LoopTransfer_C
F Bode Editor for LoopTransfer_C 60
0
C 40
y @ 20
H =
b SO
B o 0
B
¥ Designs B = 20
3 40
g
F 150 . 60
=D SM 17;3; "2, 80 60 40 20 0 20
req: rad/s .
Stable loop Realixls
-200 | 10Transfer_2y: step = |
w Responses 90 -
C -90 Step Response
LoopTransfer_C ~ From: r To:y
10Transfer 2y |35 L
) P
B 0.8
10 u2y -
- @
10Transfer_dy2y 1] € o
> Preview 226 % 0.4
P.M.: 90 deg Z
Freq: 0.00467 rad/s
270 0.2
107! 10° 10’ 10% 10°
P’ 0
Frequency (radfs) 0 500 1000 1500 2000
Click and drag to move the document tabs...

j)\.)}o..:\ S LS;&KCAM!) lJJ.A\ Uﬁ‘ .J..fi:bd LQAJ\:J‘) (EWID QKAJ‘J}AJ L L?")‘b CJ[A‘JJ\ Q\))s@bo‘ Je ‘4...\.5
Uiy o) cwndd Ol Slp Olge ) (=l B .ado 2 plaxil Design Requirements, New o Led!
g3 Lyl dihais U8 9 (b (I8 (e ot

392 o plal 0 sgrid Hgiws b Jid Cood )3 4S b (w3839 9 glme Cupd Sl b (Shb Glajls el o
Shb il poly jolie ol ddbie w, = 1.8 9 { = 0.7 4lde (2hb il GH9lb Gly -prleis Lyl
dil> Sead Sl Jgd B 3bln chilodd astinw ddw Ky 4 Olized Hl3ged 43 45 ablie .dwle 3)ls
A5 Limits (i 55 9 Properties il 5 )13ga3 3 » Gl SWEL | adiyy (qwdids 0 lagad glaiS)ss
23 )8 YO B-Y/0 () (29090 H950 9 O B -YO (o |y (£uld> Hg5e0 (S03900 D

S OT Sy 2 ey Frwly Hlogas > 3905 oddline |y gl S Sl (dad palie j (S OlgSs iz
plxsl Rise Time 1y by )8 (ned .4iS Gl |y Peak Response 9 4:9) Characteristics (ise 4 9 03,5 Gl
Ol 312 2 Sy 3 SIS b 3 Obles dmie S 31 Sir abads 93 b WS ol L 1 day s
JﬁLo.!L; odaline 1) C)LC-}UM).)S dlag)

Pl oda D) ) S 4 b 5lag9e3 93 52 «(S392 1SS R b

4



A\ Cantrel System Dasigner - Raot Locus Editer for LoopTransfer C — m] #

b : ! 2 MAG METHODS [ANALYSS |RESULTS P
Data Browser @ Root Locws Editor for LoopTransfer € 50 10 Transter_r2y: step |.
~ Contrallers and Fised Blocks B
; = : 28 Root Locus Editor for LoopTransfer_C Step Response
— : | Syslem: 10T ranster_r2y From: r To:y
Wirioy |
a = Riise time (seconis): 470 Systam: 1OTransfor_r2y
H | LT iy
1.5 i i Paak ampliuda; >= 1
= Desins 0.8 ! Overshoot (%) 0
9 i i At tima (seconds) = 23
i i
& 05 05 ! !
2 L 06 i
* Responses o 0 2 : i !
LaepTransfer_C ol £ 5m 'Ev i i
|OTransfer_r2y N < 0.4 ‘iI / :
I Transfer_r2u - : i
|OTransfer dudy W i i
i i
- Preview L 024 i
mmml: Block ~ 2 i
Sanple Timei 0 1 i
2ans 25 pl i
-25 =20 =15 =10 =5 0 5 1] 500 1000 1500 2000
k4 Real Axis Time (seconds)
4 Edit Gain

ol 3L )l 903 Oloy Lol Al 2 J9ud BB igarlyd Aoy el paseins dly Fruwb liasiine yo oS jghiles
dj&sdoﬁj‘m L d>gi L dwn ddl> LSLQ‘..,\.E:Q O8% owasnlad LQM:JJ (WD O P Aoge 6&@}0
bl K (dad ol ool

Ol b)Jj:«SLso).e). ¢rlocfind ygiwd jl oolaiuw! jybo doliwe ol wds ) K oy Lb cgai Olo) C)L,al Sly
9 °‘>)5“st6.9'°.9‘°).9’°° L Gl o O:UXSQJJA S92 .J)ﬁT Cowd 4 dio) (gudid Q&AJL)}ASJ‘ Losdin
B Sy il 0l (asine HI3ged )3 dS Jgu8 BB (sddlae 4 |,5T

A\ Cantrel System Dasigner - Raot Locus Editer for LoopTransfer C — m] # |

Root Locws Editor for LoopTransfer € 50 10Transter_r2y: step |.

Data Browser

* Contrallers and Fixed Blacks
; i : 28 Root Locus Editor for LoopTransfer_C Step Response
—— ‘ riy o N
Wirioy |
G 2 Rise time [saconds); 470 Systam: 10Transfer_r2y
H o LT iy
W i i Paak ampliusa: >= 1
= Desins 0.8 ! Overshoot (%) 0
9 i i At tima (seconds) = 23
i i
@ 05 0a ! !
) 2065 i
- Responses g 0 2 : i :
LaepTransfer_C ol £ 5m 'Ev i i
|OTransfer_r2y N < 0.4 ‘iI / :
I Transfer_reu - : i
|OTransfer dudy W i i
i i
 Praview L 02 i
mmml: Block - 2 :
fanple Timer O i
s 25 pl i
! 25 -20 -15 -10 5 0 500 1000 1500 2000
k4 Real Axis Time (seconds)
“/ Edlit Gain

4.13 éwle‘)b},o.} &9 b | OJJSJ&&S Y& Hlude A A 48> SOy 45'5,9“7"6' oJaliw Preview RYJE ST
1wl ol Loyl L?!)'b bj&jéﬁ Vo] dal>

A



4 Cantrol System Designer - Root Loows Editor for LoopTransfer O
Data Brawser Root Locus Editor for LoopTransfer € | 10Transfer 2y step ¥ |
= Contrallers and Fixed Blacks B
; i : 3 Root Locus Editor for LoopTransfer_C Step Response
§ ] 49 From: r To:y
G 2 '
System: [OTransler_2y
H 1.5 g WCrrioy —
- Designs , C lnnem:mma mml P ———
1 Virtay
05 0.8 i Peak arnplilude: == 1
@ 0 ° i Croarshoat (%5 06318
- Responses é 0 g - E Altime (Beconds) = 2.5
LoepTransfer_C -~ § e g . i
IOTransfer_r2y |_| :
W Transfer_r2u A 0.4 :
|OTransfer dudy W i
-1.5 !

T Praview !
Turable Bleck - 2 e :
sama: = i

Tipes @ i
L 25 20 15 10 5 0 5 o 05 1 15 2 25

k4 Real Axis Time (seconds)
4 Edit Gain

A



o358 (S0)9> 13 JAS (2hb i Sledde ey s

g (lae Coygd
o9 u> e
mjiglsj\ayj °
S b e

o9 e\;tga)'\ B ddl> > Slac @
Ca.wf!éb)b}w'j‘ Ay dd)> (5)‘_)\_.3[;) .

Oh9) (pl 45 Wiz pB .l ol gy > 4 B 4S ol g 1 Sglike (i) ($039> 53 JAS (2hb ()
2310 1y (S5 ol 3l oalaiwl b il ml (§iludibe diile (289 S5 sl )3 Lo guases (395 (SCue
iy Al @iapen (3103 Fronly HUd) i Gl 83 0395 33 isagies Frany i ooliin) (5655 4 Cuaad

'ﬁi}b.)id

tokSo ol o cdie U ) giuwd

bode, nyquist, margin, lsim, step, feedback, controlSystemDesigner

0343 9 _}Lé J>

S0 sk 45 sl ol (SEUBIOLAS Eiugan Sy (w8 Frusly dS i gl @iaien Jadoxs 1093 e 51 59Tk b
F9> g IS gl 9 pebide A3 (ol S (2 Luler 9 0013 (ulidie il |) (g (539)9 ¢piumian
Lo ez 5o piar Jloj gl 3)30 )3 1) Suie Oledlol W ol 45 398 Ol (i8I (200 o sy LI5S
Sl ilis e (93838 Fnly (Sdliung 4 e 0352 p9lie 03,5 paseine «OleMbl cpl ) (§2 832 13
OLES (Sly g > 9 3B U Hldie 90 5l Lo Ebon ol Hd Tl 0355 ()ILLL @ Hud SN SO 4SSl Jbe
serled g ool (§HIobL d Ol I Jud @iugw > 031>

1o 5 53 1y ) derly CSodd b

gain plant

K > G(S) Y >

20 45 Gl )l Chygao d 0y > sl ()0 90 e G(5) 9 (ol b) pdite S0y K s () 4o
W513 5V 0yt oS e D gdi s Cyad 33,5 HILLL i dil> i B sl 03 30 dal> S0
53,8 HILL 33 i Al Olodaz 53 3 83, Jomed |y aian (SLaASD 53 (S ki Dl WSlgs 2

OB U e 39 2 Clyad diug Al @lugn O HILG (Sl b dil> 51 Hd ds Hldie Ciygee 4 H >
Al> 3929 PM [y ) Adan Q) 30 (g ddl> 55 81 .aa5 2 0Lad by Qo) 436 4 pugas Cunglie Hlie
0Ll Axlg b 5 A PM 9 ol Juawd yiuo ol 0l oS 2802 436 5 Obaly e 2 (w3833 @) Ll
022 9 s 33 BLpl S SO Sl Olgiis b Ty Glo) A5 s dlgs Hlaabl diy dil> @iuan (Aibs
Sl S wile Olg3s |y (Lo A30 danl 53 iild ddlg3x5 0303 (59) 52 S50 Lol 0515 316 30 @taapan 49 4S 5,8
w8 5 5 —wTy B9 ) oyl b



P13 59 31 3B 9 0y d> O9T Cad 4 (S9) 2 9 Wbl Gl @udlie (l O9T Cewd 4 gy pol> Il 5o
pleds 3555 S092

420 —180 4 )b ddl> winwan JB Oy Sl @Y §L21 5B 136 ke I Cosdylus iy Al @husgion 516 A
Oy A cbldon Cnyai b diibis (wy e o).e;.).lfuw'@é) Juwd oo plp b dil> e ($0)1U51 a5 w8,8 )3
A4S i) 53 Juawd 50 4 b Al @aias 0311 Odpes) Sl (e oan 3 Ygama) @3 (3L (50,0 )le
AU (@ B I8 (u3838) dzys VA sl b bl e 10

100

-1 o U E——
4] 10
Freguency frad}sec]

) 4 5l il (50503 i B )3 dud 51 U 03)9T Cwed 4 (Sl 45 sl Gl I 5 U 4S 393 S5
(0 L) VU s g eIl yla503 5 oy 03,8 3ol b dely 4zl oy 4y 81 il 5352 p,Sbs Sl
28 355 0l 31 ol Olgics by 316 A bz 05151 Jlages 53 y e B Ll Uslne 4S o s Lsler

teled g ool $39s (al)fl:m oaeys Sl ) Ohgiws jl (Jbe Sl 9] Cwd o H A OLlg3- 9 o0

S
G

tf('s");
50/ (s”3 + 9*s”2 + 30*s +40);

bode (G)
grid on
title('Bode Plot with No Gain')

Bode Plot with No Gain

Magnitude (dB)

Phase {deg)

10" 10° 10! 102

. Frequency (rad/s)
Loeddl> ap Ve Hlado b Glopgs diS (2,8 Jl> . dibie dpd Ve 39d> J1 u> (uiS 2 ol line aS jghailen
T le Cawd 4o y) 5Idgad Cayguo (al 9 39 48Ldl bode (100%G) giuwd

\A



bode (100*G)

grid on
title ('Bode Plot with Gain = 100"'")

Bode Plot with Gain = 100

Magnitude (dB)

Phase (deg)

-270 —
10" 10° 10!
Frequency (rad/s)

(Ve o Jalas) Juwd o lddoe d 03l Hlaged 9039 Jud doliine LaBo J Hloged cud Olgi s 45 yalailen
4y ys7e 035 Lol b 0lgis ) dilice gold sl 425 -60 i JB d> Hjlude Jl> .l ouis Lol Yb
) -40 31 338 Luid 53 3 d> Hldie 5 dwled dazlye B 513905 4 29T Cond 4 b Conww 4 S T lia

il 093 (539 910903 b ly 960 il b Hlde ol dlgsn

Dldie ygiawd cpl 39T Cawd 4y Clie 1381 3 SS 1y 38 9 0440 394> Olgl 2 margin (G) Jgiuwd ) o3lasuw! b
el Jlie (Sl S (g sl b 5392 pSLs 95 2 ol ol Gioled 956 9 0502 SIS (I3 ey 9 518 29>

margin (100*G)

Bode Diagram
Gm = -26.7 dB (at 5.48 rad/s), Pm = -59.6 deg (at 16.9 rad/s)

J

Magnitude (dB)

Phase (deg)

-270 -
10! 10° 10"
Frequency (rad/s)

Db Sl 38
23 0351 Hlade 31 53 eyl Jaewd Y jlade dy ditaa Al @usian SO)INI O )3 dS el (w833 (il Sligy i
b conled 2 (L 4 Pl (i3 Frwl Gy b (289 4281y s (WS (2 Uee yiue 4 (w3835 (539 03lu3l) DC
Ay s 9 a3 1 Lo el iy b g 5L Al 1 ool b diw dil> eiuan H13) 03)9T Cowd 4 Lo
Gl 9 Jarwd -7.5 G -6 yoolie ¢y 5U dils> granly 5031051 O )5 4S (i ) Wb Sligy i3 9 03,5 oolawsl 9o

\Al



O 0097 Cwd 4 (o guas 53 by Olxud 5 Sl emlails Cyad cuy s 423 -225 6 -135 o b 4al> 5
S dazlye aorpe S A (oS

DL e 2 Olad (639 9 alisen (Sl 4uiB,8 S @ |y (229,35 Wlmead (il Slgy (w68 Caeal Jioled Sy
e Jauwgs Jshna Hsb 4y (Wb Sligy (w6)3) wpy, I AS (BB b (ougines BGI9)9 &S gdi s Az gie
il iy b 0.707 Copo b T il Jldde cary,, S Ay (w3658 b (gughian SoS29,9 Ligdis JLSo
(53,52 Ll LT 518 ke (piean) Wigd s

el dxls (b B led b ) St 4 whaian S5 S

1
_ T \
G() =7 oss+1 ()

G=1/(s"2 + 0.5*s + 1);

bode (G)

Bode Diagram

Magnitude (dB)

. FrequenE; (rad/s) ’

S0y b oo (630 byl b Sligy (eS8 by s iy 4l @ Sy 00 ouny 1,810 4yl e 4y
b3 3 ged I elgi s (e Aibis V/F rad/s sl by jlade (pl Olaged 4 B3 b b s Jows -3
Lol dzd diz Hlddie 4 OT 316 9 Ll ) d9u> G351 b (gwginww (29,5 0Ll 0.3 3909 (B3 5 Sl &S
LoyaS OF 58 9 (53909 »21» 1/10 L) -20 dB sl Losis b (29,5 S0l 3 rad /s 3959 (w60 Gl 29
20905 03ltuel (g g (63979 4 wiwian Franly (il Sl 1sim ygiwwd 1 Olgi 2 Al -180 o335

Al Gl oS ol dials 423 55 Wb uizmed @S2 515 53 b Wpyy 31 AS LIS b (swgkiw S39)3 Il
Gwlg)\) MLAJL; ol lie 83 b b)gddl.o eJ wa Olaiso Bygmn o i b eplulo (":‘@‘3""6 b)gddl.o
(8 Shgpdr IS

(9}
I

1/(s"2 4+ 0.5*s + 1);

w = 0.3;

t =0:0.1:100;

u = sin(w*t);

[y,t] = 1sim(G,u, t);

Yy



plot(t,y,t,u)

axis ([50 100 -2 21)

50 55 60 65 70 75 80 85 90 95 100

S ey g sl aS jshilen 9 03,8 JLis 395 )y (5008 bax) $39)9 JU&ew (BT ba3) (22955 Il ol 5o
Sl (5 e (639)9 ) Az

(oS (2 CBlyd ) 3 9llaeli Fraly cendd 1B WL Gligs ()8 e s [y (53939 (w3658 43l

G=1/(s"2 + 0.5*s + 1);

w = 3;
t =0:0.1:100;
u = sin(w*t);

ly,t] = 1sim(G,u,t);

plot(t,y,t,u)

axis ([90 100 -1 11)

08r

0.6

047

0.2 7

D2

04

06

08|

v¥



e dzys VA) 3 51 gyls cudS 01532 Loy 90392 53919 1/10 (39,3 S35 45 905 sualéns Olgi2 )b
S Al (839 p1,8LS b 13T 9 03,8 odalins |y drul cCalises Sl i3 b duilgi s .ol ($39,9 )]

Cud g6 (—‘bﬂg.)

b Al @ 58y Soaline b cdiuy dil> oiusus 3,Shas 5 S w Ui Cubl b 4 cawdgSHU pl,Sba
Sghg) 45 @ld oL ) 3y JE @ b dil> HILb @ dxg5 Osk Fhb Gl Ol b Cwdsb bbb e s
o Sl o ool 31 o cplnliy (C8)S 2 plomil 3 dil @i 0392 5M0b (1258 b e5392 pySbs S 4 b
eelad s 03l (s Ginled |y SlouisS gl wledbl a9y Hlgad 45 sl s 53 diww dil> (5loly

IR0 970 ) 32 AT 3L il Slacadad dS Wi eikuduw 1y 38 OleMbl cdio )3 nyquist ) giuwd 1SS
S 090 ) i Jalbpl S Olgie a1y nyquistl.m J3o U @S 2 slgidiay ol by w303 Jialed [y il 2
5 bdad aund @ 1) WS (2 ddgi b $5EBS Candsb 8L bl col S o3 395 e Sy

S I 03 ) (29290 y9e 59y Slayhee

S8 5oy w 9 5L dl> hud 16 G(s) 45 dibis G(j) 3 $loges So (ol Hsb d) Cuad U Hlygas
02 9 (ol B a0 1) Codie GBS 08 (sl g Hlog0d ) )3 dbbis Casly Sdmiioesd (sled Jolis
S8 5 508 b ) oo G383 Lyl 55 Migdg 48,8 185 )3 (o U Colgis it J1) (ke (1o )3
Gl ) K 4 Ygana 9dss 03Lkes] Cuad gL 13945 puy Sly 45 (i) 5105 - eaB3(s inled e b ) (ke

(D1 dslol Colpin B Hlagel 45 uuS ) gual)

jr-axis

Infinity

Real Axis

45 288 3 Wb 9 9803 Lyas blas O )3 G(s) coudl aals b dil> (B b yauo (29890 H970 59) 32 5]
(oS g2 T 590 31 couS (o puny b Hg8

jr-axis

Infinity

Real Axis

o 41545)5194@ dolad B (29890 H95x0 (59 2 39390 drd H9o b ol odiS (sdal> A YU Hlagad yo
Sty @3l ylaged dzb 5o 9 418,55 43 )3 1) (29890 H95e S9) Slaykee 3 (ad cpl Lt nyquist Jgiuws
2970 59y 5 had O DI b @iaanias 31 L emleis oolaiwl nyquistl.m b 31 S ol a8y Gl leis
2 b aals 2ev5s Heme Sy 2 i b ahad GhIs i SIS ooliiul nyquistl b Lab (29890
oalatwl nyquistl.m Juld @2 9 nyquist ygiwd )l @b elgics Lib 0oldl Bl a9 240 Bd> 90 Gl S9)

PN

Y- & »
b Jawgs 15T 9 @yl Calises dxiuo )3 diuw g 5 &S (2802 WS Ol (dabises Juloo 1) (068 b
Slayae slaad b ly sz 2 Olaises ae 95 4 G () Jlaged 45 3lads sluald ¢ouS 2 i G(s) hlixs

Cauchy Criterion ™

Yo



Aibs (88 598 Jawgd sud blxe G(s) Slacadad slusd Slpn (wib)d )il lawgs ol blxs G(s)
5,8 J1a5 5 e Abl g BN 50 51 5 e Wil iy 958 g 4 45 gm0 0o e Jg> iy

&

D9 s
b s Canedl Sl diw dil> Joud @b 9 dialid aeedl G () b Sl «Soad JAS (00) 5 50

G(s)

1+ G(s) M

5 )50 diay il (Gl 45 QLT .08 5 003y —1 Gdhati G(s) o&ST ez s Jg> 1+ G(s) LS
Mbd IR ) 9o Cawly Cooww (1 + G(S) LSLQCU.:D) LV a8l gsl.asg..,.b_'é dldas s o LU cCwlo
A Al g3 diaS dalal ya T s Coawd do 4398 Waiad slual a5 i Olxus 63

) S 13503 )3 dzyS1 Al s pge sl (Bui> 950 Sy p —1 4l g CandgSOb pl,Sbs i) dandls )
Algie S ol 18) Sl bl uoly el —1 dlats )3 gl Wlusr Cunl (e nyquist ygiwd b ol
bas g atB) Gobido b by cndsSHU Hlagel Inyquist.m ygiues A4S ddlsl ags sl 4 1) Inyquist.m U

mghdcgpwv-—1<54hi§c99¢4941$

by Cad oSOl Sl gad @ue) Jeiuwd 9 83,8 Canyad |y 4y kS o cdin o o3l e gSal Hlaged o Linled Sl

:ﬁpsc;b?l

.5
0 ™

G(s) = s—05

s = tf('s");

G =0.5/(s - 0.5);
nyquist (G)

axis equal

Nyquist Diagram

Imaginary Axis
—+

-1 8 Re;‘m‘s 0.2 0 0.2
1S A9 4 e b e 9SO Slagad 4 JI>
s+2
6t =2 0

Inyquist 9 nyquistl ¢nyquist GLQJ}UJ-».) C)jl.o.) Ju.'bbd fdo o g,.]a:‘) 6‘)‘.))‘.)‘9,4.! UJ‘ ASW‘)S.) L ‘GJB’
ZﬁQSL;DJAL&A‘in3c35¢£|)Jb

G = (s + 2)/(s"2);

\t4



nyquist (G)

nyquistl (G)

150

Imag Axis

=100

-150

Inyquist (G)

Imag Axis

Imaginary Axis

Nyquist Diagram

140

-120 -100 -80 -60 -40 -20 o
Real Axis

0 50 100 150
Real Axis

-2 o 2 4 53
Real Axis



oo 5) Colgi Conns dy Blads )5 Cad gL pl,Sbs Hld) 1) Lab el Tuone nyquist Jawwgs odd ey oSk
dad Jo> Sz (o0 GOz b 4 dS 009y (zrummse S5 ShIS nyquistl Hlaged LS e3 Ole b (S 4 LS s
b oyS eaalive —1 dhdl (0335 53 | Hlaged Wloj> Olgie @5 4 bl saly | CaundgSil b Jlesl 9 —1
Olagad S5 S Gy bl —1 aladl ($0055 50 Hloged usue Hlid) 9 03,S ool sdd ol wlide )l Inyquist

Holoi s ra>

393 eLSb i oalisusl b diwwy ddls> 3,Shas
12,8 5 5 1) Oledyd b G dil 5 daly 31 0oliinl b di il 3,Slas 35T e 45 (Sl

b b b 5L dil> @ (b )3 Sag2 p1,SL 3l ool Sl

Al gl o (il dzpd £o B o B d> oS 2808 53 (3998 23 b 095 480 Sl Sl
Al dzd £ 3 Ay 3 U aS (28150 53 (28 cpl 31 Abbis ) - ¢ S 3 U b ol LoyES dien
W gad odlaiw! blusl b b 4 Olgs 2

23 Canltd Oloj 9 Bb Sligy 38 cylme o (Sl (3936 058 p93 Adpe Srpluww Sl @
) 0 o.sjjT u\)‘g 6&@1\ W g (S )0 Dgrg0 LINEN

bz e (B2l LB Bb Sl &S Cusl il 3,8 ealiid O 51 Olgics &S Sogu> o8

[0 ) e Sl LIS 6 (bbb 4 padlas (ol 5l ooliiwl b Jl

controller plant
r + : e C(s) u , P(S) y ,
tpl P(s) 5 JAS C(s) S
10
PO =138 71 ©

Slaske b ol asbe
).i)..,o)g..ﬁtn s sllas w

A¥ 31 AS igrld Sl
43l Y 3 AS Coandid Olo)

D531 53 1 eolitl o8 53 abis S3de 095 Gh9) 9 e U9l oy (DI S99 s ol > Sl oy 93

(S (2 4295 5392 pLSLS b ) oled 2 Bolausl (mens 9y 3l crlylo Jdbis oy (e svwansd Ghay et
IJ;:JSJl:ggl‘):D' ASL Iy blepl

P = 10/(1.25*s + 1);

bode (P)

YA



Bode Diagram

[~
=1

o

Magnitude (dB)

ra
oo

Phase (deg)

102 10! 10° 10’ 102
Frequency (rad/s)
Sl (w653 45 by Olgis cdad 1 gl Lilgs 6392 p1,Sb I eudtina Jgb 4 Olgiis ) pitues S i
ket (S1t) Als e T3 by s iy (Sligy 35 4 QLT 31 ks 456 3 0ol ) - 39 iy
ol 4B /Y ol LoydS gl Oley S Olgics

A 3B > sl LS (gl cone = PM/100) Sabaly b 4o 10 ol Loy s 0l Sl 5B A
el ABlg30 3929 (g lyd o Ll s J9l Al pe piuow Sl cde 4 el ool ol dsyo £

Cawd 4 (8393 ph8LS I Lasins Olgie 0 1y HBLLe > Slas .dab s ,BWile cll> Glas 3T pgo ST
CandB g5 T 2 Cawd b w = 1 rad/sec a3 b b (8,8 Colxe abolis 1 (K, 9 K, <K,) Uas colb.ysT
Cle d bz Uas ol b plys ddads ol )3 03151 ylade .S adad ) @ = 1 Jas G ool dell |y (yaly 36,3 s
Soud 35 et ) A3 (Lo Soluws ) dibis (B31 ol GuIB)E 1> s 0l S390 p1,SLs 4ol
Ol aabis (V- SOINI) Jaand Yol 0500 il 2 ool adoldS el 03)S I by il s yaue £95 5l d>ls

S '1+11<,, = ﬁ = 0.091 ! cudile JBuile cIl> Slas dibis V- ol Uas b Colb 48 Conline ooy

feTs G d ) S8 4 il )b 4 8L > Slas ol cags S 95 51 piuo §95 Sl 4 bo piaanias

bl
g
b,
i -
i i
o lowr — frequency i
mu KD H‘H"‘ ..... i
Tﬁsg.rmpnte
LY
e -
Y
A
1
1 L]
1\.
y;
b
Ay
%
-3 w=1 M

10
1
wt n" \ 0

ABlpl Clie US4 1y ) Jas 95 @932 HERI Sl - eled s 9y A Gl Sy 32 | 0d plasil Sla aw i JU>
:fgebﬂ

sys _cl = feedback(P,1);
step(sys_cl)

va



title('Closed-Loop Step Response, No Controller')

Closed-Loop Step Response, No Controller
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10/(1.25*s + 1);

C =1/s;

bode (C*P, logspace(0,2))



Bode Diagram
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pl = -10 + 10i;
p2 = -10 - 10i;
p3 = -50;

K = place(A,B, [pl p2 p31);

sys cl = ss(A-B*K,B,C,0);

lsim(sys cl,u,t,x0);

xlabel ('Time (sec)'")
ylabel ('Ball Position (m)')

-3 Linear Simulation Results

Ball Position (m)
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K = place(A,B, [pl p2 p3]);
sys cl = ss(A-B*K,B,C,0);
lsim(sys cl,u,t,x0);

xlabel ('Time (sec) ")
ylabel ('Ball Position (m)')

13 Linear Simulation Results
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Ball Position (m)
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K = acker(A,B, [pl p2 p3])
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t
Il

0:0.01:2;

0.001*ones (size(t));

o
I

sys cl = ss(A-B*K,B,C,0);
lsim(sys cl,u,t);

xlabel ('Time (sec)')
ylabel ('Ball Position (m)')
axis ([0 2 -4E-6 01])

Control Effort ™
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Linear Simulation Results
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Ball Position (m)
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Nbar = rscale(sys,K)
Nbar =
-285.7143

SLad pwoyd 9 o.);éd.%;wﬂ b_\Tb Cwl ‘ﬁ_))’j J.«'Jobuw e 3yl i &)L\ RSJ c@U o) 45(;«.“")5.} 4 f‘_))’
N oo 53 1) (839)9 Olg3s cnmslid Cond (0l b eian fraly 0291 s & Sl AaiS 033 395 398 ©HE
190 D2

lsim(sys cl,Nbar*u,t)

title('Linear Simulation Results (with Nbar) ')
xlabel ('Time (sec)')
ylabel ('Ball Position (m)')
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axis ([0 2 0 1.2*107-31)

Linear Simulation Results (with Nbar)
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L = place(A',C', [opl op2 op3])"';
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At = [ A-B*K B*K
zeros (size (A)) A-L*C ];
Bt = [ B*Nbar
zeros (size(B)) 1;
Ct = [ C zeros (size(C)) 1;
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sys = ss(At,Bt,Ct,0);

lsim(sys,zeros(size(t)),t, [x0 x0]);
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title('Linear Simulation Results (with observer)')
xlabel ('Time (sec)')
ylabel ('Ball Position (m)')

1072 Linear Simulation Results (with observer)

Ball Position (m)

5
0 02 04 06 08 1 12 14 16 18 2
Time (sec) (seconds)

Le) stgg Y-S 1) b esx Lo D Isim ygiwd 45(“—'9‘56 6)3T.)l3 el o ) )3) )‘.}9&3 BN ) C8 L;w GwL:
S oalasl x — e Aol 1 b £ 039l Cawd

t = 0:1E-6:0.1;

x0 = [0.01 0.5 -5];
[v,t,x] = lsim(sys,zeros(size(t)),t, [x0 x0]);
n = 3;

)
Il

x(:,n+l:end);

b
Il

x(:,1:n);
X est = x - ¢e;

% Save state variables explicitly to aid in plotting
= x(:,1); h dot = x(:,2); 1 = x(:,3);
st = x est(:,1); h dot est = x est(:,2); 1 est = x est(:,3);

D

h
h_
PleE (B, V=" ,Eyln_eat, "sx" &, _coe, "=8",E,n ot a8, "oV ,Eyd, V=g, Tyl _asE, "3g")

legend('h','h {est}', 'hdot', 'hdot {est}','i','i {est}"')
xlabel ('Time (sec) ")
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sys_d = c2d(sys,Ts, 'zoh'")
Db Sl (38,8 BW 1 yghaie a5 aib 1/(30BW) 1 AS Wb (sec/sample caw> 3 Ts) )l pdiged Olo

203 8-py 1l
Jis 26
1S 55 3 1y ) diwsgsy e 2 Joe
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m= 1;
b = 10;
k = 20;

s = tf('s'");
sys = 1/ (m*s"2+b*s+k) ;

Ts = 1/100;
sys _d = c2d(sys,Ts, 'zoh'")

sys d =

4.837e-05 z + 4.678e-05

z"2 - 1.903 z + 0.9048

Sample time: 0.01 seconds



Discrete-time transfer function.
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b e Il (SUad Jue 0 1y YU di gy - SLad Jae ) blbpl .idbie Jud diile s polie (ol
IJ;SL;
A = [0 1; -k/m -b/m];
B = [0; 1/m];
cC = 1[10];
D = [0];
Ts = 1/100;

sys = ss(A,B,C,D);

sys d = c2d(sys,Ts, 'zoh'")

sys d =
A =
x1 X2
x1 0.999 0.009513
x2 -0.1903 0.9039
B =
ul

x1l 4.837e-05

x2 0.009513

x1 x2

yat 1 0



ul
yat 0
Sample time: 0.01 seconds

Discrete-time state-space model.
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pzmap (sys)
axis equal
zgrid
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sys = tf (numDz,denDz,1/20);

step(sys,2.5);

Step Response
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numDz [1 -0.3];
denDz [1 -1.6 0.7]1;
sys = tf (numDz,denDz,-1);

rlocus (sys)

axis equal

zeta = 0.4;
Wn = 0.3;
zgrid(zeta, Wn)
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¥(t) = Amp*Waveform(Freq, t)
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Time (t): Use simulation time
Amplitude:

-1

Frequency:

0.001

Units: Hertz

[+ Interpret vector parameters as 1-D

9 Cancel Help Apply

S Jo s S5 (50 linn (5l sl Canslin (Silvdans Olo) Q) (§5lodaads Sl 1 Jud pud 3T
Goie 3 9 0y YU 0 538 Giluwduss 4l Voot Gl b Jdo B sl @Y 3558 /) B3 b ape
A2 H148 “1000” !y ) Stop Time )ldde 9 03,5 SIS Model Configuration Parameters 9 » Simulation

i | ol 5L oy

SO g (63939 oS (o) b e (29,5 B 03,8 5L ) “x1_dot” Scope 9 03,5 >l |y Silwdass Jl>
Il S Calian cpl 40 S8 yobo 4 il (ke 093 4 9 Cite ol Ay 4S sl 0390 Ay 93 b (200 Zg0
.W\DMM)xjjawﬂggﬁ.mu‘dy@wgwjoaﬁﬁyﬂ?wgyyﬁy

T w1 elet - [m] ey
File Tools View Simulation Halp -

@40 r® -a- k-

Ready ‘Sample based  T=1000.000

Slwesly g )0 1) ool Caws 43 Wolas g dislagy jlhd @i (92b) Jde Zlhsvwl 45 Juad ool 5o
A3z 052! )6 4 Simscape ~Aib s Simscape Sud ($)ludde sl 31 ool HEI Sl K505 Grg) g0
9 Cwglin b Juolie g sl diile) Wi (S5 Sl 9 LOWII Silo 45 3CSsl 51 oaliswl b 1y piugus O 6
» Sl (92b) eslae gl g9 )y Sond (e S Olgice Simscape ) oalasiw! b .dsled (§Hlwd e (Calw

g0l (GHlwdud Ol

WY



Sodgasa )3 JJAS (b 4 Sldedine tegh s

W)bA.ﬁ.l}d..u
S gauan 33 PID JJAS Gilwodly o
Lo ddl> Juo Gl
ul"m‘bd.).ng.igd&b‘ °
Sidgopm 3 JAS b o

haen b dil> Jde

Sl g S sb @ 3900 Sludads Sidgoms 53 ) Gd el S Olgis Jshaz o5 @ubd Gy Juad 5
A 583 S Hehailen led (SHluduss 36 ) JAS @)e8l (8 el 3 o9dke (dny JAS @aas S L1952
Olewslnn b LT 015 G 4 45 (52b) Sladde (52585 SO g2 09T Cawd 4 Sl 0529 )3b 4 Sid ganu
can (2l JFUS S gy 31 (S0 S 1 53 1) as e s S5 Jle Sl ol o 039 e s (3w
o Aibie oS Gig) 4 LS S (b Gl oud Giludas Jube Sl ealial e 9 s Sl Jas-
55 Sl Olgics S gans 310900 o3lkinl Jas & e S 52 RS 02l Gilwosly Bl S ganes 31 Ol
b Sl 1 (5l -3)S oaliiaol dds 051 Fasd 95 DB oS JAS (b Sl e 1 9 00 (Sl oz aagas
ouds 4idS o9y 95 4B Juad ol 53 idilis (uiuwd L Sidgan | pabinws yob 4 15 e )3 39790 JAS
R TP )

oS 2 583 3 ) U Juab 5o buss 41 (53 a8 s Jlie

P train * - Sirudink acadenmic use — O .
Eile Edit Miew Display Ohagram  Simulation  Analysis Code Tooks Help
] 1 Ui = e A i T T = bidk
E-=-8 HG-E-ed®P » o ] lom D~ G
Lrain
® || % train -
@
=j
E3 l:lul:!:!:ltl F
«1_oat
= Sagnal
Genaratorn
B 7 Sum_F1 w ul_ddal L LT O , M N
(= o Frrl Y B
L] cain Intagratar Imegraierl %1
o Gaind
. 1 LA
= -
Imegralerd x2
L Gaird
Fa o
-] Sl 1
b3 Saind Subrlract
Ready 106% aded 5

8o bl 4 pinan B 08 Jlas! s 4 1) JAS 0l g0 iS (g Sy day S0 0 5 lad aSl (2,0 L
A8 Il HBB Slas JBlu> b |y Cold s o Lilgis e § 39 CaBgin (25 4 § 63,5 €S> &

\YY



Sl ganen )3 PID IS (Gilwosly

Joe dib zdly Sid gane Jdo dSGol Sl @S (2 dlawl |y PID JAS 9 dly Soud b lad cian Hlis Lo !
duw ;B 9 03903 B> |y od 83l H1,3 Scope dw HE (i Sl -erlei s opd Y°ij Seb Koo 1y Hlas
aled ()&l _pite OF el 0 b ) Out Sohs 58 @S 2 Jaaie Sinks 4LwlS 31 Out Sob duw |y JUSewn
53959 ol -4 1,8 Sources 43loUS )l In Sohb SO O Gl 4 903, 34> ) Signal Generator Ssb (e
Foal 535 S 4 o Jube Jlo cdiibis by 9 5350559 (e o Sl S5 LSSl 9 0nels “F )

4 train_dl * - Simulink academic use — O Y
Eile Edit Miew [Display Diagram Simulation Analysis Code Jools Help
- i —== . n I ] T P bk
B-o-8 HO-E-egOP = L3 o] s 1| Q|-
Lrain_el
® || *atrain_d -
&
k3l
=t
T |
Sum_F1 wi_daol y x1_iet y x1 —_
- - e .
L= .D : - 3|
Gain Intogrator Integratart
Sum_F2 ¥2_ddat g | x2_dot ! 4 -
T o 1 D)
®
Gaind Intagratar2 Inlegratord #
s
mutg" Mz
L Gaind
Fa 1 M
H < -
x» Gaind Sublract
Ready 106% ardads

Create 4uS cdoxio (nl (S9) 32 S oy b 3 (CHri+A (4855 AA'L) 03,5 Q! |y Lo (el das o3 33
el 0aTys 1) S 4 Lo Jie (KL 9 Oloduz s (SS'b .S Ll |y Subsystem From Selection

Subsystem ™

\YY



2 train_cl * - Sinulink acadermic use — O 4

Eile Edit Miew [Display Diagram Simulation Analysic Code Tools Help

B-o- EO-E-©g® P = - o] s | @ -
Lrain_el
& ||%&train_a k -
&y
|
LT |
IEI 1_dkat ] I
a1 _dot
F =1
al (D
Train Sysbam =
(i
-H
X
Peady 106% odeds

Continuous 4L 43 PID ,IAS Sl Jawss aS PID LJAS b .ag0d ddlisl @iwas 4 |y LJAS Olgi 2 Jl>
Lo dalsl 3o T2 53 40y S 4y Jde Hlad @tunys) b Sl ol 03,8 G b 08 2 00liin] 392 (SHluwosly
95590 Jaugs H9liad g5 Shalins 31 801 b liS udgi |y F 596 lasdtina B 08 2 (Ll 139 s |y JIAS
4d,S g0 gz pl 3 Glwosl ol @103, a5 Bro () 9 Ez poled Jawgd 95 Al gl Suelis (rizees

il Jado 9 S (2hb Gl Sigars (wlesl G336 §yme U5 Lol 5o Lo il oS el

\YY



# train_cl * - Simulink academic use - 0 *

Eile Edit Miew [Display Diagram  Simulation Analysis Code Tools Help

LW | w 5] w | W 2 | '.r - ) w| th -
-8 ek M =M KNN3 K v 1000 | [Normal L Rl
train_el
& ||%&train_a k -
@
|
LT |
(Bl 1_dkat ] I
x1_dot
3 Piois) »F  — I
=1
PID Conbroler 2 .,[: : }
Train Sysbam 2
(i
-H]
e
Ready 106% aded5

4 (2,3 ey Lidlo ) (Jiie 9 (el S0y 9 - ol by JLSHI Sy 1l PID JAS Sl (555 2 Sl ey b
0 B 2 S 2 Blal Jde 4 (501 Oldas AU 5 Sum Soh SO G 0232 L3 - 9) Rl 0By
Al B s SIS o o Syl il s e [+ ) e ) 9 03,8 S oy S5l
b 63903 4 15T 9 418,8 “x1_dot” JUSw 1 Glatdl o 580! Sl oS (2 Sodked 9:590955) s JUSae )
63909 4 OT (229, 90392 Hlad e o Slas b ply b Sum Sobs (29,5 - 0xS 2 uo9 Sum Sob (£ Cudle

isls ) S 4 be Jie d & (5)18 AL 9 ol diaS (S Seh JUasl b .5gd Juaie LS

Yo



# train_cl * - Simulink academic use - 0 *

Eile Edit Miew [Display Diagram  Simulation Analysis Code Tools Help
1 ST == - I = |
-8 ek M=M= RN g~ 1000 | |Nommal YD T

trai_el

& ||%&train_a k

@
|
=5
LT |
_ o :
®1_det
PiDs) = F %1 4@
oy ;
=
PID Conbroler 2 .,[: : }
=2
Train Sysbam
(i
-H]
e
Ready 106% aded5

097 -l s salaiwl Hlad Lglhe Caemw Olgie 4 Sources 4US )s Signal Builder Ssbs 5l das pud 4o
b oglhae e (S Cibgin (25 4 i 9 02)9h3 CSy> d b @ |y Hlad B @S (b GRS alys s
ol A5 6l oS 2 S5 )3 0 m/s sl 4y Bl Sl Al o a9 1M/ ELS)) ) dly SO Cyygu0 4 1t
Change time range M)fwso YL )3 Axes Gy I 9 03,5 S bl Signal Builder Sebs 59y 5 JUS s
V- 0y 3B @S s (b Grsb b b pupss -pa3s D 458 “300” oy [y Max time Jd . 0uiS (o Q)
L oogal kS:&S)‘.)jAs Calizes S wwd 9y KLl Sl Jéjfjb).m a4l V0. Oloy o 9 oolidl Blasl 4ul
JUSas ol 33 @S (2 D9 Ao bl 03 Tk )3 b 4123 350 Oloj b 0kilS snlin Cpadgn s |y JUSa o

Wl ) Ka b

\Y#



(4 Signal Builder (train_cl/Signal Builder) * - O Ed

File Edit Group Signal fxes Help 5
FH W@ oo =T aEESREM e 0o R
Ackive Group: | |Group 1 ) | .| |-
1 Signal 1
0.8 -
0.6 -
0.4 -
0.2 -
n —_
1 1 1 1 1 ]
1] 50 100 150 200 250 300
Time (sec) |
Left Po Right Point 1 Sigral 1 A
Mame:
e e [
W

Glick 1o select signal [

b s 8 5lad Cepw (29,3 Sob Sl b 9 03983 d8lsl Jue 4 Sinks 45wlS 31 Scope Seb S (izead

ol ) S g Lo ke o Sgls suzme (518 0l

4 train_cl * - Simulink academic use - O Y

Eile Edit Miew Display OMagram Simulation Analysis Code Tools Help
1 | =] HE - = { - [ = 7 = bk

=R .| 5] H-2 4P Wy~ [1000 | [Nommal @ ~ @iy~

Lrain_el

& |Fatrain_a ¥ A
R

|

=

LT |

¥

= o . I_J

Ll fEroup 1

% Sigral 1 — PIDI(5) »F p——————————#{ 1) ¥i_dot
=1
Velatity Comimand PID Cantrofier @
Train Sysbem =

]

H

i
| Ready 106% odeds

ol 03T (Hluwdirds (Sl o Sdiwn dil> Jdo ¢S

\YY



oy ddl> Jde Sy
(oS 2 ool ) ol 51 HUad ehuwes Sly 3 polaisl lapsie 4 ) Sade polie b cJde Slyx! 5 S

= M,=1kg
= M, =0.5kg
= k=1N/sec
= F=1N

= 1 =0.02sec/m
= g=98m/s"2

WS 3ylg b ) Ghgiws el SO

Ml = 1;
M2 = 0.5;
k = 1;
F = 1;
mu = 0.02;
g = 9.8;

o3l 393 Joke )3 Wit (2l yolie 31 S govean Ao 2 Cyad yuolie ol o Jamma 3 oldpl ol G211
Signal Builder Sgh 53 o Casyad (3Loj (50wl b HBilis B @i 02 1y (§3lvdanis Ola) b day pud 55 .S
S0y SYL ) 9 03,5 Ll ) Model Configuration Parameters 43S Simulation S gie 3l )83l Sl il
oiled Sl |y "x1_dot" Scope 903,S 1) (§jludads Jl> .S 3)l9 Stop Time Wud )3 "Y'+ - " jlude cod 3L
O b iy dils> @lugn dS U232 OLAS cal 0T b 5o 4S ouel s 4y (Sl L AS 5L Cas o (29,5

g Hlb IS

T w1 elet - ] ¥
File Tools View Simulation Halp -
- S0P ® a0 FE-

Shb @ dalsl o ‘(ol“v' )g..\.}bo > slas) Al 0 Jise coly) diun dal> (s J)S.LA.C 4S1.3| ddo @
3 deli g cdite b S g 1 Dy Ui 985 B @2 0LiS 1) L 0iilaps i cpl LIS S03b93
s OLad ) Sidgare 53 saditns j5b 4 (b $3587 upw @S Jitka (b

e 4 Jue ]yl

\YA



wogas 4 §39 o2l w32 ) Jdhe ds S gorn 31 Jka gyl CablB o 4 Sidd g JAS 2l il danr
O 31 35 (o ()13,i905) A ke Slamal Sl e b e st b o Seiugas Sl
b Jol pad o eSS ghaviul [ Hlad ciuus ) Slp diwgn Jhe (Jle gl Sl g ooliiwl cubbld
JUSaw (59 52 €(839)9 Lamasss Gl il s F Som olad el (539)9 -paiS paséu |) B 9,3 9 8399
4 .48 Ol |y Linear Analysis Points > Open-loop Input 43S 3 (PID Ssb (39,5 03,5 S sl F
Linear Analysis wbxil 9 "x1_dot" JUSw 9y y» S canly b 1y Hlad Ohugw (2293 01932 Jlgie (pred
oals Giwled K yd 9S8 Lidd SO Jawgd (29,3 9 839)9 ol 1> yauass Points > Open-loop Output
S B ) o JUSws by eyl s 3 ) (S O9eu) HUad 393 ke il g 45 3T 31 09
ol ) S o bo oo Jl . Ts s 3 5y 0 F 1 edanian diny Al Jdko 43,5

"'} train_lin - Simulink academic use - O Y
Eile Edit Miew [Display Diagram  Simulation Analysis Code Tools Help
] - r HE - Bl . | M, ."_ = N | 2

m~-o-3 HE = o 4\ Uk s Bl ED Hormal @ - &y
train_En
& ||*&)train_lin ¥ -
&
|
5]
L =
I_I x1_m I

fSmup 1

IL\F_-I Sigral 1 —H; b PiD(s) L - F e — ) x1_del

o ;
x
walacity Comimand PID Conbroler @ n
Train Syslem 2

(i
e
Ready 106% oaded5

Control Design > 43S Analysis S g I oS zhysciws! |y Jds cLinear Analysis Tool 03,5 3L b esilgi s Jl>
T 5o Gioled ) (S0 cods ,S3 Jlpe 03,8 Jlis b .S Gl |y Linear Analysis

AR



Al Linear Analysts Tool - train_lin - 0 oy

I LIEAR AMALYSIS
19 Load Session

Search workspace variables B
* MATLAB Workspace
Marne « Value

¢ 1

-H M 1

- iz 0.5000
g 09,3000
Lk 1

- 0.0200

- Linear Anahysis Workspace
Marne « Value

= Variable Preview

ol Sl s paseiv il O Jg> 45 s LTI toh S (s i) Sidgorn de SO 51 oll ol
(s 23Y (Gilawdrs 1)) il bl g3 (80 (§)8 Galais Ol (b s (Jas bo Sid gasas Jbo Q97 sl
9y » codd Sl Jas Joe dd g3 Sy - eu23(2 118 Model Initial Condition (2,8 i ysb 4 |y e ool yw

1wl 4y S 4 Linear Analysis Tool 0y > .S S S sYL Step (54aS5

<l Linear Analysis Taol - train_lin - Step Plat 1 - O s

Analysis Wis ModelliDs - 1 Resul Viswar
™ Diagrestic Viewer

Data Brawser @[l | StepFlot1
Search workspace variables = Sl.ap RBEPDI'B&
T MATLAR Workspace 35 From: PID Controller To: Train Systemni
Marre = Value ’ P : : : '
[ | tinsys1|

EE P 1 { lingys1
H w1 i &l I

A
- m2 0.5000 I
HH o 9.5000 25|
Lk 1 -
i mu 0.0200 2 Ll

2
- Linaar Analysis Workspace = |
Marne * Walue E 15 1 i
iz, T |
- Variable Preview
Lirmprization ot mesdnl inlblal comdiciem: 0.5F
STate-gpace BoOsl with L ootpucs, 1
dnputs, and 4 FEwtes. o ) ) ) ) )
0 50 100 150 200 250 300 350 400
Time {seconds)

The linearization result “linsys1" is created in the Linear Analysis Workspace, |

\Y.



Jougs ouds g8 dly Fraly Gunlio b 052 olml 8395 H9b 4 0uds (Gl Jas piiwas dly Fuly o> > 50
pdel Cawd dy Slaguly 45 wd Olgis «Sidgarn Gilwdde 5 Sldedie Cooud 53 Jb dil> el (G lwdpads
b linsys1 to¥ il Jas dislyd (0T 1 ogdle .l Jas be Jie 1) disbis Jgdne Mo aslid oyl i dolino
00 e (8 sLad 5o 03,S ) 9 S b Olgie Iy LTI to¥ (! .l 03,8 A g5 Linear Analysis )5 sbad o

D903 Wlg Cdie Jaxe 4 cLinear Analysis Tool oy

Sl by ) hgiwsd Jlie Sl w3908 oalaiwl JAS (> Sl cabin SlacuilB plad 31 Olg3 s e ool Zlyseinl b
.4&5b?‘w&i<&$L~gig%p*w)béﬁ?jn4ngdih>ﬁlw+waby‘jbkbﬂ

sys cl = feedback(linsysl,1);

pole(sys cl)

o]
Il

N
Il

zero (sys_cl)

p =
-0.9237 + 0.00001
0.0000 + 0.00001

-0.2342 + 1.65741
-0.2342 - 1.65741

7z =
-0.0980 + 1.41081
-0.0980 - 1.41081
0.0000 + 0.00001

B> Caoand 0ilo (3L (SRS 09May @9 2 Idae > (dad 9 ya40 LBl dxgite el s 4y Aol ()30 b
(S ian) Al @aanian 45 ol (3l (G0BOLESD ol ool iliaads Jabizes LT (Sadad ()5 dia 9 Ayl (e )30
P )3 .1y (3l gSen YU o 0wl Cawd 4 6 L yylge opl . Aiiwd [1oy) Ol e slacdad g o5 gy b 3545
4 G ol )3 3903 ooliusl i sl SULugs (1 Sl Mo Wk JAS (b Gl i 31 @il gics S

el Sl gane Sl paitine ysb 4 IS (&b i)

S garw 30 JAS (#b

2 ol S G (Sl g 1 (52 0908 ealitel (3,55655 slalinl 31 Olgics Shdganus 13 JAS b )2
O Sl b beial ya e L5952 PID Tuner Hll Sha! o 4S aib 2 Tune 483 il 9 PID A4S Sob S5
G43S Analysis Saxe 3l ll ol Sl Gl .S 2 03l Control System Designer ob b 5,38 )l 5
Db 3b ) Soyzn I b .S Ll |y Control Design > Control System Designer

Al



4\ Control System Designer - train_extract - O X

CONTROL SYSTEM

iy =

i FILE ARCHITECTURE ~ |TUNING METHODS  AMNA S
Data Browser () Edit Architecture - Simulink Configuration x
w Cantrollers and Fixed Bloc,.. Wse this dialog fo edit the blocks and signals in the current architecture,

Blocks Signals Linearization Options
Block Name Value

= Designs Add Blocks ...

* Responses

* Praview

| OK | Cancel || Help |

S92 Ml QIS Soly el Sl 398 @abail sl 1,3 aS el (§HIAS Sl als plxil wib 4S (558 (!
2S5 4y 03Y .8 sl ) PID Controller (sl codd o513 OLad (S0, 51w 9 03,8 S5 Add Blocks 4
G o b by (- 9 el SLad (us g) Wgd g 03ls Siled 10 Syl S 4 aS e J S oS ol

S i3 Ol

" Select Blocks to Tune >

E_ Select blocks in the table below to tune:

I:T:EJ. PID Controller Tune? Block N
%8l Train System — Yo

B Velocity Command PID Controller

Highlight Selected Block

| OK || Cancel

WYY




OB oS s @yl [T oS duad aS 1) diwy di> miuwar (32955 9 63909 b Il GIAS @i 31 J8
s ) ginnd JUSiww (59 5 -l plal e dy ouds (Sl s Jke glyeias] Cnnadd )3 S ol (58 (Sulitns
Linear Analysis Points > Input 43S 9 (Signal Builder Ssb 31 (9,5 JU&w) 03,8 Canly S
‘9:5‘9&;5) Cas dk&-«ﬂ B9 2 g ..).bjfovga.") Ay di> (s (5999 B uwS olsedl |y Perturbation
Je Jl> .awS Gl |y Linear Analysis Points > Output Measurement 43S 9 63, Cawly S ("x1_dot")

sl 0> Al (22955 9 53909 S92 SzsS Slagadd Sy &S ) Kb @ Lo

L train_extract * - Simulink academic wse — O Y

Eile Edit View Display Diagram Simulation Analysis Code Tools Help

| - - EHE = 1 7 - - S YT
‘:Fu- - E BS @ E g QE, e I[5 | 1000 Normal D = =g
Erain_axtract
& || P train_extract b -
@
=4
k3l
g
&l
= - t .
faroup 1
ILIFJ Sigral 1 o PIDs) »F b w1 x1_dot
oITor ;
x
Velagily Comirand PID Controfer @ . @
Train Syslem =
]
-H]
e
Ready 106% adads

A3 89y y sl IS 023 dy Cugd 9 Llodds (el sk (29,5 9 539)9 LIS 9 IS Sshy 098]
B e OLlad 1) (§0yxiy Jl> .S S Edit Architecture (Soy=i 3o OK

\'YY



A\ Cantrol System Designer - train_extract_1 - O b

I CONTROL SYSTEM

Data Brawser =

Bade Edite
= Controllers and Fixed Blocks | W |
train_extract_1_PID_ Controdler — loap using Bode plot
| e Closed-Loop Bode Editor
- 2 = Edilclosed
ELZ A === |aap using Dode plot
- Root Logus Editor
L E Edil compensatars
- R,e-spgms uding root locus plot

LocpTransfer_train_extract_1_PID_Co.. .

Hichaols Editor
J/ Edit feedback

loop using Midhals plot

PID Tuning
FIO | Tune PID compensator using robust
response lime or dassical metheds

- Praview

- LG Synthesis
‘Irx'r*.'ﬂ:ﬁ Obtain feedback compensator
using Linear-Ouadratic-Gaussian design

Loop Shaping
E Find f=edback compensator to
match spedfied open-loop shape

Ll ) @S osliwl (bbb Sl 0T 51 @uls 1ad &S >hb l3ge3 ¢Tuning Methods 43S sy 2 S5 L
64535§Graphical Tuning Ui )5 (w S (2 ealail adin) (qwdid 086 (>hb o9y 3l Jbe cpl 4o S 2
L3 O 43 45 Hloged S 1 cladin) wdid OB S&S 4 (>hb () S Ol |y Root Locus Editor
03l Casnl 0 0315 iwled LS (2 sl Colgin U oo 51 dS (Sloyp sy dia ditl> (Slacdad (Sl uadge

A8 Ol 1) Plot 4S5 Select Response to Edit oy | ...USL;

\YF



ol Cantrol System Desigrer - traln_extract_1 - O bt

@ Selact Responsa to Edit - Rootlocus x
= Contrallers and Fized Blocks Select Response 1o EGD |LeopTransfer_train_extract_1_PID_Ceatraller =
traln_extract_1_PIC Contreller

| Data Brawser

Opan-Locp Transfar Functicn
Marne: LeopTransfer_traln_extract 1_PID Controller

~ Dessigns Loscaticns:
traln_sxtract 1,/PIC Controller

| plot | | cancel || Help |

* Responsas
LocpTransfer_train_extract_1_PID_ Coo

* Praviaw

2l sl @ 45&5[3)3 Olgice J1agad (owyym b wagd oald imlad 4 didle Wddn) (gwdid 086 Hlaged Wb JI>
G‘”lf C)by _)|.J.3l3 S0 LY 45‘3ﬂ§d _)bé LRGP )g>R s Cwow ) Lvens) dal> W g_sLa:;,Jaé coj.e)_).gbu.n

NG I O
A Cantrol Systern Designer - traln_extract - Root Locus Editar for LoopTransfer_train_extract_PID Controller — O .

FLE ¢ LG T : SRALLIE PRI
| Data Browser = Root Locus Editor for LoopTranstar_train_axtract PID Controller =0 |
= Controllers and Fixed Blacks
train_extract_PID_Contraller

- Root Locus Editor for LoopTransfer_train_extract_PID_Controller

- _

* Designs
1
P— % 0.5
LacpTransfer_train_extract_PID_Cantr,., o Db " . K
£
=05 F 4

- Preview

-1.5 -1 4.5 o 0.5 1
Real Axis

Yo



2Sdes Ao )3 9 03,8 5)93 (29890 y9oe I ) A Al Slacdad 00195 s cdil> Soyg dxgd HB JuaE L
w38 Gugle by Koy Jogme SzgS (guye ol ouin 0313 0Las $uS 513500 31 B3I Slyw - i |) luaias
Al @ 4y Gl (o) Sl - (Wlod 0315 ialed x b Hlaged 53) dup b dile (Slacdad cundge d ) ST 5
43S o&T 503, SUS New Plot S92 Control System S43bj 53 codds Ll (Sliadad b i (Sdiu
New Input- &)le Select Response to Plot Jslie (3548 (S 1 0y ol il b .S olsiil |y New Step

P*Sgs’ o) ) Output Transfer Response

A\ Cantrol Systemn Designer - train_extract_1 - Root Locus Editer for LoopTransfer_train_edract_1_PID_Contralles - O Y
| conmroL sysTem VEW =
D Hd 2 O B OEWEa oA @
Cpen  Save Edit Mukimodel Tuning Mew  Store Refieve Compare  Update  Prelerences
ISﬁdeﬁdmlmmﬁlﬂmlmv IPH' - Iml
FLE | ARCHITECTURE | TLPIMG METHODS |ANALYSS | DESHS | SMLILINK .mﬁ

Data Brawser = Maw Step to plot X Jlar

= Controllers and Fixed Blocks Seledt Response o Plot Mew Input-0 Trarsfer Re -

1 I Lot ftopelle B Pt IIn_extract_1_PID_CantrnIIer

train_extract_1_PID Controller -
Response Mame  10Transfer

* (i .S:-eclfy-rnmamals:
=f= Add gnal to ist
Speacify outpan ssgnals:
* Responses

- - = Add signalto list
LacpT mn:,'fl:l_trmn_l;'lcl ract_1_PID Ceo...

Ciomgpute mputiowput response with the foliowing oops open L
- Praview + Add loop opening location o kst .

Plot Cancel Help

-1.5 -1 .5 0 0.5 1
Feal Axis

ez LRI b o0 3 Soyia 35 by (22955 9 53919 SLIUS e i

\YF



4\ Cantrol Systerm Deslgner - traln_extract_1 - Root Lecus Editer for LoopTransfer_train_exract 1_PID_Contraller - O b

| Data Brawser = Mew Step to plot Xller 3|

 Contrallers and Fixed Blocks Selert Response to Plot | New Input-Dutput Transfer Resporse -

train_extract_1_PID Controdler “..I'ex"aﬂ"l'li-m'cantrn”w
Resgonse Mame |10 Transfer1 |

T Speci signals:
Irain_exact_1\elaoty Command!t AL S W oA
| ol A sagna to st et
Specify output signats:
ZResponses Ima esaract_1/Train Systemt | o M oA
I ain
LacpTransfer_train_extract_1_PID_Co.. _I_"'m = — - - -
Compute inpubioutput response with the foliowing loops open L]
= Preview o Adi loop opening lacation to kst

Plot Cancel Halp:

1o (-\_‘_‘ J

-1.5 =1 0.5 0 0.5 1
Real Axis

DL Frwly 45 5,8 oualine Olgics el Cawd dy diaw ddl> Sl Fwl 1. awS S Plot WSS9y 0 pwwe
ol HBUL Il (sUas (shls ol Ll 2

A\ Cantrol Systern Dasigner - train_axtract_1 - I0Transfer1: stap

| Data Browser
= Contrallers and Fized Blocks
traln_extract_1_PID_Cantroller

@ | | Root Locus Editor for LoopTransfer_train_extract_1_PID_Controller 5|

Step Response
Fram: Velacity Command Ta: Train System/

1 T T
- Diesigns
0.8 ?ll i
* Responses © 0.6 i
LoopTransfer_train_extract_ 1_PID_Co_ 3
I0Transfert E,
~ Praview aar 1
0z 7
1] Sl 104 150 200 250 300 350 400

Time (seconds)

\YY



Dy Al @i 53 HBWL Il Slas (18 Caw JLSE1 JAS 03)S d3lol g3 ol diaS dS jglailen
6399 W53 2 ) E95 S 9 LS (2 ) £9 51y aian ¢ JAS 4 ASULSEI 03)S 48! eylge il 35 33,5 2
twnl ) S 4y PIJAS (S 058 S Jlis )8k el gllas gy |y 4l
C(s)=Kp+&=M Q)

S S
Slp S (2 ALl b dil @i 4 50 o 9 S ULSE! S PIIAS oS 052 dgis dolao cpl gy b
8315 OLaS (59 31 9 03,8 S sl gy (ki 0o 905 SUAS (S9) 2 ¢euaian 4 S JLSII 03y 4L
Cusl) 13903 (59) 3 €y 03,5 B! (Sl doliis ysbo 4y .S Ll |y Add Pole/Zero > Integrator 4 ol
adlpl Auad dS ud> jgoe 3l (38 (S92 (e 9 S Ll |y Add Pole/Zero > Real Zero 43S 9 03,5 SUS
S 505 Copmign 405 40555 sl S b 5T 155 s s ol 035 Lol L2 oS S s o 03,5
23 0801 Sl S Gilpg Gdad 9 s Slacuaige 03,5 g b et J3b 4 Ol b (Sluolnz L) LJAS
o b S0y S 3l ) Edit Compensator 48 5 03,8 S sy Wadiny (qwdids O 13903 Jaime
(o232 oL3 /0 0 sl by Al S0y 9 00 ddLsI ) 0,15 55 i e 9 S LS S el ) S 4

4\ Compensator Editor — [l X
Compensator

(1 + 6.75)
.t PID Controller ~| = 0.05 X————

Pole/Zero Parameter

Dynamics Edit Selected Dynamics
Type Location Damping Frequen...

Integrator 0 -1 0

Real Zero -0.15 |1 0.15

Location |-0.15

Right-click to add or delete poles/zeros

Help

9098 CSy> b 9 (2T @ Hlad g5909S9) 4 UBS2 OLES 1) HI3905 1O Juol> (Seliwy dil> @i dly frwly
S 2 JLis HBL cdl> slas 09 |y Colb s o ygiuwd

YA



A\ Cantrol System Dasigner - train_extract - [0Transfert: step

— 0 *,

N

[~ [a ] fa?
L.h'.F é} I
Prefarances

g o =
Cpen  Save Edit Mulimoded Tuning Mew  Slee Relieve Compare || Updaie
Sassion Session  Archilechrs  Corfiguration  Methods = Fint - Blocks
FLE ARCHITECTURE TURRG METHODS | ANALYSHS DESKNS SMULNE PREFERENCES ry
Data Browser (] Root Loous Editor for LeopTranster_train_axtract PID_Controller 10 Transtar: stap
= Controllers and Fixed Blocks Step Response
h ~
. . (] [=] o F
train_extract_PID_Controller . From: Velocity Command To: Train § & = 5 D
2 : : ; . .
* esagng
1.5
~ Responses o
LacpTransfes_train_extract_PIC_Cantr., E
ICTransfer] 2 1
= ¢
!
- Praview = |
|
0.5 |
|
|
al
0 A0 100 150 200 250 300 a50 400
Time (seconds)
 Edit Gain

Jde 4 Control System 43l )5 Update Blocks 455 (59) y» SB'L 0lgis Iy ol 0l JAS slaoygs
Scope (95 33 S b 33,5 2 planil ouss el JAS L ouds planil (St HBGI b 13,8 Jlasl S gasas
.J._gTu- Cawd A YU Hlo g0 diline Hloged )lad e

451 dot - [u] X
File Tools View Simulation Help ]
- COP® S-a-B-FF-

Sample based T=1000.000

Slas H9d 9 03,5 Loyl Cawl Hlad o 2893 9 el 4 S~ &2 Sl b Glaal Gl ol S Sy s a4
T 693 5 1) sl Control System Designer Jawgs ol Ju g3 Tl doline Fraly oyl ..A.fulgungddbo el
lo3,S ool (Jas Jue SO

AR



93395 39,5 JAS tpgwn Juad

e (§lwd e 19 s

Sond @lgs @

ﬁhqp»ﬁbyabm °
s S, o
CJE>L5Lb§‘JAA °

LQJ+SCgU(JAA °

toko ol o cdie U ) giuwd

ss, tf

Lgfﬂs (elentan

3 Sl Sy 2 48 Al s Soud JAUS w1 00 Jlie SO (3955) 90395 Slegil s JAS @gian
ly CDLEL&lb|j|EQLéj)Q}$-Ck$jw OAld 4§3;LQB ggDS'djuS'pa*%&w AU 2gd 2 oolaiwl g)des
Gollas cas e b OT Sdulin 993395 Casw (S5O b Ll 030 Cut 9 3L Cagr 5 o s Widle 0l
3908 0213 (JAIS (193 @ dx g3 L) 95095 56 ol JED93 y5bo 4 Olgis @z b

A8 (2 02 Lino Vb pgaa 3 1) O SHT ez 1,8k oS 03,8 2 13 55 b 95995 (Swolins Soslus Jbo S5 Lanil 5o
il 1) b Erz Juasl Jawgs s Al g5 598 S5 U S - LS U JAS S o am oy b gyos5
(92393 A8 JUG| @iun Saliod 31 9 @S JAS ) 985 ¢l o193 Lot @S 2 1258 o3l dke (ol Sy
95 Ol dibis b TSl S99 e Cuglie I (I by Canglie S90S e SIS B 9 ASEWY

Sgdig w88 I 53 9)095 > BN Cagr )3 9 90393 Cas i b anlite 9 o

‘Ql.w:\.w C)}’JLM
Sbsly )3 B398 295 0931 I oolasul b .aibi s Jsl ddpe 00 9 oy s SO Wiile bo @lugn cOludyd el b
T Cawd ) @iaaias Y0las cx

mv+bv=u Q)

fon S 2 I 55 90393 s |) ddlan (229)3 (oS JAS ) 93093 Caw @ublgS 2 097

y=v M
@t Sl el
Drag



el 32} S 4 @an SARDL 45 ULS (2,8 (e ol Sy
ﬁ;;#;;\°'° :3))95-ﬁﬁ?(nﬁ
50 N.s/m = 3lae o (b)

cdl> sbad Jus

Sb by g enl 93093 (i 31 Jle ool 534S Labis S350 03 guie SO ShIs LS Jgl 4o Sdeiugn
IJu%bL;_xg LS;& @ el slas Lﬂgbﬁ 429&3)3.4“%QL;jkd«;Jt> ﬁilngj@ Qp3bmﬁlag¢uCﬁlgsbe.JisL;

1

m
1[v] ()
IﬁpSL;Q)b(*JlnjbggjCbbjlwblgbt;JE>L5Lé§CDy$LuoCﬁ|

=] =[] i+ [ ™
-1
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Kp = 1;

Ki = 1;

Kd = 1;

s = tf('s");

C = Kp + Ki/s + Kd*s
C:

Continuous-time transfer function.
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pid (Kp,Ki,Kd)

Kp + Ki * -—— + Kd * s

with Kp = 1, Ki =1, Kd =1

Continuous-time PID controller in parallel form.
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m = 1000;
b = 50;
r = 10;

s = tf('s");
P cruise = 1/(m*s + b);

Kp = 100;
C = pid(Kp);

T = feedback(C*P_cruise, 1)

t = 0:0.1:20;
step (r*T, t)
axis ([0 20 0 10])

1000 s + 150

Continuous-time transfer function.

Step Response

Amplitude
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Kp = 5000;
C = pid(Kp);
T = feedback(C*P_cruise,1);
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step (r*T, t)
axis ([0 20 0 10])

Step Response

Amplitude
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T(s) = R() 14 P()C(s) - ms2 + (b + Kp)s + K;
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pid(Kp,Ki);
feedback (C*P_cruise, 1) ;

step (r*T, t)
axis ([0 20 0 10])
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Step Response

Amplitude
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Kp = 800;
Ki = 40;
C pid(Kp,Ki);

3
[l

feedback (C*P_cruise, 1) ;

step (r*T, t)
axis ([0 20 0 10])

Step Response

Amplitude
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Kp = 1;

Ki = 1;

Kd = 1;

C = pid(Kp,Ki,Kd);

T = feedback(C*P cruise,1);
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m = 1000;

b = 50;

r = 10;

s = tf('s");
P_cruise = 1/(m*s+b);

rlocus (P_cruise)
axis([-0.6 0 -0.6 0.6]1);
sgrid (0.6, 0.36)
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Select a point in the graphics window

selected point =

-0.4002 + 0.00191
Kp =

350.2419
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Kp = 350.2419;
sys _cl = feedback (Kp*P cruise,1);
t =0:0.1:20;

step(r*sys cl,t)
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Step Response

Amplitude

2 4 B 8 10 12 14 16 18 20
Time (seconds)

B u:e“&au el Slas dS Wiz ya cilodds Loyl Lielyd 9 03 Ole) boy& 95 4o ol oolasiuwl K, Sox b
D)o og>9 V- A

3B LIAS

5 Cadylee S8 JAS a2 el s 48Lsl |y HB g JAUS ¢eliugus 4 OBk el slas ol Sy

C(s) = (®)

(S (K cole 090) et B 10 @y gaail 5o

Y(s) B s+ z,
R(s)  ms?+ (b + mpy)s + bp,

()

PTs o ) S 4 3 bk B cKy S0y 00)S 48l b colgs 53 Tz o

Y(s) Kys + K,z

= \'
U(s)  ms?+ (b+mpg + Ky)s + (bpo + Kp2o) )

S35 3 JBpm LIS b g jaue Wb oS ws 41aS GB 9 3 In ) (b feis Cuvgn 5o
b Zop JWs omed 4 b JidE Z) /Py Cad 4 HBBL cll> Slas 45w 4xiS s 30 HB LS0uSs
23,8 s ool ) (Sdomaid i el G Sl 9 el b e e a5 )3 -/ Y Ll hpg 9 /Y el

o O
O W
W e
~.

s = tf('s');
C lag = (s+zo)/ (s+po);

rlocus (C_lag*P cruise);
axis([-0.6 0 -0.4 0.4])
sgrid(0.6,0.36);
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Kp = 1293.6;

sys_cl = feedback(Kp*C_lag*P_cruise,l);

t = 0:0.1:20;

step(r*sys cl,t)

axis ([0 20 0 127])

Amplitude

Step Response
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m = 1000;
b = 50;
u = 500;
Kp = 1;

s = tf('s');

P cruise = 1/ (m*s+b);
C = Kp;

step (u*C*P_cruise)

Step Response

Amplitude

20 40 60 80 100 120 140 160 180
Time (seconds)

bYL blbpl @S oy ) G392 p18LS @193 2 b ol Sl b Al wiugus (39802 08 Lin &S jghailen
P Tyl 9 ded 518 |y 1)y cstep ygiuwd Sl 4 9 03l i

bode (C*P_cruise) ;

VOA



Bode Diagram
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r = 10;
sys_cl = feedback(C*P cruise,1);

step(r*sys cl);

Step Response

Amplitude
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bode (C*P_cruise) ;
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sys cl = feedback(C*P _cruise,1);
step(r*sys cl);
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Kp = 1000;
zo = 0.1;
po = 0.02;
C lag = (s+zo)/(s+po);

bode (Kp*C lag*P cruise);

Bode Diagram

Magnitude (dB)

Phase (deg)

103 1072 107! 10°
Frequency (rad/s)

P,“Su- M)bMﬁb&@ @bcw.))il&c)l Ol stg
sys cl = feedback (Kp*C lag*P cruise,1);
t =20:0.1:20;

step(r*sys cl,t);
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Step Response

Amplitude
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m = 1000;

b = 50;

t =0:0.1:10;

u = 500*ones (size(t));
A = [-b/m];

B = [1/m];

c = [1];

D = [0];

K = place(A,B, [pl])

sys cl = ss(A-B*K,B,C,D);
lsim(sys cl,u,t,x0);
axis ([0 10 0 0.35])
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Nbar = rscale(sys,K)*10/500;
sys_cl = ss(A-B*K,B*Nbar,C,D) ;
1sim(sys_cl,u,t,x0);

axis ([0 10 0 111)

Linear Simulation Results
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m = 1000;
b = 50;
u = 500;

s = tf('s");

P cruise = 1/ (m*s+b);
Ts = 1/50;
dP cruise = c2d(P_cruise,Ts, 'zoh'")

dP cruise =

1.999e-05

z - 0.999
Sample time: 0.02 seconds

Discrete-time transfer function.
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rlocus (dP_cruise)

zgrid(zeta, Wn)
axis ([-1 1 -1 17])
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Root Locus

Imaginary Axis

-1 08 206 04 02 0 02 0.4 06 08 1

Real Axis

N.Suo dLAASJJ ly dad’ Ol A e Sl Ju’l:b‘_; (Yer) dlag) éb}.’))é balises Gdiw (.Jj-’é o] e
1S 1y 0yL9a 13T 9 83,8 3)lg Jaldel (Slgil yo |y ) jgiwd

axis ([0.95 1 -.1 .1])

Root Locus

Imaginary Axis

65 097 0975 098 0985 099 0995 1

Real Axis
oW ez das 95 0l §l Dl 5o S (2 pasiin [ ol (sueb ()8 b () Cann 4o (e bghas
d1s 5o a8 wiabie el e copo blas oudsplis (azdas bghs Koo b -7+ - VY 51 &5 b
cle 4 a8 wsbs dxlg 0l 3l Sy adly 15 «Sogas pgi Slas .l /8 3 )5 e cuns ol
lodss 01y Jioled diwSé Ciyguo ‘dﬂl‘“‘ng’

D5 ) oolaiwl b .J.”JJS‘_; odalie |y 3yl H8 Lgllas a4l yo 45&4.&9_) (WD O ) (S 4)’[9)\;5.‘;3);
(K, poles] Jgiwd Shalb.euS s puoy ) dbogipe (Sl Fuwly (s 9 02)9T awd o)) K (S0,42 )Mo rlocfingd
S s ..mjfu- Cawlgsyd Lo H1a5 390 (Sddadl g ol JL Sloyxiy «dio yd = rlocfind(dP_cruise)
S a5 4 5 00 o Hland i Sl s i QI 31 Abiold dxlg Sopls 31 o 4S |y ghad ST 48

b Adbis k> 970 9 b (b (w368 bghas abli (0355 50 45l (ghad b (alnle 2,55 Jhnal
S OBl el bus asedio 09 Cudle b ) S )0 a5 /39 ($053 yo |y Glddads LS Ol

\PA



Foot Locus
o1 T

005 -

006 -

004 -

00z

Imaginary Lxis
=

ooz
004 |
o0k

008 -

01 1 1 1 1 1 1 1 1
09s 0855 086 0885 087 0875 088 0835 0899 (0995 1

Real Axis

Ol salads lad 4y (329,53 ol oS 2 0 line Lo Hgiwnd Goyzmiy )3 ) ) (29,3 cdlads ol Ll I A
A8 2 el |y K (Sopg 5 00

Select a point in the graphics window

selected point =

0.9900 - 0.00031

451.1104
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K = 451.1104;

sys _cl = feedback (K*dP cruise,1);
r = 10;

figure

step(r*sys cl,10);

154



Step Response

Amplitude
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m = 1000;
b = 50;
u = 500;

s = tf('s");

P cruise = 1/ (m*s+b);

Ts = 1/50;

dP_cruise = c2d(P_cruise,Ts, 'zoh');

Z tf('z'",Ts);

C 0.2*(z - 0.999)/(z - 0.9998);
Wn = 0.0072;
zeta = 0.6;

rlocus (C*dP_cruise)



zgrid(zeta, Wn)

axis([0.98 1 -0.01 0.011)
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K = 2.4454e+03;
sys _cl = feedback (K*C*dP_cruise, 1) ;
r = 10;

step(r*sys cl,10);

Step Response

Amplitude
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Kp = 1;

Ki = 1;

Kd = 1;

s = tf('s");

C = Kp + Ki/s + Kd*s
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Continuous-time transfer function.
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Continuous-time PID controller in parallel form.
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m = 1000;
b = 50;
r = 10;

s = tf('s");
P cruise = 1/(m*s + b);

Kp = 100;
C = pid(Kp);

T = feedback(C*P_cruise, 1)

t = 0:0.1:20;
step (r*T, t)
axis ([0 20 0 10])
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Continuous-time transfer function.
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step (r*T, t)
axis ([0 20 0 10])
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step (r*T, t)
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Kp = 1;

Ki = 1;

Kd = 1;

C = pid(Kp,Ki,Kd);

T = feedback(C*P cruise,1);
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m = 1000;

b = 50;

r = 10;

s = tf('s");
P_cruise = 1/(m*s+b);

rlocus (P_cruise)
axis([-0.6 0 -0.6 0.6]1);
sgrid (0.6, 0.36)
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Select a point in the graphics window
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Kp = 350.2419;
sys _cl = feedback (Kp*P cruise,1);
t =0:0.1:20;

step(r*sys cl,t)
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Step Response
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s = tf('s');
C lag = (s+zo)/ (s+po);

rlocus (C_lag*P cruise);
axis([-0.6 0 -0.4 0.4])
sgrid(0.6,0.36);
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Kp = 1293.6;

sys_cl = feedback(Kp*C_lag*P_cruise,l);

t = 0:0.1:20;

step(r*sys cl,t)

axis ([0 20 0 127])
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m = 1000;
b = 50;
u = 500;
Kp = 1;

s = tf('s');

P cruise = 1/ (m*s+b);
C = Kp;

step (u*C*P_cruise)

Step Response
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Bode Diagram
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r = 10;
sys_cl = feedback(C*P cruise,1);

step(r*sys cl);

Step Response
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Kp = 1000;
zo = 0.1;
po = 0.02;
C lag = (s+zo)/(s+po);

bode (Kp*C lag*P cruise);
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sys cl = feedback (Kp*C lag*P cruise,1);
t =20:0.1:20;

step(r*sys cl,t);
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m = 1000;

b = 50;

t =0:0.1:10;

u = 500*ones (size(t));
A = [-b/m];

B = [1/m];

c = [1];

D = [0];

K = place(A,B, [pl])

sys cl = ss(A-B*K,B,C,D);
lsim(sys cl,u,t,x0);
axis ([0 10 0 0.35])
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Nbar = rscale(sys,K)*10/500;
sys_cl = ss(A-B*K,B*Nbar,C,D) ;
1sim(sys_cl,u,t,x0);
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m = 1000;
b = 50;
u = 500;

s = tf('s");

P cruise = 1/ (m*s+b);
Ts = 1/50;
dP cruise = c2d(P_cruise,Ts, 'zoh'")

dP cruise =
1.999e-05

z - 0.999
Sample time: 0.02 seconds

Discrete-time transfer function.
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K = 2.4454e+03;
sys _cl = feedback (K*C*dP_cruise, 1) ;
r = 10;

step(r*sys cl,10);
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s = tf('s");
P pitch = (1.151*s+0.1774)/(s"3+0.739*s72+0.921*s)

P pitch =

1.151 s + 0.1774

s*"3 + 0.739 s*2 + 0.921 s

Continuous-time transfer function.
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A = [-0.313 56.7 0; -0.0139 -0.426 0; 0 56.7 01;
B = [0.232; 0.0203; 0];

c=1[00 171,

D = [0];

pitch ss = ss(A,B,C,D)

pitch ss

x1 X2 x3

YYY



x1 -0.313 56.7 0

x2 =-0.0139 -0.426 0
%3 0 56.7 0
B =
ul
x1 0.232
x2 0.0203
%3 0
Cc =
x1l x2 X3

vyl 0 0 1

ul

at 0

Continuous-time state-space model.
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sA(s) = —0.313A(s) + 56.7Q(s) + 0.232A(s) Q)

sQ(s) = —0.0139A4(s) — 0.426Q(s) + 0.0203A(s) )
sO(s) = 56.7Q(s) )
P(s) O(s) 11515+ 0.1774 "

A(s) s34 0.739s2 + 0.921s
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s = tf

('s');
P pitch =

(1.151*s+0.1774)/ (s"3+0.739*s"2+0.921*s) ;

Sy el Jddod 9 dly ($29)9 Jles! Sy step Hgiws 3 (oo @ildns JAS 09 5L dal> @i frul 4 J>
0.2 cunz 3l padds ]y (4255 1)) 0Lk 0.2 Oleyd (8) oIl Sgly 4 4ol Sl prlads oaliwl b dal>
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t = [0:0.01:10];
step(0.2*P pitch,t);
axis ([0 10 0 0.8]);

ylabel ('pitch angle (rad)'):;
title ('Open-loop Step Response');
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Open-loop Step Response
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pole (P pitch)

ans =
0.0000 + 0.00001
-0.3695 + 0.88571

-0.3695 - 0.88571
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controller plant

= C(s) P(s)

+ |l

h 4

Db e JSaS Gl ) e a1 ealatil b C(s) LJAS L YU diewy Al @iaaian

sys cl = feedback (P pitch,1)

sys cl =

1.151 s + 0.1774

s"3 + 0.739 s”"2 + 2.072 s + 0.1774

Continuous-time transfer function.

B 853929 Sly 4S 39d dz g5 2 Cowd 395 bl ) SLaUS 03,5 WBlbl b diwy ddl> @t Frusl
315905 35 S Sly b ol o 03l (dompo 11) 03D 0.2 Glasd 81y 0.2 s 3l o (S5 51y
Olej «Characteristics Ggiw Ll 9 313903 59y 2 S sl b diilgi 2 45 T2 Cowd 4 i Sy Frwly
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step(0.2*sys cl);
ylabel ('pitch angle (rad)'):;

title('Closed-loop Step Response');
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poles = pole(sys cl)

zeros = zero(sys cl)

poles =
~0.3255 + 1.3816i
~0.3255 - 1.3816i
~0.0881 + 0.0000i
zeros =
-0.1541
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1.151s + 0.1774 0.2(1.151s + 0.1774)

Y(s) = R(s) =
) s34+ 0.739s%2 + 2.0725s + 0.1774 ) s*+0.739s3 + 2.072s%2 + 0.1774s

(©)

S0 Il 1T eilgics 9 0393 S5Hd b1 aS Soolu wWez 4 Vb yjlie oS Sl S G52 SIS 31 edlgis
RS ool Shle @ 1) eiwun (329> zpk Jgined 1 Inl L euled o3laiuwl @S s Ol Soj9> 40 kY
:MLQJL;

R = 0.2/s;

Y = zpk(sys cl*R)

0.2302 (s+0.1541)

s (s+0.08805) (s*2 + 0.6509s + 2.015)

Continuous-time zero/pole/gain model.
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0.2302(s + 0.1541) _ A 4 B 4 Cs+D
s(s + 0.08805)(s2 + 0.6509s + 2.105) " s s+0.08805 s240.6509s + 2.015

Y(s) = )

23 0985 duwlxa Calio 3 residue Jgiws SS L b Gwd Oluolxe b Olgiz b D 9 C B A cobb polis
SS&5 s C:.’U TR 9 QP upd SWylaw den 9 num Hldde[r,p, k] = residue (num,den) )gwd
ShI> Sldhazdiz cpl 1) €88 115 55 4000 (Sl o b den Hloy Sl ) 45 Cunl (83 4 @)Y disly s o0

b8 colioue

[r,p, k] = residue(0.2*[1.151 0.1774]1,([1 0.739 2.072 0.1774 0])

-0.0560 + 0.01601
-0.0560 - 0.01601

-0.0879 + 0.00001
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0.2000 + 0.00001

-0.3255 + 1.38161
-0.3255 - 1.38161
-0.0881 + 0.00001

0.0000 + 0.00001
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[num,den] = residue(r(l:2),p(l:2),k);

tf (num, den)

ans =

-0.1121 s - 0.08071

s*2 + 0.6509 s + 2.015

Continuous-time transfer function.
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S T s T 54008805 s+ 0.6509s + 2.015
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y(t) = 0.2 — 0.0881¢~0-08805t _ o=0:3255¢(( 1121 cos(1.3816¢) + 0.0320sin(1.3815¢))  (A)
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t
I

[0:0.1:7071;

y = 0.2 - 0.0881%exp(-0.08805%t) - exp (-
0.3255%t) .*(0.1121%cos (1.3816%t)+0.0320%sin (1.3816%t));

plot (tl Y)

xlabel ('time (sec)');
ylabel ('pitch angle (rad)'):;
title('Closed-loop Step Response');

Closed-loop Step Response
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pitch angle (rad)

—DD5 1 1 1 1 1 1
0 10 20 30 40 50 G0 70

time (sec)

CBlyd Cagr alises Gy J S dalsl )d .S 03 Loyl ) (e ilel] diay 4l @itaaian 4S U232 OLaS Y S
oS s b lio Faly

Y¥Y



PID IS (bbb tpgur i

tokSo ol o cdie U ) giwd

controlSystemDesigner

w3 JAS o
PIJAS o
PIDJAS o

fawl ) S 4 laglgn Salox> Sagl) Swolios Sl 3b dil> i b ¢ ol Sl 4 4293 L

O(s)  1151s+0.1774

P(s) = A
() = 3(s) ~ 33073952 1 0.921s

M
Db (0) lwlss Sdla> sl (29,5 9 (8) 003,Vb Glamlr Sasl) G99 45 > o
IS azrlye el SHlwdde 19l i 45 b Salalas Zlyuwl (h) 9 () 9e i Soddlivne Cyx
ol 3 Gygue 4 (b Ol cobsly /Y Ay S99 Sl

LV S AS ugzhd e

456 Y 5l AS ged 0le) @

4ol ) - AS i Olo) @

ZY 3 ASLL el slas o
il 4y S 4 PID JAS oS o 4S esila 2 PID JAS b Pgw Sude - 9o Mnad 3l y9lab b

Kqs* 4+ Kps + K;
S

K:
C(s) =K, + ?‘ + Kys = )

4 a5 3y90 b 4 Qliws Cyz daly SHud Hsle ja b Ky (Bide <K ul\)izs\d(p ewolid JAUS ) (oS5 Lo
N

controller plant

= C(s) P(s)

[an]
+
[+
(=]
¥ &

h 4

PID JJAS Colao @alaid cy> Control System Designer jl ool b calie 53 JAS 58395 02 UG Lo
:ﬁﬂdf)ﬂbayW&M@UU@J)@\)X_}JSM@\ (OIS O D95

YYY



S

£('s");
Ppltch=
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O(s)  1151s+0.1774

P(s) = A
() = 3(s) ~ 33073952 1 0.921s
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t = [0:0.01:101];

s = tf('s");

P pitch = (1.151*s + 0.1774)/(s"3 + 0.739*s"2 + 0.921*s);
step(0.2*P pitch,t);

axis ([0 10 0 0.81]);

ylabel ('pitch angle (rad)'):;

title('Open-loop Step Response');

grid
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Open-loop Step Response
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sys _cl = feedback (P _pitch,1)
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sys cl =

1.151 s + 0.1774

s*3 + 0.739 s"2 + 2.072 s + 0.1774

Continuous-time transfer function.
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pole(sys cl)
ans =
-0.3255 + 1.38161

-0.3255 - 1.38161

-0.0881 + 0.00001
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margin (P _pitch), grid
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Bode Diagram
Gm = Inf dB (at Inf rad/s), Pm = 46.9 deg (at 1.27 rad/s)
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sys _cl = feedback (P _pitch,1);

step(0.2*sys cl), grid

ylabel ('pitch angle (rad)'):;
title('Closed-loop Step Response')
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Closed-loop Step Response
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K = 10;

margin (K*P_pitch), grid

figure;

sys_cl = feedback (K*P_pitch,1);

step(0.2*sys cl), grid

title('Closed-loop Step Response with K = 10')

Bode Diagram
Gm = Inf dB (at Inf rad/s), Pm = 10.4 deg (at 3.49 rad/s)
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Closed-loop Step Response with K =10
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K = 10;

alpha = 0.10;

T = 0.52;

C_lead = K*(T*s + 1) / (alpha*T*s + 1);

margin (C_lead*P pitch), grid
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Bode Diagram
Gm = Inf dB (at Inf rad/s), Pm = 60.5 deg (at 6.09 rad/s)
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sys _cl = feedback(C_lead*P _pitch,1l);

step(0.2*sys cl), grid

title('Closed-loop Step Response with K = 10, \alpha = 0.10, and T = 0.52")
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Closed-loop Step Response with K=10, « =0.10, and T = 0.52
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stepinfo (0.2*sys_cl)

ans =

struct with fields:

RiseTime: 0.2074

SettlingTime: 8.9835

SettlingMin: 0.1801

SettlingMax: 0.2240

Overshoot: 11.9792

Undershoot: 0

Peak: 0.2240

PeakTime: 0.4886
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K = 10;

alpha = 0.04;

r = 0,559

C lead = K*(T*s + 1) / (alpha*T*s + 1)
sys cl = feedback(C_lead*P pitch,1l);

step(0.2*sys cl), grid

title('Closed-loop Step Response with

’

K = 10,

\alpha

0.04

, and T = 0.55")

Closed-loop Step Response with K=10, « = 0.04, and T = 0.55
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stepinfo (0.2*sys cl)

ans =

struct with fields:

RiseTime: 0.2203
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SettlingTime: 9.0427
SettlingMin: 0.1805
SettlingMax: 0.2137
Overshoot: 6.8478

Undershoot: 0
Peak: 0.2137
PeakTime: 0.5394
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[K] = 1lqr(A,B,Q,R)
Q =
0 0 0
0 0 0
0 0 2
K =
-0.5034 52.8645 1.4142
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sys cl = ss(A-B*K, B, C, D);

step (0.2*sys cl)

ylabel ('pitch angle (rad)'):
title('Closed-Loop Step Response: LQR');

Closed-Loop Step Response: LQR
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p = 50;

0 = PwC"%Cg

R=1;

[K] = lgr(A,B,Q,R)

sys_cl = ss(A-B*K, B, C, D);
step(0.2*sys cl)

ylabel ('pitch angle (rad)'):
title('Closed-Loop Step Response: LOR');

K =

-0.6435 169.6950 7.0711

Closed-Loop Step Response: LQR
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p = 50;
Q = p*C'*C;
R=1;
[K] = lar(A,B,Q,R);
Nbar = rscale(A,B,C,D,K)
Nbar =

7.0711
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sys cl = ss(A-B*K,B*Nbar,C,D);
step (0.2*sys cl)
ylabel ('pitch angle (rad)'):;

title('Closed-Loop Step Response: LQOR with Precompensation');
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Closed-Loop Step Response: LQR with Precompensation
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A = [-0.313 56.7 0;
-0.0139 -0.426 0;
0 56.7 01
B = [0.232;
0.0203;
0];

sys _ss = ss(A,B,C,D);

Ts = 1/100;

sys d = c2d(sys _ss,Ts, 'zoh'")

sys d =
A =
x1 X2 %3
x1 0.9968 0.5649 0
x2 -0.0001385 0.9957 0
x3 =3.931e-05 0.5658 1
B =
ul

x1 0.002374

x2 0.0002024

x3 5.744e-05
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Sample time: 0.01 seconds

Discrete-time state-space model.
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co = ctrb(sys d);

Controllability = rank(co)

Controllability
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A = sys d.a;
B = sys d.b;
C = sys d.c;

D = sys d.d;

p = 50;
0 = p*C'*C
R=1;
[K] = dlgr(A,B,Q,R)
Q =

0 0 0

0 0 0

0 0 50
K =

-0.6436 168.3611 6.9555
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time = 0:0.01:10;

theta des = 0.2%*ones(size(time));
sys cl = ss(A-B*K,B,C,D,Ts);
[y,t] = lsim(sys cl,theta des);
stairs(t,vy)

xlabel ('time (sec)');
ylabel ('pitch angle (rad)'):;
title('Closed-Loop Step Response: DLQR');
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Closed-Loop Step Response: DLQR
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Nbar = 6.95;
sys_cl = ss(A-B*K,B*Nbar,C,D,Ts);
[y,t] = lsim(sys cl,theta des);

stairs(t,vy)

xlabel ('time (sec)');
ylabel ('pitch angle (rad)'):;
title('Closed-Loop Step Response: DLOR with Precompensation');

Closed-Loop Step Response: DLQR with Precompensation
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State Space

State-space model:
dx/dt = Ax + Bu
y=Cx+ Du

Parameters

-0.313 56.7 0; -0.0139 -0.426 0; 0 56.7 0] |:

D [ =

0.232; 0.0203; 0] E

n

eye(3) E
D:

[0;0;0] k
Initial conditions:

0 |
Absolute tolerance:

lauto

State Name: (e.g., 'position’)
[{Angle_of_attack’, Pitch_rate’, Pitch_angle'}
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State-space model:
dxfdt = Ax + Bu
y=Cx+ Du

Parameters

A

[-0.313 56.7 0; -0.0139 -0.426 0; 0 56.7 0]
B:

[0.232; 0.0203; 0]

C:

eye(3)

D:

[0;0;0]

Initial conditions:

(1]
Absolute tolerance:

auto
State Name: (e.q., "position")
{'Angle_of_attack’,'Pitch_rate','Pitch_angle'}
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This block implements continuous- and discrete-time PID control algorithms and includes adwanced features such as anti-
windup, exbernal reset, and signal tracking. ¥ou can tune the PID gains automatically using the "Tune...” button (requires
Simulink Control Design),
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This block iImplements continuous- and discrete-time P10 control algorthms and Indudes advanced features such
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M= 0.5

m= 0.2

b=20.1

I =0.006;

g = 9.8

1 =20.3

g = (M+m) * (I+m*172) - (m*1)"2;

s = tf('s");

P cart = (((I+m*1"2)/q)*s*2 -

m) *m*g*1) *s*2/q - b*m*g*l*s/q);

P pend = (m*l*s/q)/(s"3 +
sys tf = [P _cart ; P pend];
inputs = {'u'};

outputs = {'x'; 'phi'};

set (sys_tf, 'InputName', inputs)
set (sys_tf, 'OutputName', outputs)

Y5

(b* (I + m*172))*s"2/q -

(m*g*1/q))/(s"4 +

Z4JL;JALjebQ

(b*(I + m*1"2))*s”3/g - ((M +

((M + m)*m*g*1l) *s/q - b*m*g*1l/q);



sys_tf

sys tf =

From input "u" to output...

4.182e-06 s"2 - 0.0001025
2.3e-06 s™4 + 4.182e-07 s”3 - 7.172e-05 s*2 - 1.025e-05 s
1.045e-05 s
2.3e-06 s"3 + 4.182e-07 s%2 - 7.172e-05 s - 1.025e-05
Continuous-time transfer function.
cdl> slas Y
e 5 caml bl 1) 50 4S (i g . @add inled Cl> (SLad Wlslas b |y el (2l ouilgi 2 (e

o8 Lol 53 T s Cawd 4y ) S 40 uS Glyal s OT (229,55 9 03,8 3l wgSas Jeily Sl > Lad
il egd B Joe B 3,8 sl sl dacdls 5 bz, oy Gl Olsics

M= .5;
m = 0.2;
b =20.1;
I = 0.006;
g = 9.8;
1 =0.3;
p = I*(M+m)+M*m*172; %denominator for the A and B matrices
A= [0 1 0 0;
0 - (I+m*172)*b/p (m"2*g*1"2)/p 0;
0 0 0 1g
0 -(m*1*b)/p m*g*1* (M+m) /p 01;
B = 0;
(I+m*1°2) /p;
0;
m*1/pl;

Y-v



cC=1[100 0;
0 0101];
D = [0;
01;
states = {'x' 'x dot' 'phi' 'phi dot'};
inputs = {'u'};

outputs = {'x'; 'phi'};

sys _ss = ss(A,B,C,D, 'statename', states, 'inputname', inputs, 'outputname', outputs)
sys_ss =
A =
x x dot phi phi dot
x 0 1 0 0
x_dot 0 -0.1818 2.673 0
phi 0 0 0 1
phi dot 0 -0.4545 31.18 0
B =
u
X 0
x_dot 1.818
phi 0

phi dot 4.545

C =

X x_dot phi phi dot
X 1 0 0 0
phi 0 0 1 0
D =

Y-A



phi O

Continuous-time state-space model.
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sys tf = tf(sys_ss)

sys tf =

From input "u" to output...

1.818 s”2 + 1.615e-15 s - 44.55

s™4 + 0.1818 s73 - 31.18 s72 - 4.455 s

4.545 s - 1.277e-16

s*3 + 0.1818 s72 - 31.18 s - 4.455

Continuous-time transfer function.
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g = (M+m) * (I+m*172) - (m*1)"2;

s = tf('s');

P cart = (((I+m*1"2)/q)*s*2 - (m*g*1l/q))/(s”4 + (b*(I + m*172))*s"3/q - ((M +
m) *m*g*1) *s*2/q - b*m*g*l*s/q);

P pend = (m*1*s/q)/(s"3 + (b*(I + m*1"2))*s"2/q - ((M + m)*m*g*1l)*s/q - b*m*g*l/q);
sys tf = [P _cart ; P pend];

inputs = {'u'};

outputs = {'x'; 'phi'};

set (sys tf, 'InputName', inputs)
set (sys_tf, 'OutputName', outputs)
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t=0:0.01:1;
impulse (sys_tf, t);
title ('Open-Loop Impulse Response')

Open-Loop Impulse Response

From: u
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Amplitude
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To: phi
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[zeros poles] = zpkdata (P _pend, 'v')

zeros =

poles =
5.5651
-5.6041

-0.1428
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[zeros poles] = zpkdata (P _cart,'v')

zeros =
4.9497

-4.9497

5.5651

-5.6041

-0.1428
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t = 0:0.05:10;

u = ones(size(t));

[y,t] = lsim(sys tf,u,t);
plot (t,y)

title ('Open-Loop Step Response')
axis ([0 3 0 50])
legend('x"', 'phi'")

Open-Loop Step Response
5D T T T T

phi
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step info = lsiminfo(y,t);

cart info = step info (1)

pend info = step info(2)

cart info =

struct with fields:
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SettlingTime: 9.9959
Min: O
MinTime: O
Max: 8.7918e+21
MaxTime: 10

pend info

struct with fields:

SettlingTime: 9.9959
Min: O
MinTime: O
Max: 1.0520e+23

MaxTime: 10
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controller plant
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C(s)
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®(s) _ Ppend(s)
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M= 0.5;

m= 0.2;

b =0.1;

I =0.006;

g = 9.8;

1 =0.3;

g = (M+m) * (I+m*172) - (m*1) "2;

s = tf('s");
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P pend = (m*1*s/q)/(s"3 + (b*(I + m*1"2))*s"2/q - ((M + m)*m*g*1l)*s/q - b*m*g*1l/q);
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Kp = 1;

Ki =1;

Kd = 1;

C = pid(Kp,Ki,Kd);

T = feedback (P _pend,C);
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t=0:0.01:10;
impulse (T, t)

title ({'Response of Pendulum Position to an Impulse Disturbance';'under PID Control:
Kp = 1, Ki =1, Kd = 1'});
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Response of Pendulum Position to an Impulse Disturbance

TE under PID Control: Kp =1, Ki=1,Kd =1
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Kp = 100;

Ki = 1;

Kd = 1;

C = pid(Kp,Ki,Kd);

—
Il

feedback (P_pend, C) ;
t=0:0.01:10;

impulse (T, t)

axis ([0, 2.5, -0.2, 0.2]);

title ({'Response of Pendulum Position to an Impulse Disturbance';'under PID Control:
Kp = 100, Ki = 1, Kd = 1'});
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Response of Pendulum Position to an Impulse Disturbance
under PID Control: Kp=100,Ki=1,Kd =1
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Kp = 100;

Ki = 1;

Kd = 20;

C = pid(Kp,Ki,Kd);

T = feedback (P _pend,C);

t=0:0.01:10;

impulse (T, t)

axis ([0, 2.5, -0.2, 0.2]1);

title ({'Response of Pendulum Position to an Impulse Disturbance';'under PID Control:

Kp = 100, Ki = 1, Kd = 20"'});
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Response of Pendulum Position to an Impulse Disturbance
under PID Control: Kp =100, Ki =1, Kd = 20
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X(S) _ Pcart(s)
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P cart = (((I+m*172)/q)*s”2 - (m*g*1l/q))/(s”4 + (b*(I + m*1"2))*s"3/g - ((M +
m) *m*g*1) *s*2/q - b*m*g*l*s/q);

T2 = feedback(l,P pend*C)*P cart;
t =0:0.01:5;
impulse (T2, t);

title ({'Response of Cart Position to an Impulse Disturbance';'under PID Control: Kp
= 100, Ki =1, Kd = 20'});
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Response of Cart Position to an Impulse Disturbance
under PID Control: Kp =100, Ki =1, Kd = 20
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M= 0.5

m= 0.2;

b =0.1;

I =0.006

g = 9.8

1 =20.3

q = (M+m) * (I+m*172) - (m*1) ~2;

s = tf('s');
P pend = (m*1l*s/q)/(s"3 + (b*(I + m*1"2))*s"2/q - ((M + m)*m*g*l)*s/q - b*m*g*1l/q);
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rlocus (P_pend)

title ('Root Locus of Plant (under Proportional Control) ')
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Root Locus of Plant (under Proportional Control)
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C = 1/s;
rlocus (C*P_pend)

title ('Root Locus with Integral Control')
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Root Locus with Integral Control
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P = 0;
k =1;
Cc = Zpk(Z/p/k)F

rlocus (C*P_pend)

title ('Root Locus with PID Controller')
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K = 20;

3
Il

feedback (P_pend, K*C) ;
impulse (T)
title('Impulse Disturbance Response of Pendulum Angle under PID Control');

Impulse Disturbance Response of Pendulum Angle under PID Control
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P cart = (((I+m*1"2)/q)*s*2 - (m*g*1l/q))/(s”4 + (b*(I + m*1"2))*s"3/q - ((M +

m) *m*g*1) *s*2/q - b*m*g*l*s/q);
T2 = feedback(l,P pend*C)*P cart;
t =0:0.01:8.5;

impulse (T2, t);

title('Impulse Disturbance Response of Cart Position under PID Control');

Impulse Disturbance Response of Cart Position under PID Control
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M= 0.5;

m= 0.2;

b =20.1;

I =0.006;

g = 9.8;

1 =20.3;

g = (M+m) * (I+m*1"2) - (m*1) "2;

s = tf('s'");

P pend = (m*l*s/q)/(s"3 + (b*(I + m*1"2))*s"2/q - ((M + m)*m*g*l)*s/qg - b*m*g*l/q);
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K = 10;

C = K*(s+1)"2/s;

T = feedback(P_pend,C);
t = 0:0.01:10;
impulse (T, t), grid

title ({'Response of Pendulum Position to an Impulse Disturbance';'under Closed-loop
Control'});
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Response of Pendulum Position to an Impulse Disturbance
under Closed-loop Control
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C(s) = 35(‘5‘-}_1)‘?& Q)]

Pl Cwd d) o Fraly )l 903 B uS Ll 0)bgs 9 guomsad ) S 4 ) 395 el

K = 35;

C = K*(s+l)*(s+2)/s;

T = feedback (P pend,C);
t =0:0.01:10;

impulse (T, t), grid

title ({ 'Response of Pendulum Position to an Impulse Disturbance';'under Closed-loop
Control'});
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Response of Pendulum Position to an Impulse Disturbance
under Closed-loop Control
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P cart = (((I+m*1"2)/q)*s”2 - (m*g*1l/q))/(s"4 + (b*(I + m*1"2))*s"3/qg - ((M +
m) *m*g*1) *s*2/q - b*m*g*l*s/q);

T2 = feedback(l,P pend*C)*P cart;

T2 = minreal (T2);
t =0:0.01:10;
impulse (T2, t), grid

title ({ 'Response of Cart Position to an Impulse Disturbance';'under Closed-loop
Control'});

Response of Cart Position to an Impulse Disturbance
under Closed-loop Control
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http://www.mathworks.com/help/toolbox/control/ref/ss.html
http://www.mathworks.com/help/techdoc/ref/eig.html
http://www.mathworks.com/help/toolbox/control/ref/lsim.html
http://www.mathworks.com/help/toolbox/control/ref/lqr.html
http://www.mathworks.com/help/toolbox/control/ref/ctrb.html
http://www.mathworks.com/help/toolbox/rf/plotyy.html
http://www.mathworks.com/help/toolbox/control/ref/obsv.html
http://www.mathworks.com/help/toolbox/control/ref/place.html
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M = 0.5;
m= 0.2;
b =20.1;
I = 0.006;
g = 9.8;
1 =0.3;
p = I*(Mtm)+M*m*1°2; %denominator for the A and B matrices
A = [0 1 0 0;

0 —(I+m*1"2) *b/p (M*2*g*1"2)/p 0;

0 0 0 1

0 - (m*1*b)/p m*g*1* (M+m) /p 0];
B = [ 0;

(I+m*1"2) /p;

0;
m*1/p];

C=1[100 0;

0 010];
D = [0;

01;

states = {'x' 'x dot' 'phi' 'phi dot'};
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inputs = {'u'};
outputs = {'x'; 'phi'};

sys _ss = ss(A,B,C,D, 'statename', states, 'inputname', inputs, 'outputname', outputs) ;

poles eig(A)

poles

-0.1428
-5.6041

5.5651
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co = ctrb(sys ss);

controllability = rank(co)

controllability
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Q = C'*C
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bz Jaib gl 09 ke (YeT) 03 9290 Ol 9 bl Curdan B39 1S5k Q puyile (Ve)) 43 39290 OLJI
AT 3llan yolie & 9 dibis R 9 Q (o yolie Coal 008 (a3 45 Sz ol ) b SO R S39)9 09
0% 29T Cwd 4 LS (2 3wl ) 393 JAS WS K (usile c0305T b wilgiis @ilocs by Q pwsile suwds 45 >
b xS o) 510903 SO 5o 1y (J9bb dighy 9 bl Condgn) bl 93 12 903, QLI K (uyile day pad o
02,8 45Ul 295 bl Sl 53 b ) Slhgtins oS adlio Olssan ysbo 41y gl 5 LIS )3 SlasiS slsh

ol s 4y el Fraly 513905 9 K Hldde B asS 1 157 9

Q@ = C"%Cp
R=1;
K = 1gr(A,B,Q,R)

Ac = [(A-B*K)];

Bc = [B];

Cc = [C];

Dc = [D];

states 'x dot' 'phi' 'phi dot'};

inputs ! H
outputs = {'x'; 'phi'};

sys_cl = ss(Ac,Bc,Cc,Dc, 'statename', states, 'inputname', inputs, 'outputname', outputs) ;
t = 0:0.01:5;

r =0.2*ones (size(t));

[y,t,x]=1lsim(sys cl,r,t);

[AX,H1,H2] = plotyy(t,y(:,1),t,y(:,2),"'plot");
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set (get (AX (1), 'Ylabel'), 'String', 'cart position (m)"')
set (get (AX (2), 'Ylabel'), 'String', 'pendulum angle (radians)'"')
title ('Step Response with LQR Control')
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@ = CY“Cg
Q(1,1) = 5000;
Q(3,3) = 100
R=1;

K = lgr(a,B,9Q,R)
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Ac = [(A-B*K)];

Bc = [B];

Dc = [D];

|
b

States =
inputs
outputs = {'x'; 'phi'};

'x dot' 'phi' 'phi dot'};

1
—~—
n}
-
~

sys cl = ss(Ac,Bc,Cc,Dc, 'statename', states, 'inputname', inputs, 'outputname', outputs) ;

t =0:0.01:5;

r =0.2*ones (size(t));

[y,t,x]=1lsim(sys cl,r,t);

[AX,H1,H2] = plotyy(t,y(:,1),t,y(:,2), " 'plot");

set (get (AX (1), 'Ylabel'), 'String', 'cart position (m)"')

set (get (AX (2), 'Ylabel'), 'String', 'pendulum angle (radians)"')
title('Step Response with LQR Control')

Q =
5000 0 0 0
0 0 0 0
0 0 100 0
0 0 0 0
K =

70.7107 -37.8345 105.5298 20.9238
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103 Step Response with LQR Control 10

cart position {m)
pendulum angle (radians)
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Cn = [100 0];

sys_ss = ss(A,B,Cn,0);

Nbar = rscale(sys_ss,K)

Nbar =

-70.7107

Sy S oalasel O 1 9 0315 1,8 Cie ()8 ds-Lis yo 1) O old b 9 sl 03 it 3yl kil &L rscale.m xb
03)S d8ls| cpizead 9 YU @lygiuws ) oalaiwl b Jl> .S dazxlyo rscale (BCww g Juad 4 liw Oledsl
(el g3 Cwd dy g Sy Fwly 0T Sl 9 Jaldpl 5o 4 Wlyginws

sys_cl -
ss (Ac,Bc*Nbar,Cc,Dc, 'statename', states, 'inputname', inputs, 'outputname', outputs) ;

t =0:0.01:5;

r =0.2*ones (size(t));

[y, t,x]=1lsim(sys cl,r,t);

[AX,H1,H2] = plotyy(t,y(:,1),t,y(:,2), 'plot");

set (get (AX (1), 'Ylabel'), 'String', 'cart position (m)"')

set (get (AX (2), 'Ylabel'), 'String', 'pendulum angle (radians)')
title('Step Response with Precompensation and LQR Control')
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Step Response with Precompensation and LQR Control
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open-loop plant

observer with perfect model
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ob = obsv(sys ss);

observability = rank (ob)

observability =

4
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¢ =%—% = (Ax + Bu) — (A% + Bu+ L(Cx — C%)) )
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poles = eig(Ac)

poles =
-8.4910 + 7.92831
-8.4910 - 7.92831
-4.7592 + 0.83091

-4.7592 - 0.83091
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P = [-40 -41 -42 -43];
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L = place(A',C',P)"
1, =
1.0e+03 *
0.0826 -0.0010
1.6992 -0.0402
-0.0014 0.0832
-0.0762 1.7604

20903 00latul Sedaline (>hb Sl (4] Cuadsa 3 J9dib ash) (32955 35 0 )|

Al @lugr T Cand 4 JoB Loz B 03,8 S el S enesi b b iy Il Soud RS 098]
Rgdig yal p) (uyile Walae lagd o> (S

R e | K e ®
y=Ic al}]+or Q)

e yd 395 bl Sl 4 ) Ol)giuws 03,5 48lsl b Olgiie [y YU 5o odd Canyad Sdiwe ddl> (aacn
T e Cawd dy y) S 4 dly el ¢ aBpl Sl 31 das 3903 (Lol

Ace = [(A-B*K) (B*K);
zeros (size (A)) (A-L*C)];
Bce = [B*Nbar;
zeros (size (B))1;
Cce = [Cc zeros(size(Cc))]:
Dce = [0;0];
states = {'x' 'x dot' 'phi' 'phi dot' 'el' 'e2' 'e3' 'e4'};
inputs = {'r'};

outputs = {'x'; 'phi'};

sys_est cl =
ss (Ace,Bce,Cce, Dce, 'statename', states, 'inputname', inputs, 'outputname', outputs) ;

t =0:0.01:5;

r = 0.2*ones (size(t));

ly,t,x]=1lsim(sys est cl,r,t);

[AX,H1,H2] = plotyy(t,y(:,1),t,y(:,2), " 'plot");

set (get (AX (1), 'Ylabel'), 'String', 'cart position (m)"')

set (get (AX (2), 'Ylabel'), 'String', 'pendulum angle (radians)'"')
title ('Step Response with Observer-Based State-Feedback Control')
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Step Response with Observer-Based State-Feedback Control
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M= 20.5
m= 0.2
b =20.1
I =0.006
g = 9.8
1 =20.3
p = I*(M+m)+M*m*172; %denominator for the A and B matrices
A = [0 1 0 0;
0 - (I+m*172)*b/p (m"2*g*1"2)/p OF
0 0 0 1.8
0 —-(m*1*b)/p m*g*1* (M+m) /p 0];
B = [ 0;
(I+m*1"2) /p;
0;
m*1/pl;
cC=1[100 0;
0 0101];
D = [0;
01;
states = {'x' 'x dot' 'phi' 'phi dot'};
inputs = {'u'};
outputs = {'x'; 'phi'};
sys _ss = ss(A,B,C,D, 'statename', states, 'inputname', inputs, 'outputname', outputs) ;

Ts = 1/100;
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sys d = c2d(sys_ss,Ts, 'zoh")

sys d =
A =
x
x _dot
phi
phi dot
B =
x
x _dot
phi
phi dot
C =
X
phi
D =
u
X 0
phi 0

Sample time:

x _dot

0.009991

0.9982

-2.272e-05

-0.004544

phi

0.01 seconds

phi

0.0001336

0.02672

1.002

0.3119

phi dot

77

phi dot

4.453e-07

0.0001336

0.01001

1.002



Discrete-time state-space model.
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co = ctrb(sys d);

ob = obsv(sys d);

controllability = rank(co)

observability = rank (ob)

controllability =
4
observability =

4
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A = sys d.a;

B = sys d.b;

C = sys_d.c;

D = sys d.d;



[K] = dlqgr(A,B,Q,R)

Ac = [(A-B*K)1;

Bc = [B];

Cc = [C];

Dc = [D];

states = {'x' 'x dot' 'phi' 'phi dot'};
inputs = {'r'};

outputs = {'x'; 'phi'};

sys cl
ss (Ac,Bc,Cc,Dc, Ts, 'statename', states, 'inputname', inputs, 'outputname', outputs) ;

t = 0:0.01:5;

r =0.2*ones (size(t));

[y, t,x]=1lsim(sys cl,r,t);

[AX,H1,H2] = plotyy(t,y(:,1),t,y(:,2),'plot");

set (get (AX (1), 'Ylabel'),'String', 'cart position (m)"')

set (get (AX (2), 'Ylabel'), 'String', 'pendulum angle (radians)"')
title ('Step Response with Digital LQR Control')

Q =
1 0 0 0
0 0 0 0
0 0 1 0
0 0 0 0
K =
-0.9384  -1.5656  18.0351 3.3368
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Step Response with Digital LQR Control
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A = sys d.a;
B = sys d.b;
C = sys d.c;
D = sys d.d;
Q@ = C"*Cg

0(1,1)

5000;

Q(3,3) = 100

[K] = dlgr(A,B,Q,R)

Yv-



Ac = [(A-B*K)];

Bc = [B];
Ce = [Cls
Dc = [D];

states = {'x' 'x dot' 'phi' 'phi dot'};

sys cl
ss (Ac,Bc,Cc,Dc, Ts, 'statename', states, 'inputname', inputs, 'outputname', outputs) ;

t = 0:0.01:5;

r =0.2*ones (size(t));

[y, t,x]=1lsim(sys cl,r,t);

[AX,H1,H2] = plotyy(t,y(:,1),t,y(:,2),'plot");

set (get (AX (1), 'Ylabel'),'String', 'cart position (m)"')

set (get (AX (2), 'Ylabel'), 'String', 'pendulum angle (radians)"')
title('Step Response with Digital LQR Control')

Q =
5000 0 0 0
0 0 0 0
0 0 100 0
0 0 0 0
K =

-61.9933 -33.5040 95.0597 18.8300
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cart position {m)
pendulum angle (radians)
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Nbar = -61.55;

sys cl =
ss (Ac,Bc*Nbar,Cc,Dc,Ts, 'statename', states, 'inputname', inputs, 'outputname', outputs) ;

t =0:0.01:5;

r =0.2*ones (size(t));

[y,t,x]=1lsim(sys cl,r,t);

[AX,H1,H2] = plotyy(t,y(:,1),t,y(:,2)," 'plot');

set (get (AX (1), 'Ylabel'),'String', 'cart position (m)"')

set (get (AX(2), 'Ylabel'), 'String', 'pendulum angle (radians)')
title('Step Response with Digital LQR Control and Precompensation')

Step Response with Digital LQR Contrel and Precompensation
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poles = eig (A-B*K)

poles
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P=[-0.2 -0.21 -0.22 -0.23];
L = place(A',C',P)"
1, =
2.4308 -0.0104
147.6324 -1.2418
-0.0131 2.4305

-1.8079 147.9057
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Ace = [(A-B*K) (B*K);

zeros (size(A)) (A-L*C)];
Bce = [B*Nbar;

zeros (size (B))];
Cce = [Cc zeros(size(Cc))];

Dce = [0;01];

states = {'x' 'x dot' 'phi' 'phi dot' 'el' 'e2' 'e3' 'e4d'};
inputs = {'r'};
outputs = {'x'; 'phi'};

sys est cl =
ss (Ace,Bce,Cce,Dce, Ts, 'statename', states, 'inputname', inputs, 'outputname', outputs) ;

t = 0:0.01:5;

r = 0.2*ones (size(t));

[y,t,x]=1lsim(sys _est cl,r,t);

[AX,H1,H2] = plotyy(t,y(:,1),t,y(:,2),"'plot');

set (get (AX (1), 'Ylabel'), 'String', 'cart position (m)"')

set (get (AX(2), 'Ylabel'), 'String', 'pendulum angle (radians)"')

title ('Step Response with Digital Observer-Based State-Feedback Control')
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|:_i_| Block Parameters: Integrator3 >
Integrator

Continuous-time integration of the input signal.

Parameters

External reset: none =

Initial condition source: internal =
Initial condition:

pi

] Limit output

[_| wWrap state

| Show saturation port

[ ] Show state port

Absolute tolerance:

|auto

[_] Ignore limit and reset when linearizing
[~*] Enable zero-crossing detection

State Name: (e.qg., 'position’)
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Block Parameters: xddot X

Fcn

General expression block. Use "u" as the input variable name.
Example: sin(u{1)*exp(2.3*%(-u(2))))

Parameters
Expression:

[(A/M)*(u(1) - u(2) - b*u(3))
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|E| Bleck Parametars: Cart s

Body

Represents a user-defined rigid bedy. Body defined by mass m, inertia tensor I, and coordinate origins and axes for
center of gravity (CG) and other user-specified Body coordinate systems. This dialog sets Bady initial pasition and
orientation, unless Bady andfor connected Joints are actuated separately. This dialog also provides optional settings
for customized body geometry and colar.

Mass properties
Mass: (0.5 kg -
Inertia: |eve(3) | kgtmez -

Posiion  Orientation  Visualization

Show Port Origin Position Translated from Components in

Port Side Name Vector [x y z] Units Origin of Axes of

O Left cE [000] m = Warld = Warld .
Laft -5t [-100] m - CG - CG - =
Left =Cs2 0 [000] m *CG * G -
Right - Cs3  [00.50] m - G - G || &
| Right  ~-/cS4  [-1050] m - CG  CG o | 2
| Right - S5  [-1-0.50] m - |06 -G -
O Right  =-/cS6  [1-D.50] m - CG * G -
[ Right - CS7 [10.50] m - CG - CG -

QK | Cancel Help Apply

22 b Mass: 9 03,5 SO Jols 0T (595 52 403 )18 Juke 53 Al 2 Jaib ,SSke 4S'ly 9o Body S
o2 & gy (el g5 S (2 0b93 z H92e Jg> 5 9 09 dud )3 259k o> 12 “0.2”
G972 )8 kg*mA2 = y3 “0.006*eye(3)” ol by Inertia: Sl Sl dgds Ciyad dyb by
Ll puu ol el 58 dlal SHIS cpyz 3 09Mle dS oS (2 Lyl o e S Olgis ]y J9ly
el oo Db O 1S 3850 Candgn 9 Al 4 Joil JUail Cundge Cayad mizmed 3 LIS 09
2993 e+ /¥ Wb €CG 3318 385 5 Adjoining e 1 Jssl b [0 0 0] caadgn 35 Ll €51 Juas salats
2 oS sl 36 b ol Sa8sS Hlez cwizmed b (Wb el J )3 «S) €51 JLall Jowa
2932 Visualization ($aSm 33 .audd 41,8 |y LS s Cvyad |y Jbal Joxe 4S  28)5 S5 Show Port s

b Sglate bl b B S (oge ) dsbib )

YAY



If;_l Bleck Parametars: Pendulurn *

Body

Represents a user-defined rigid bedy. Body defined by mass m, inertia tensor I, and coordinate origins and axes for
center of gravity (CG) and other user-specified Body coordinate systems. This dialog sets Bady initial pasition and
orientation, unless Bady andfor connected Joints are actuated separately. This dialog also provides optional settings
for customized body geometry and colar.

Mass properties
Mass: (0.2 kg -
Inertia; |0.006%eyel3) kg*m~2 -

Posiion  Orientation  Visualization
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O Right  =/CS2  [0.100] m * 51 * 51 - =
| Right =53 [-0.100] m - 51 51 || =
| Right — =/CS4  [-0.10.610] m - 51 * c51 o g
O Right  =|/CS5  [0.1 0.6 0] m - 51 * o5l -
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E] Block Parameaters: Pulse Generator >
Pulse Generator
Output pulses:

if (t == PhaseDelay) &8& Pulse is on
Y(t) = Amplitude

else
Y(t) =0

end

Pulse type determines the computational technique used.

Time-based is recommended for use with a variable step solver, while
Sample-based is recommended for use with a fixed step solver or within
a discrete portion of a madel using a variable step solver.

Parameters
Pulse type: Time based
Time (t): Use simulation time -

Amplitude:
[1000

Period (secs):

[10

Pulse Width (% of period):
0.0

Phase delay (secs):
o
[~] Interpret vector parameters as 1-D
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s = tf('s");
G = (2*s+1)/ (4*s"24+3*s+2)
G:

4 s"2 + 3 s + 2

Continuous-time transfer function.
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num = [2 1];



den

= [4 3 2];

tf (num, den)

s™"2 + 3 s + 2

Continuous-time transfer function.

[A,B,C,D] = ssdata(G)
A =
-0.7500 -0.5000
1.0000 0
B =
1
0
c =
0.5000 0.2500
D =
0
H = ss(A,B,C,D)
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x1 X2

x1l -=0.75 -0.5
X2 1 0
B =
ul
x1 1
X2 0
Cc =
x1 X2

yl 0.5 0.25

ul

at 0

Continuous-time state-space model.
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[z,p, k] = zpkdata (H, 'v'")

7 =

-0.5000

-0.3750 + 0.59951

-0.3750 - 0.59951

0.5000
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K = Zpk(Z,p/k)

0.5 (s+0.5)

(s”2 + 0.75s + 0.5)

Continuous-time zero/pole/gain model.
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[num,den] = tfdata(K,'v")
num =
0 0.5000 0.2500
den =
1.0000 0.7500 0.5000
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s = tf('s');

G = (2*%s+1)/ (4*s"2+3*s+2);
[A,B,C,D] = ssdata(G);
[num, den] = ss2tf(A,B,C,D)
num =

fo¥



den

Q
I

0 0.5000 0.2500

1.0000 0.7500 0.5000
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m=100kg e
b=50Ns/m e
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[0 1

0 -0.05];
[0;

0.0011;

[0 1]

0;

[num,den]=ss2tf (A,B,C,D)

num

den

1.0e-03 *
0 1.0000 0
1.0000 0.0500 0

f-0
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0 -0.1818 2.6727 0
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cC=1[1000
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[num,den]=ss2tf (A,B,C,D)

num =
0 0 1.8182 0.0000 -44.5460
0 0 4.5455 -7.4381 0.0000
den =
1.0000 0.1818 -31.1818 6.4796 0

ST 6abs 9 Jsl cwy) plezr Sabs bl cdalbiz 0 Cnyy 5o 093 9 gl Sl (iaiS drgs Caygao 1oy 4 5]
o 2819 53 il &S @gdis dxgin @S 83 LAY (pl b Gl <33 b S .l 0.000 by p9d sy
lae 53 b nuM(2,5) b num(1,4) sgiued WGT 385 palie Os Sl il SzsS b dde O 9 Ll
b gode Siwn opl 3982 0315 Giwled -3.3032e-15 9 3.2298e-15 yolde byl dy yyguainl )o .S |y Clio

13903 Jo 552tf ygiues Jl da ) ygiuwd 93 O3gad dlsI L Olgics

num(l,4) = 0;

num(2,5) = 0;

num

num =
0 0 1.8182 0 -44.5460
0 0 4.5455 -7.4381 0
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[A,B,C,D] = tf2ss(num,den)
A =
-0.1818 31.1818 -6.4796 0
1.0000 0 0 0
0 1.0000 0 0
0 0 1.0000 0
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0 1.8182 0 -44.5460

0 4.5455 -7.4381 0
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[A,B,C,D] = tf2ss(num,den)
A =
-0.1818 31.1818 -6.4796 0
1.0000 0 0 0
0 1.0000 0 0
0 0 1.0000 0
B =
1
0
0
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[z,p, k] = tf2zp (num,den)
7 =
4.9498 0
-4.9498 1.6364
p =
0
-5.7753
5.3851
0.2083
k =
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[z,p, k] = ss2zp(A,B,C,D)

4.9498 0

-4.9498 1.6364

-5.7753
5.3851

0.2083

1.8182

4.5455
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num = [1.8182 0 -44.5460;

4.5455 -7.4373 01;

den = [1 0.1818 -31.1818 6.4786 0];

[z,p, k] = tf2zp (num,den)
7 =
4.9498 0
-4.9498 1.6362
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0
-5.7753
5.3851
0.2083
k =
1.8182
4.5455
A= [0 1 0 0
0 -0.1818 2.6727 0
0 0 0 1
0 -4.545 31.1818 017
B = [0
1.8182
0
4.5455];
C=1[1000
0 010];
D = [0
01;
[z,p, k] = ss2zp(A,B,C,D)
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[A,B,C,D] = zp2ss(z,p, k)
A =
-0.1818 31.1818 -6.4786 0
1.0000 0 0 0
0 1.0000 0 0
0 0 1.0000 0
B =
1
0
0
0
Cc =
0 1.8182 0 -44.5460

Y



0 4.5455 -7.4373 0

DI 3929 elugun SO Lyl Sl > Slad Slapwyile I degazme SO i A4S mugde ,Sdxe b oybgs
D55wd b aay il e 3958 JAS o33 4 dialz Cawd 4 Hgiws ool I oolaswl b oS dl> Slad Syl
ol g3 Cawd 43 b wyile (aed 1 t£2ss

WS )19 1y ) g e Giled S b Jde 033 b |y yaue-dad Jue 4SSyl Sl

[num, den] = zp2tf(z,p,k)
num =
0 0 1.8182 0 -44.5460
0 0 4.5455 -7.4373 0
den =
1.0000 0.1818 -31.1818 6.4786 0
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sys = 1/( ~"2+10*s+20) ;

9]

Ts=0.2;
sys d = c2d(sys,Ts);

step(sys,2)

hold on
[x,t]=step(sys d,2);
plot(t,x,'ro")

hold off
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$plots continuous output response

%plots discrete output response

Step Response

Amplitude
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Step Response

amplitude

Time {sec.)
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z = tf('z',-1);

sys. d = (z + 0.5)/(z72 - 0.6*z + 0.3);
[p,z] = pzmap (sys_d)

p =

0.3000 + 0.45831

0.3000 - 0.45831

-0.5000
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Ts = .05;

z = tf('z',Ts);
sys d = (z + 0.5)/(z"2 - 0.6*z + 0.3);

step(sys_d,5);

grid
title('Discrete-Time Step Response')

Discrete-Time Step Response

Amplitude
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Time (seconds)
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z = tf('z',Ts);
sys. d = (z + 0.5)/(z"2 - 0.6*z + 0.3);

impulse (sys_d,5);

grid
title('Discrete-Time Impulse Response')

Discrete-Time Impulse Response

Amplitude
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0 05 1 1.5 2 25 3 35 4 45
Time (seconds)
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T = .05;

z = tf('z'",T);

sys = 1/(z72+1.2*z+0.57) ;
[poles, zeros] = pzmap (sys)
pzmap (sys)

axis equal
zgrid
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zeros =

0x1 empty double column vector
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[x,t] = step(sys,2.5);

stairs (t, x)
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T = .05;

z = tf('z",T);

sys = 1/(z"2 + 0.25);
[poles, zeros] = pzmap(sys)

pzmap (sys)

axis equal
zgrid
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[x,t] = step(sys,2.5);

stairs (t, x)
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z = tf('z",T);

sys = 1/(z"2 - 0.98*z + 0.3);
[poles, zeros] = pzmap(sys)
pzmap (sys)
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[x,t] = step(sys,2.5);

stairs (t, x)
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s = tf('s'");
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