Report on Inverse

Generated by MTT using :
(mtt -u -q -q Inverse rep pdf )

Tue Aug 19 15:04:36 BST 2003






Contents

10
11
11
12
12
13
14
15
15
15
15
17



CONTENTS



CONTENTS

Z_szrcad

O anks

o1

53
53
54
55
55
56
57
57
58
58

61
61
62
63
63
64
65
66
66
66



CONTENTS

o1a rOO . ... .. ... 84

(015 msd .. ... .. ... 87

1016 twolind . . .. ... ... .. ... . ... ... .. .. 89
0.2 iTwolink structex] . ... .. ... ... ... ... . ... .. 92
0.3 iTwolink simp.rl .. ... ... ... . . .. . . . ... ... . 94
104 iTwolink daetex| . . ... .................... 94
05 iTwolink odetex| . . ... .. ... ... .. ... ....... 95
0.6 iTwolink ssparr) . . ... ... . .. . . ... ... ..., 96
0.7 iTwolink smtex| . . ... .. ... ... ... ... ...... 96
0.8 iTwolink tftex] . ... ...................... 97
[10.9 iTwolink numpartxt| . . . . ... ... ... ... ... .... 98
[10.10iTwolink inputtxt] . ... ..... . ... .. .. ... .. .. 08
[10.11iTwol ink odeso.ps (-iTwolink t1) . . . . . . ... . ... ... 99
[10.12iTwol ink odeso.ps (-iTwolink t2Y . . . . . . . ... ...... 100
[10.13iTwol ink odeso.ps (-iTwolink t1s) . . . . ... ... ..... 100
[10.14iTwol ink odeso.ps (-iTwolink t1siTwolink t1Y .. ... . .. 100

110.15iTwol ink odeso.ps (-iTwolink t2siTwolink t2) . . . ... . . 102



List of Figures




LIST OF FIGURES

9.2 System iTanks, representation cbg (-noargsy . . . . . . . . .. .. 4
9.3 System iTanks, representation Imfr (-noargsy . . . ... ... .. 17
i i 78

[10.1 System iTwol ink: acausal bond graph . . . . . . . ... ... .. 79
[10.2 System INTF: acausal bond graph . . . . ... .......... 82
;acausalbondgraph . . . . ... .. 84

110.4 System msd: acausal bond graphi . . . . . .. ... .. ... .. 87
[10.5 System twolink: acausal bondgraph . . . . . . . ... ... ... 90
[10.6 System iTwol ink, representation odeso (-iTwolink f . . . . . . 99
[10.7 System iTwol ink, representation odeso (-iTwolink »f . . . . . . 100
[10.8 System iTwol ink, representation odeso (-iTwolink 4of . . . . . . 101
00 - - - - - 101




Part |

| Nver se






Chapter 1

IMacroMicro

1.1 iMacroMicro_abg.tex

MTT command:

nt i MacroM cro abg tex

Macro control
' RdlCpl |
F F | Compliant link Micro actuator Compliant environment
1 Ck2 | SSif2 Cikt

'ssm‘ 77777777 ﬁ ’’’’’’ 3 F 3 3 F || ssit |
T / Macromé/ M,Igr,o,m, TlpmaV \ j

! \11
0 b

Miaadf’ése LLLLLLLTIpsenSOr
ER:blfi'imlff Rb2 ! | Im2 || Rb3! ! Im3 || Rbt !

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Macro actuator

Figure 1.1: System iMacroMicro: acausal bond graph

The acausal bond graph of system iMacroMicro is displayed in Figure [Tl (on
page [ and its label file is listed in Section [T (on page Q). The subsystems

are listed in Section (on page [I7)).

This is a Bond Graph model of the macro-micro manipulation system dis-
cussed by Sharon in his thesis and by Sharon, Hogan and Hardt in various papers.
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Report Inverse Representation rep

The micro loop is inverted whilst leaving the macro control in place. This partial
inverse gives information about the zero dynamics of the micro control system
with the particular macro controller in place and allows desidn of the macro con-
troller to ease the design of the micro controller.

1.1.1 Summary information
Interface information:

This component has no ALIAS declarations

Variable declarations:

This component has no PAR declarations

Units declarations:

This component has no UNITs declarations

The label file: iMacroMicro_lbl.txt

%% Label file (macm c_|bl.txt)

%% Each |ine should be of one of the foll ow ng forns:
%a comment (ie starting with %

% Conponent - nane CR_nane argl, arg2,..argn

% bl ank

osvasses

mL lin flowml1l
m lin flowm2
m lin flowm3

%Spri ngs
k2 Iin state, k_2
kt Iin state, k_t

Yanper s

bl Iin flow b 1
b2 Iin flow b _2
b3 Iin flow, b_3
bt Iin flow, b t

Tue Aug 19 15:04:36 BST 2003 Page 12.



Report Inverse

Representation rep

o&sour ce/ sensor s

f2 SS external,internal
ft SS external,O
fb SS internal,O

%Cont r ol
pl lin flow p_1
dlilin flowd 1

1.1.2 Subsystems

No subsystems.

1.2 iMacroMicro_cbg.ps
MTT command:
nt i MacroM cro cbg ps

This representation is given as Figure [L2 (on page [IT).

Macro control
R:d1 C:pl
Ji Ji Compliant link Micro actuator
1 Ck2 \ SS:f2

Compliant environment

;Rbl};

Macro actuator

,,,,,,,,,,,,,,,,

Rbt;

,,,,,,,,,,,,

Figure 1.2: System iMacroMicro, representation cbg (-noargs)

Tue Aug 19 15:04:36 BST 2003
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Representation rep

1.3 iMacroMicro_struc.tex
MTT command:
nt i MacroMcro struc tex
List of inputs for system iMacroMicro
Component | System Repetition
1| ft iMacroMicro_ft | 1
List of nonstates for system iMacroMicro
Component | System Repetition
1| m3 iMacroMicro_m3 | 1
List of outputs for system iMacroMicro
Component | System Repetition
1|f2 iMacroMicro_f2 | 1
List of states for system iMacroMicro
Component | System Repetition
1(ml iMacroMicro__m1 | 1
2 | m2 iMacroMicro__m2 | 1
3| k2 iMacroMicro__k2 | 1
4 | kt iMacroMicro_kt | 1
5| pl iMacroMicro_pl |1
1.4 iMacroMicro_dae.tex
MTT command:
ntt i MacroM cro dae tex

Tue Aug 19 15:04:36 BST 2003
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(—b1mpxq p1 + bomxop1 — bampxq p1 — dimeXg p1 — komMiMpX3 p1 + My MpXs)

(Mimp1)
o — (Z2MMuX + DoMMpXy + KoMy MaXs — MuMp21 — Mympl)
(mymy)
o (—MiXo+MmpXxa)
X3 =
(Mmmy)
_ (Fkxatun)
o}
. (=x)
X5 = M
(1.1)
21— (mg(—kixg+Uy)) (12)
bt
_ (—bsbrxz — bgkympxg + bampuy + by mpzy + bympuy )
y1= (1.3)
(bimy)
1.5 iMacroMicro_.dm.tex
MTT command:
nmt i MacroMcro dmtex
1000000
0100000
0010000
E=]/0001000 (1.4)
0000100
0000010
000O0O0O0O

Tue Aug 19 15:04:36 BST 2003 Page 15.



Report Inverse Representation rep

(—(by+bo+d1)) b: 1
1?;12 1 (_@;) —ko 0 o 0 O
b 12 kk 0 0 0 -1
L El o 0o o0 o0 o0
A= 0 o o Y o0 0 o (1.5)
b 0o 0 0 0 0 O
0 o 0o o0 0 0 1
0 0 0o Sm oo -1 0
0
1
0
1
B=| & (1.6)
0
0
mg
B
(g ) o (bsk)
c_(o bo) g Bk g g 1) (L.7)
_ ( (bstby)
D_(3T> (1.8)

1.6 iMacroMicro_tf.tex

MTT command:

mt i MacroMcro tf tex

G— ((b1b2b3p153+b1b2bt P1S°+b1 boks p15™+b1bpmg p1s*+by by py§>+by baka pr°+by bk p1s™+bibamp prs*+b bsmapas*

(1.9)

Tue Aug 19 15:04:36 BST 2003 Page 16.
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1.7 iMacroMicro_numpar.txt

MTT command:

nt i MacroM cro nunpar txt

m1l1 = 0.0169; # mJ1,
m2 = 0.0169; # m2;
b 1=0.13; # b_1;

b 2 =0.013; # b_2;
k 2 = 24, # k_2;
k t = 150; # k_t;
bt = 0.16; b t;

b 3 =0.13; # b_3;
m3 = 0.005;, # m3;
p_1 =10, # p_1,;
d1=20.9 #d.1,;

1.8 iMacroMicro_Imfr.ps

MTT command:
ntt i MacroMcro Infr ps

This representation is given as Figure [L3 (on page [1I5).

1.9 iMacroMicro_lpfr.ps

MTT command:
ntt i MacroMcro | pfr ps
This representation is given as Figure [L.Z (on page [15).

1.10 iMacroMicro_sro.ps

MTT command:
nt i MacroMcro sro ps

This representation is given as Figure [L.5] (on page I7).

Tue Aug 19 15:04:36 BST 2003 Page 17.
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MTT simulation on Tue Aug 19 15:01:15 BST 2003
25 T T T T T

LB [

Figure 1.3: System iMacroMicro, representation Imfr (-noargs)

MTT simulation on Tue Aug 19 15:01:16 BST 2003
160 T T T T T
140
120

100

Figure 1.4: System iMacroMicro, representation Ipfr (-noargs)

Tue Aug 19 15:04:36 BST 2003 Page 18.
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MTT simulation on Tue Aug 19 15:01:18 BST 2003
5 T T T T

2 4 6 8 10

Figure 1.5: System iMacroMicro, representation sro (-noargs)

1.11 iMacroMicro_odeso.ps

MTT command:
ntt i MacroM cro odeso ps

This representation is given as Figure [L.8 (on page [I8).

Tue Aug 19 15:04:36 BST 2003 Page 19.
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Figure 1.6: System iMacroMicro, representation odeso (-noargs)

Tue Aug 19 15:04:36 BST 2003 Page 20.
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Chapter 2
NMP

2.1 NMP_abg.tex

MTT command:

ntt NVP abg tex

_______________

_______________

Figure 2.1: System NMP: acausal bond graph
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The acausal bond graph of system NMP is displayed in Figure 2.7 (on page 7))
and its label file is listed in Section 2.1l (on page Z2). The subsystems are listed
in Section (on page 24).

This is a simple non-minimum phase system with an inverse-type response. It is
the standard fast negative and slow positive systems in parallel. The
corresponding inverse system iNMP is unstable.

2.1.1 Summary information

System NMP:A simple non-minimum phase system  jDetailed description
here;,

Interface information:
Parameter $1 represents actual parameter c_f
Parameter $2 represents actual parameter c_s
Parameter $3 represents actual parameter r_f

Parameter $4 represents actual parameter r_s

Variable declarations:

This component has no PAR declarations

Units declarations:

This component has no UNITs declarations

The label file: NMP_Ibl.txt

%% Label file for system NMP (NMP_I bl . txt)
YSUMVARY NVP A sinpl e non-m ni num phase system
YOESCRI PTI ON <Det ai | ed descri ption here>

% (o) .l .l .l .l .l .l .l .l .l .l .l .l .l

% %% Ver si on control history

% 0, D .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .l .Q .l .l ...... .l .‘ .l Y0
% %0 $1d: NMP_Ibl.txt,v 1.3 2003/06/11 16:00: 37 gawt hrop Exp $

% 9% $Log: NVP_Ibl.txt,v $

% %0 Revision 1.3 2003/06/11 16:00: 37 gaw hrop

Tue Aug 19 15:04:36 BST 2003 Page 24.



Report Inverse Representation rep

% %06 Updat ed exanples for |atest MIT.

% %%

% %% Revision 1.2 2000/05/20 16:40:54 peterg
% %% New SS f or mat

% %%

% %06 Revision 1.1 1999/03/09 00:08: 21 peterg
% %06 I nitial revision

% %%

% 9B

% Port ali ases

% Argunent aliases
%ALI AS $1 c_f
%ALI AS $2 c_s
%ALI AS $3 r _f
Y%ALIAS $4 r_s

%0 Each |ine should be of one of the follow ng forns:

% a comment (ie starting with %

% conponent - nane cr_nane argl,arg2,..argn
% bl ank

% ---- Conponent |abels ----

% Conponent type AE

mlin -1

plinl

% Conponent type C
c flineffort,c_f
c slineffort,c_s

% Conponent type R
r lin flowr

r f linflowr _f

r s linflowr_s

% Conponent type SS
el SS external,internal

Tue Aug 19 15:04:36 BST 2003 Page 25.
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e2 SS external , 0

2.1.2 Subsystems

No subsystems.

2.2 NMP_struc.tex

MTT command:

mt NMP struc tex

List of inputs for system NMP
Component | System Repetition
1|el NMP_el |1

List of outputs for system NMP
Component | System Repetition
1]e2 NMP_e2 | 1

List of states for system NMP
Component | System Repetition
1|cf NMP_cf |1
2|cCs NMP_cs | 1

2.3 NMP_ode.tex

MTT command:
mt NVP ode tex

(Crusr —xar —Xary)

X1 =

(cerry) 2.1)
o, — (CsU1—X2)
SN YN

(crx2 —Csxq)

) 2.2)

Y1 =

Tue Aug 19 15:04:36 BST 2003 Page 26.
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24 NMP_sm.tex

MTT command:
mt NMP smtex
()
A= (erri) (2.3)
0 (=1
(Csfs)
1
o- (1) -
c= (52 3) (2.5)
D= (0) (2.6)

25 NMP_tf.tex

MTT command:

mt NWP tf tex

G= ( (crrrs_carrssir) ) 2.7)

(CHCSIT {TsSP+CAITS+CSITsS+Csl TsS+T+I)

2.6 NMP_sro.ps

MTT command:
nt NMP sro ps

This representation is given as Figure 221 (on page 28).

Tue Aug 19 15:04:36 BST 2003 Page 27.
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MTT simulation on Tue Aug 19 15:01:49 BST 2003
05 T T T T

Figure 2.2: System NMP, representation sro (-noargs)

MTT simulation on Tue Aug 19 15:01:50 BST 2003

_02 T T T T T
-0.4 : : : ‘ :
-0.6
-0.8
-1
-1.2
-14
-1.6
-1.8
-22 i i i i i
-1 -0.5 0 0.5 1 15 2

Figure 2.3: System NMP, representation Imfr (-noargs)

Tue Aug 19 15:04:36 BST 2003 Page 28.
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2.7 NMP_Imfr.ps

MTT command:
nt NWP Infr ps

This representation is given as Figure 23 (on page 28).

2.8 NMP._Ipfr.ps

MTT command:
nt NWP I pfr ps

This representation is given as Figure 241 (on page 7).

MTT simulation on Tue Aug 19 15:01:51 BST 2003

-100
-150

_200 i i i i i
-1 -0.5 0 0.5 1 1.5 2

Figure 2.4: System NMP, representation Ipfr (-noargs)

Tue Aug 19 15:04:36 BST 2003 Page 29.
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Chapter 3
INM P

3.1 iINMP_abg.tex

MTT command:

nt i NMP abg tex

_______________

_______________

Figure 3.1: System iNMP: acausal bond graph
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The acausal bond graph of system iINMP is displayed in Figure 3.1 (on page 29)
and its label file is listed in Section BTl (on page 30). The subsystems are listed
in Section (on page 32).

This is a simple non-minimum phase system with an inverse-type response. It is
the standard fast negative and slow positive systems in parallel. The
corresponding inverse system iiNMP is unstable.

3.1.1 Summary information

System iINMP:Inverse simple non-minimum phase system  jDetailed
description hereg,

Interface information:
Parameter $1 represents actual parameter c_f
Parameter $2 represents actual parameter c_s
Parameter $3 represents actual parameter r_f

Parameter $4 represents actual parameter r_s

Variable declarations:

This component has no PAR declarations

Units declarations:

This component has no UNITs declarations

The label file: iINMP_Ibl.txt

%% Label file for systemi NVP (i NVP_I bl . txt)
YSUMVARY i NMP | nver se sinpl e non-m ni num phase system
YOESCRI PTI ON <Det ai | ed descri ption here>

% (o) .l .l .l .l .l .l .l .l .l .l .l .l .l

% %% Ver si on control history

% 0 i. i. i. i. i. 0. 0. 0. 0. 0. 0. 5 .. .. .. .. ..i. i. i. i. i‘ i‘ i. 0. i. i. 0. 0.
% %0 $1d: i NMP_Ibl.txt,v 1.3 2003/06/ 11 16:01: 00 gawt hrop Exp $
% 9% $Log: i NMP_Ibl.txt,v $

% %% Revision 1.3 2003/06/11 16:01: 00 gaw hrop

Tue Aug 19 15:04:36 BST 2003 Page 32.
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% %06 Updat ed exanples for |atest MIT.

% %%

% %% Revision 1.2 2000/05/20 16:42:42 peterg
% %% New SS f or mat

% %%

% %6 Revision 1.1 1999/03/09 00:10: 07 peterg
% %06 I nitial revision

% %%

% 9B

% Port ali ases

% Argunent aliases
%ALI AS $1 c_f
%ALI AS $2 c_s
%ALI AS $3 r _f
Y%ALIAS $4 r_s

%0 Each |ine should be of one of the follow ng forns:

% a comment (ie starting with %

% conponent - nane cr_nane argl,arg2,..argn
% bl ank

% ---- Conponent |abels ----

% Conponent type AE

mlin -1

plinl

% Conponent type C
c flineffort,c_f
c slineffort,c_s

% Conponent type R
r lin flowr

r f linflowr _f

r s linflowr_s

% Conponent type SS
el SS external,internal

Tue Aug 19 15:04:36 BST 2003 Page 33.
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e2 SS external , 0

3.1.2 Subsystems

No subsystems.

3.2 INMP_struc.tex

MTT command:

nmt i NMP struc tex

List of inputs for system iNMP

Component

System

Repetition

e2

INMP__e2

1

List of nonstates for system iNMP

Component

System

Repetition

CsS

iNMP__c_s

1

List of outputs for system iINMP

Component

System

Repetition

el

INMP__el

1

List of states for system iINMP

Component

System

Repetition

c.f

INMP__c_f

1

3.3 INMP_odetex

MTT command:

mt i NVP ode tex

Tue Aug 19 15:04:36 BST 2003
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(cire(cresliarrs—+crusr —Xarf))

X1 =
(r (c%r% —2CiCol irs+ cgrg))

(3.1)

(c?csulrr%rs-i— cunrr? — cc2unrrr2 — c2csUarr¢rs+ C2Xarr% + CrCaUnrrd + cr c2uprr2 — 2ct CoXaf r ¢

y1=
(cfr(c%r%—Zcfcsrfrercgrg))
(3.2)
3.4 INMP_dm.tex
MTT command:
mt i NMP dmtex
1 00
E={0 1 0 (3.3)
00O
(=1 Is
(cir) re
A= 0 1 (3.4)
C—Cf -1 0
1
rt
B=1[0 (3.5
Cs
c:(é 0 rs> (3.6)
D=(1) (3.7)

Tue Aug 19 15:04:36 BST 2003 Page 35.
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3.5 INMP._tf.tex

MTT command:

nmt i NMP tf tex

CfCsl T {FsS24-Cf T £ S+Csf I'sS+Csf £ FsS+T+T

(cirris—csrrss+ry)

3.6 INMP_Imfr.ps

MTT command:
nmt iNVP Infr ps
This representation is given as Figure 3.2 (on page 34).

MTT simulation on Tue Aug 19 15:02:04 BST 2003
22 T T T T T
) ‘ ‘ ‘ ‘ ‘
1.8
1.6
14
1.2
1
0.8
0.6
0.4

0.2

1 -0.5 0 0.5 1 15 2

Figure 3.2: System iNMP, representation Imfr (-noargs)

3.7 INMP_lpfr.ps

MTT command:
nt i NVP | pfr ps
This representation is given as Figure B3 (on page B5).

Tue Aug 19 15:04:36 BST 2003 Page 36.
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MTT simulation on Tue Aug 19 15:02:05 BST 2003
200 \ \ T T ‘
150 | ‘ | ‘ |
100
50
0
-50
-100
-150
—200_1

-0.5 0 0.5 1 15 2

Figure 3.3: System iNMP, representation Ipfr (-noargs)

Tue Aug 19 15:04:36 BST 2003 Page 37.
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Chapter 4
IRC2c

4.1 IRC2c_abg.tex

MTT command:

nt i RC2c abg tex

Rir_1 Ccl1l Rir_2 C:c 2

SS:uy}ﬁli\ ﬁi ﬁllT ﬁg

Figure 4.1: System iRC2c: acausal bond graph

The acausal bond graph of system iRC2c is displayed in Figure .1 (on page B9)
and its label file is listed in Section 1.1 (on page B9). The subsystems are listed
in Section (on page @47)).

This example gives the inverse of a double RC circuit with collocated
sensor/actuator pairing.

4.1.1 Summary information

System iRC2c:Inverse of double RC circuit with collocated io  jDetailed
description hereg,

41



Report Inverse Representation rep

Interface information:

This component has no ALIAS declarations

Variable declarations:

This component has no PAR declarations

Units declarations:

This component has no UNITs declarations

The label file: iRC2c_Ibl.txt

YBSUMMARY i RC2c I nverse of double RC circuit with collocated io
UDOESCRI PTI ON <Det ai | ed descri pti on here>
%% Label file for systemi RC2c (i RC2c_| bl.txt)

% 0, .l .l .l .l .l .l .l .l .l .l .l .l .l .l
% %% Ver si on control history
%0 YOS EEEE YO EE8E AL LSL L DL ALY
% %6 $1 d: i RC2c_I bl .txt,v 1.1 2000/ 12/28 17:52:17 peterg Exp $

% %% $Log: i RC2c_Ibl.txt,v $

% %0 Revision 1.1 2000/12/28 17:52:17 peterg
% %% To RCS

% 9%

%O 0/0 0/0/0/0/8/8/8/8/8/& 4 4 Y0

%6 Each line should be of one of the follow ng forns:
% a comment (ie starting with %

% Conponent - nane CR_nane argl, arg2,..argn

% bl ank

% Conponent type C
cllineffort,c_ 1
c2lin effort,c_2

% Conponent type R
r 1 1linflowr_1

r 21linflowr_2

Tue Aug 19 15:04:36 BST 2003 Page 42.
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% Conponent type SS
uy SS external, external

ntt

ntt

4.1.2 Subsystems

No subsystems.

4.2 |(IRC2c_struc.tex

MTT command:

i RC2c struc tex

List of inputs for system iRC2c

Component

System

Repetition

uy

iIRC2c__uy

1

List of outputs for system iIRC2c

Component

System

Repetition

uy

IRC2c__uy_2

1

List of states for system iIRC2c

Component | System Repetition
cl iIRC2c_c1|1
c2 iIRC2c_c2 |1

4.3 (RC2c_dae.tex

MTT command:

i RC2c dae tex

Tue Aug 19 15:04:36 BST 2003
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(clczulrg + C1Xo — CzXl)

X1 =

(C1Car2)
4.1
_ (—C1X +Coxq) (4.1)
(C1Caro)
CiUprq + X
y, — Clant+x1) w2
C1
4.4 iRC2c.dm.tex
MTT command:
mt i RC2c dm t ex
(=1 1
A= ((Cllrz) ((Cfrf))> 4.3)
(cirz)  (cora)
1
B= (o) (4.4)
€= (C_ll O) (4.5)
D=(r) (4.6)
45 [RC2c. tf.tex
MTT command:
mt i RC2c tf tex
= (Cchr1r232+01r15+02rls+c2r23+1)
G ( (s(ciCorostci+cp)) > (47)

Tue Aug 19 15:04:36 BST 2003 Page 44.
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IRC2n

5.1 iRC2n_abg.tex

MTT command:
nt i RC2n abg tex

Rir 1 Ccl

Figure 5.1: System iRC2n: acausal bond graph

The acausal bond graph of system iRC2n is displayed in Figure (on page £3)
and its label file is listed in Section (on page 43). The subsystems are listed
in Section (on page 5).

This example gives the inverse of a double RC circuit with non-collocated
sensor/actuator pairing.

5.1.1 Summary information

System iRC2n:Inverse of double RC circuit with non-collocated io
iDetailed description hereg,

Interface information:
This component has no ALIAS declarations
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Variable declarations:

This component has no PAR declarations

Units declarations:

This component has no UNITs declarations

The label file: iRC2n_Ibl.txt

YSUMMVARY | RC2n I nverse of double RC circuit with non-collocated ic
UOESCRI PTI ON <Det ai | ed descri pti on here>
%% Label file for systemi RC2n (i RC2n_I bl . txt)

% 0, 4 a4 SO0 888848
% %% Ver si on control history
% 0, VOO EEA VOV EE8EAE S O48 448
% %6 $1d: i RC2n_Ibl.txt,v 1.1 2000/12/28 17:53:01 peterg Exp $
% 9% $Log: i RC2n_Ibl.txt,v $

% %0 Revision 1.1 2000/12/28 17:53:01 peterg
% %0 To RCS

% %%

% %% Revision 1.1 2000/05/20 16:43:52 peterg
% %Wolnitial revision

% 9%

% 98

%% Each |ine should be of one of the foll ow ng forns:
% a comment (ie starting with %

% Conponent - nane CR_nane argl, arg2,..argn

% bl ank

% Conponent type C
c_ 11lineffort,c_1
c 2 lin effort,c_2

% Conponent type R

r 1 1inflowr_1
r 21linflowr_2
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% Conponent type SS
u SS external,internal

y SS external,O

ntt

5.1.2 Subsystems

No subsystems.

5.2

MTT command:

i RC2n struc tex

IRC2n_struc.tex

List of inputs for system iRC2n

Component

System

Repetition

y

IRC2n_y

1

List of nonstates for system iRC2n

Component

System

Repetition

c1
c.2

iRC2n__c_1
iRC2n__c_2

1
1

List of outputs for system iRC2n

Component

System

Repetition

u

iRC2n__u

1

ntt

5.3

i RC2n dae tex

21 =
Zo =

ci(zr2+y)
Coy

IRC2n_daetex

MTT command:

VYi=2r1+2r1+2r+y
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54 iRC2n_dm.tex

MTT command:

mt i RC2n dm t ex

1 000
0100
E= 0000 (5.3
0 00O
0 0 1 O
0 0O 0 1
A=1Z1 0 0 an (5.4)
0O -1 0 O
0
0
B= |, (5.5)
C2
C=(0 0 r1 ri+ry) (5.6)
D= (1) (5.7)
55 IRC2n._tf.tex
MTT command:
mt i RC2n tf tex
G = (C1Cor1ras* + Car1S+ Cor 15+ Corps+1) (5.8)
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saRC2c

6.1 saRC2c_abg.tex

MTT command:

nt saRC2c abg tex

o Specification system :

. Rir_1s C:c 1s R:r 2s C:c 2s E

Sus——{1 {1 b0 —i1 0
e=0 | o ______.

AF | Rl Ccc 1 Rir 2 Cc2 !

SS:u}f:0 Ofb—— 1 | 0 —1 | 0 E
: Inverse system ;

Figure 6.1: System saRC2c: acausal bond graph

The acausal bond graph of system saRC2c is displayed in Figure B.1] (on page
B7) and its label file is listed in Section (on page E8). The subsystems are
listed in Section (on page 49).

49



Report Inverse Representation rep

This example gives the inverse of a double RC circuit with
e specification system,
e amplifier connection and

¢ collocated sensor/actuator pairing.

6.1.1 Summary information

System saRC2c:  jDetailed description hereg,

Interface information:

This component has no ALIAS declarations

Variable declarations:

This component has no PAR declarations

Units declarations:

This component has no UNITs declarations

The label file: saRC2c_Ibl.txt

YSUMVARY saRC2c
UDOESCRI PTI ON <Det ai | ed descri ption here>
%6 Label file for system saRC2c (saRC2c_| bl .txt)

% [0) 04 048 8848 8848 A4
% %% Ver si on control history
% (o) D .l .l D .l .l 0 .l .l .l § .l .l .l .l .l .l .l .l .l .l .l 4 .l .l .l .l .l .l
% %% $1 d: saRC2c_Ibl.txt,v 1.1 2000/ 12/28 17:53:33 peterg Exp $

% 9806 $Log: saRC2c_Ibl.txt,v $

% %0 Revision 1.1 2000/12/28 17:53:33 peterg
% %0 To RCS

% %0

% 968 0/0/0/0/8/8/8/0/0/&

%0 Each line should be of one of the follow ng forns:
% a coment (ie starting with %
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% Conponent - nane CR_nane argl, arg2,
% bl ank

% Conponent type C
c1llineffort,c_1
c_1s lin effort,c_1s
c 21lineffort,c_2
c 2s lin effort,c_2s

% Conponent type R
r 1 1lin flowr_1
r 1s lin flow r_1s
r21linflowr_2
r 2s lin flowr_2s

% Conponent type SS
u SS external, O
u_ s SS external, external

..argn

6.1.2 Subsystems

No subsystems.

6.2 saRC2c _struc.tex

MTT command:

nmt saRC2c struc tex

List of inputs for system saRC2c
Component | System Repetition
1|us saRC2c_us | 1

List of outputs for system saRC2c

Component | System Repetition
1l|u saRC2c__u 1
2| uUs saRC2c_us | 1
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List of states for system saRC2c
Component | System Repetition
l|cil saRC2c_c1l |1
2| cls saRC2c_c1s |1
3|c2 saRC2c_c2 |1
41 c2s saRC2c_c2s |1

6.3 saRC2c_dae.tex

MTT command:
mt saRC2c dae tex

(C1C15C2U1r2 + C1C1sXal 15 — C1CoX2l 2 — C1sC2X1l 1s)
(C1C1sC2r1sl2)
(C15C25U1l 25 + C1sX4l 15 — CosXal 15 — CosXol 2s)
( C1sCosl 1sf 23) 6.1)

X1 =

Xo =

_ (—Cixg+Cox1)
(c1cora)

_ (—C1Xq+ CosXp)

B (C1sCosl2s)

(C1C1U1r1 — CiXol 1+ C1sX1l1s)

1= (C1C1s'1) 62
yo = (C1sup — X2) '
(Clsrls)
6.4 saRC2c.dm.tex
MTT command:
nmt saRC2c dm t ex
(-1 (-1 1
(cir) 2(313"15) (Cora)
0 (=(ris+r2s)) 0
A— . (Clsrésrzs) 1 (sz)r 25) (6.3)
(c1r2) ) (Cora) 1
0 (C1sr2s) 0 (Cosf2s)
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1
£y
B= |7 (6.4)
0
1 (=ry)
C= <°1 (st ° 0) (6.5)
0 Tang 00

p- (1) 66)

6.5 saRC2c._tf.tex

MTT command:

mt saRC2c tf tex

(ClclsCZCZSr 172r 2553+ C1C15Cor 17 25°+C1 C15Cosl 11 255 +C1C1sT 15+C1CoCosT 11257 +C1 Cosl 15+C15CCosI 11 255 +C15C2Cosl 21 2557 +C1sCor
G= (C]_CJ_SCQCZSI' 1sr2r25§+01c1502r 1sr252+Cj_C13C25r 1sr2532+clclsr 1sS+C1CpCosl 1sr232 +c1c2025r2r2532+0102 '2S+C1 Cosl 1s5+C1 Cosl 25S+-C
(S(C1sCasl 255+C15+Cps))
(ClsCZsr 151 2557 +-C1sT 155+Cosl 155+Cosl 25+ 1)

(6.7)

6.6 saRC2c_odeso.ps

MTT command:
nt saRC2c odeso ps
This representation is given as Figure E.21 (on page B2).

6.7 saRC2c_Imfr.ps

MTT command:
nt saRC2c I nfr ps
This representation is given as Figure E3] (on page B2).
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MTT simulation on Tue Aug 19 15:02:44 BST 2003

Figure 6.2: System saRC2c, representation odeso (-noargs)

MTT simulation on Tue Aug 19 15:02:45 BST 2003

0 T ‘ ‘ ‘
0.2 ‘ ‘ ‘
-04
-0.6
-0.8
-1
-1.2
-14
-16 F

_18 i i i i i
-1 -0.5 0 0.5 1 1.5 2

Figure 6.3: System saRC2c, representation Imfr (-noargs)
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szRC2c

7.1 szRC2c_abg.tex

MTT command:

nt szRC2c abg tex

___________________________________

Specification system

R:r_1s C.c 1s R:r_2s C.c 2s

—
—
—

S
SS:zero ?fg 0 E Rir 1 Cc1 Rir 2 C:c 2
SSul—73 1f—— 1 | 0 41 | 0

e e

Figure 7.1: System szRC2c: acausal bond graph
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The acausal bond graph of system szRC2c is displayed in Figure [Z] (on page
B3) and its label file is listed in Section [ZL.1l (on page B4). The subsystems are
listed in Section (on page BY).

This example gives the inverse of a double RC circuit with

e specification system,
e zero-zero SS connection and

e collocated sensor/actuator pairing.

7.1.1 Summary information

System szRC2c:Specification inverse of double RC circuit with collocated io
jDetailed description hereg,

Interface information:

This component has no ALIAS declarations

Variable declarations:

This component has no PAR declarations

Units declarations:

This component has no UNITs declarations

The label file: szZRC2c_Ibl.txt

YSUMVARY szRC2c Specification inverse of double RC circuit with cc
UOESCRI PTI ON <Det ai | ed descri pti on here>
%% Label file for system szRC2c (szRC2c_I bl . txt)

% [0) 04 048 8848 R88888
% %% Ver si on control history
% 0 5 i. Y8 i. i. 5 l. l. 5 l. t. .. .. .. .. .. .. .. i. i. i. i. i. i. i. i. i. i. l. i.
% %% $1 d: szRC2c_Ibl.txt,v 1.2 2003/06/ 11 16:01: 44 gawm hrop Exp $

% %% $Log: szRC2c_Ibl.txt,v $

% %% Revision 1.2 2003/06/11 16:01: 44 gaw hrop
% %80 Updat ed exanples for |atest MIT.

% 9%
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% %6 Revision 1.1 2000/12/28 17:54:15 peterg
% %6 To RCS

% %%

% %% Revision 1.1 2000/05/20 16:44:55 peterg
% %06 Initial revision

% %%

% 98

%% Each |ine should be of one of the follow ng forns:
% a comment (ie starting with %

% Conponent - nane CR_nane argl, arg2,..argn

% bl ank

% Conponent type C
c1lineffort,c_1
c_1s lin effort,c_1s
c 2 1lin effort,c_2
c_2s lin effort,c_2s

% Conponent type R
r 1 1lin flowr_1
r 1s lin flow,r_1s
r 2 1lin flowr_2
r 2s lin flowr_2s

% Conponent type SS
u_ s SS external, external

zero SS 0,0
u SS external,internal

7.1.2 Subsystems

No subsystems.

7.2 szRC2c struc.tex

MTT command:
mt szRC2c struc tex
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List of inputs for system szRC2c
Component | System Repetition
1|us szRC2c_us |1
List of outputs for system szRC2c
Component | System Repetition
1 us szRC2c_us?2 |1
2|U szRC2c__u 1
List of states for system szRC2c
Component | System Repetition
l|ci szRC2c_c1 |1
2 |cls szRC2c_c1s | 1
3|c2 szRC2c_c?2 |1
41 c2s szRC2c_c2s |1

7.3 szRC2c_dae.tex

MTT command:

mt szRC2c dae tex

(C1C1sC2U1I2 + C1C15X3l 15 — C1C2Xol 2 — C1sCoX1l 15)

s (C1C15C2r1512)
5o = (C1sC2sU1r 25 + C1sXal 1s — CosXol 15 — CosXol 2s)
(C1sCasf 15l 25) (7.1)
% — (—C1x3 +Coxa) '
(c1Cor2)
% — (—C1sX4 + CosX2)
(ClsCZSrZS)
(CasUr —%2)
Yi=————
(C1sr1s) (7.2)
_ (C1C1sUary — CaXor'1 4 CisXal 1s)
(C1Casr1s)
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7.4 szRC2c_dm.tex

MTT command:

mt szRC2c dmt ex

(=1 (=1 1
(c1r2) (C1sr1s) (cara)
0 (=(ris+ras)) 0 1
A= (C1sr1sr2s) (Cosf2s) (7 3)
1 0 (-1 0 .
(c1r2) . (car2) 1
0 (Casr2s) 0 (Costos)
1
l1s
B=|rs 7.4
: (1.4
0
(=1
C— <2 ((Clsrfl?) 0 0) (7.5)
—rq
& g 00

1
D= (7.6)
s

75 szRC2c. tf.tex

MTT command:

mt szRC2c tf tex

(S(C15Cosr 255+-C151-Cps))
(ClsCZsr 157 2557 +-C1sT 155+Cosl 155+ Cosl 25+ 1)
(ClclsCZCZSr 112F 258>+ C1 C16Cor 17257 +C1 C1sCosl 11 2557 +C1 C1sl 15-+C1CoCosl 11257+ C1 Cosl 15+C15C2C2sr 11 255+ C15C2C2s 21 255+ C1sCaf
(C1C15CaCosI 15T 2F 2553 +C1 C15Cor 15 257 +C1C1CasT 151 2557 +C1 CsT 155+C1 CaCosl 157 25 +C1CoCosl 2T 2552 +C1 Col 25+C1 Cosl 155+C1 Cosl 255+C

(7.7)

G=
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7.6 zRC2c_odeso.ps

MTT command:
nt zRC2c odeso ps
This representation is given as Figure [Z.2 (on page B8).

Figure 7.2: System zRC2c, representation odeso (-noargs)

7.7 szRC2c Imfr.ps

MTT command:

nt szRC2c Infr ps
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This representation is given as Figure [Z.3 (on page BE9J).

MTT simulation on Tue Aug 19 15:03:01 BST 2003

0 T ‘ ‘ ‘
-0.2 ‘ ‘ ‘
-0.4
-0.6
-0.8
-1
-1.2
-14
16+

_18 i i i i i
-1 -0.5 0 0.5 1 1.5 2

Figure 7.3: System szRC2c, representation Imfr (-noargs)
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szRC2n

8.1 szRC2n_abg.tex

MTT command:

nt szRC2n abg tex

Specification system

R:r_1s C.c 1s R:r_2s C:.c 2s

SS.u_s /Il I 0 /:1 [ 0 ‘/:O f_O/ISS:y_S
CTTTITtT P, co | £ e0
| Rir_1 Ccl1 Rir_2 Cic 2 155 SS:zero
SSu — 1 20 1 A 0

Figure 8.1: System szRC2n: acausal bond graph

The acausal bond graph of system szRC2n is displayed in Figure (on page
B1) and its label file is listed in Section (on page&2). The subsystems are
listed in Section (on page B3).

This example gives the inverse of a double RC circuit with
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e specification system,
e zero-zero SS connection and

e non-collocated sensor/actuator pairing.

8.1.1 Summary information

System szRC2n:Specification inverse of double RC circuit with
noncollocated io  jDetailed description here;

Interface information:

This component has no ALIAS declarations

Variable declarations:

This component has no PAR declarations

Units declarations:

This component has no UNITs declarations

The label file: szRC2n_Ibl.txt

YSUMVARY szRC2n Specification inverse of double RC circuit with nc
UDOESCRI PTI ON <Det ai | ed descri ption here>
%% Label file for system szRC2n (szRC2n_I bl . txt)

% [0) .l .l .l .l .l .l .l .l .l .l .l .l .l .l
% %% Ver si on control history
%0 .i. Y8 i.i..t.t.t.t. 0. t......... .. .... i.i. i. i‘i"i‘i‘ i. t.i.i.i. 0. i.
% %6 $1 d: szRC2n_I bl .txt,v 1.2 2003/ 06/ 11 16:02:21 gawthrop Exp $

% %% $Log: szRC2n_Ibl.txt,v $

% %0 Revision 1.2 2003/06/11 16:02:21 gaw hrop
% 980 Updat ed exanples for |atest MIT.

% %%

% %% Revision 1.1 2000/12/28 17:54:46 peterg
% %% To RCS

% %%

% %% Revision 1.1 2000/05/20 16:45:37 peterg
% %o lnitial revision
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% %0

% 9B

%0 Each |ine should be of one of the follow ng forns:
% a comment (ie starting with %

% Conponent - nane CR_nane argl, arg2,..argn

% bl ank

% Conponent type C
c1llineffort,c_1
c_1s lin effort,c_1s
c 2 1lineffort,c_2
c 2s lin effort,c_2s

% Conponent type R
r 1 1in flowr_1
r 1s lin flow,r_1s
r 21lin flowr_2
r 2s lin flowr_2s

% Conponent type SS

u s SS external,internal
y s SS external,O

zero SS 0,0

u SS external,internal

8.1.2 Subsystems

No subsystems.

8.2 szRC2n_struc.tex

MTT command:

mt szRC2n struc tex
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List of inputs for system szRC2n
Component | System Repetition
1 us szRC2n_us |1

List of nonstates for system szRC2n

Component | System Repetition
l|cil szRC2n_c1 |1
2 |c2 szRC2n_c2 | 1

List of outputs for system szRC2n

Component | System Repetition
1|ys szRC2n_ys | 1
2|u szRC2n__u 1
List of states for system szRC2n
Component | System Repetition
1|cls szRC2n_c.1s | 1
2|c2s szRC2n_c2s | 1

8.3 szRC2n_dae.tex

MTT command:
mt szRC2n dae tex

(C15C2sU1l 25 + C1sX2l 1s — CosX1l 15 — C2sX1[ 2s)

(C1sC2sf 15 2s) (8.1)
Xo = (—C1sX2 + CosX1) '
(C15C2sl 25)
2 — (c1(Coszora+x2))
Cos
8.2
(Coxo) (8.2)
Zo =
Cos
y1= -2
1= —
Cos (8.3)
_ (Coszal'1 + Cas2al'1 + CosZal2 + X2) '
Cos
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8.4 szRC2n_dm.tex

MTT command:
mt szRC2n dmtex
1 00000
01 0000
E_ 001000
|00 0100
0 00OO0O0O
0 00O0O0O
(—(ris+r29)) 1
(Clsris"Zs) (CZE%S) 0 0 0
(C1sr2s) (Cosf2s) 0 00
A— 0 0 0 0 1
0 0 0O 0 O
0 g—ls -1 0 O
0 2 0 10
25
1
l1s
0
0
B—
0
0
0

0L 000 O
C= t
OC—ZSOOr1r1—|—r2

- )

Tue Aug 19 15:04:36 BST 2003
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(8.5)

(8.6)

(8.7)

(8.8)
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8.5 szRC2n_tf.tex

MTT command:
nt szRC2n tf tex

1

(ClSCZSr 15T 2552 +C1sT 165+Cosl 155+Cosl 255+ 1)
G= (01C2r1r232+01r1$+02r13+C2r23+1) (8'9)
(C15Cosr 15F 2557+ C1sl 155+Cosl 155+ Cosl 255+1 )
8.6 szRC2n_odeso.ps
MTT command:
nt szRC2n odeso ps
This representation is given as Figure B2 (on page B66).
MTT simulation on Tue Aug 19 15:03:20 BST 2003
7 T T T T T T T
O L L L L L L L L L
0 1 2 3 4 5 6 7 8 9 10
Figure 8.2: System szRC2n, representation odeso (-noargs)
8.7 szRC2n_Imfr.ps
MTT command:
nt szRC2n I nfr ps
This representation is given as Figure B3 (on page 7).
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MTT simulation on Tue Aug 19 15:03:22 BST 2003

2 T T T T

05 : o T L
A T
S A : oo o R RN,
B | R e —
25 i i i i i

-1 -05 0 05 1 15 2

Figure 8.3: System szRC2n, representation Imfr (-noargs)
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Chapter 9

ITanks

9.1 iTanks.abg.tex

MTT command:

nt i Tanks abg tex

Pipe Tank Pipe Tank Pipe
R C R C R
ss:uil 1 0 1 0 1 ) ssiu2
.
SSyl SSiy2
System inverse

Figure 9.1: System iTanks: acausal bond graph

Figure @11 (on page [Z1) shows the bond graph of a two-tank system
superimposed on a schematic diagram. The two C components corresponds to
the fluid storage and how it relates to the pressure at the base of the tanks. In this
case, for simplicity, each tank (i =1 or i = 2) is assumed to have a unity
constitutive relationship:

pressure = p; = V; = volume 9.1)
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The volumetric flow rate into the first, and out of the second, tank is represented
by the two unlabelled R components. Again, each is assumed to have a unit
constitutive relationship:

flow = f; = A; = pressure drop (9.2)

The volumetric flow rate between the first and the second tanks is represented R
component labelled k. The constitutive relationship is assumed linear of the
form:

flow = f = kA = pressure drop (9.3)
The system has two inputs:

up = input pressure at left-hand pipe

9.4
U2 = input pressure at right-hand pipe (04
and two outputs:
y1 = p1 = pressure at left-hand tank ©5)
Y2 = p2 = pressure at right-hand tank '
The system transfer-function matrix is given by:
_ B (s+k+1)
O =C2 = (2 a5kt 1) + 2k 1)
(9.6)
G12=0Gp1 = K
TR (@ os(k+ 1)+ 2k+ 1)

However, Figure B.11 (on page [Z1)) shows the causality of the SS components to
invert the system with respect to its inputs and outputs. Figure ?? (on page ??)
shows the causally complete bond graph; this system has no dynamic
components in integral causality — the inverse has no poles and therefore the
system has no zeros.

Some further representations of the inverse appear in the following sections.

9.1.1 Summary information

System iTanks::Inversion of a two-tanks system  This inverse system has no
poles thus the system itself has no (multivariable) zeros

Interface information:

This component has no ALIAS declarations
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Variable declarations:

This component has no PAR declarations

Units declarations:

This component has no UNITs declarations

The label file: iTanks_Ibl.txt

YSUMVARY i Tanks: Inversion of a two-tanks system

UOESCRI PTI ON Thi s i nverse system has no poles thus

UDOESCRI PTI ON the systemitself has no (nultivariable) zeros
%0 Label file for systemi Tanks (i Tanks_| bl .txt)

% 0 .l .l .l .l .l .l .l .l
% 980 Ver si on contro
%0 ERAR DARRAE
% %6 $1 d: i Tanks | bl.txt,v
% %% $Log: i Tanks | bl.txt,v $

% %% Revision 1.1 2000/05/20 16:46:10 peterg
% Wolnitial revision

% %%

% 98

%0 Each |ine should be of one of the follow ng forns:
% a comment (ie starting with %

% Conponent - nane CR_nane argl, arg2,..argn

% bl ank

% Conponent type SS

ul SS external,internal
u2 SS external,internal
yl SS external, O

y2 SS external, O

9.1.2 Subsystems

No subsystems.
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9.2 iTanks.cbg.ps
MTT command:
I Tanks cbg ps

This representation is given as Figure @2 (on page [74).

Pipe Tank Pipe Tank Pipe
R C R C R
N N
ss.uil 1! 0 A1} /0 1 | ssiu2
L L
SSyl SSy2

System inverse

Tue Aug 19 15:04:36 BST 2003

Figure 9.2: System iTanks, representation cbg (-noargs)

0.3 ITanks.struc.tex

MTT command:

i Tanks struc tex

List of inputs for system iTanks
Component | System Repetition
1|yl iTanks__yl | 1
2 |y2 iTanks_y2 | 1
List of nonstates for system iTanks
Component | System Repetition
1| mttC iTanks_mttC 1
2 | mttC_2 iTanks-_mttC 2 | 1

Representation rep
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List of outputs for system iTanks
Component | System Repetition
1 ul iTanks_ul | 1

2 | u2 iTanks_u2 | 1

9.4 iTanks.dm.tex

MTT command:
nmt i Tanks dmt ex
1 000
0100
E= 0000 9.7
0 0O00O
0 0 10
0 0 01
A= 1.0 00 (9.8)
0 -1 00
00
00
B= 01 (9.9)
10
0 001
Cz(o 01 O) (9.10)
2 -1
D:<_1 2) (9.11)
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9.5 ITanks.tf.tex

MTT command:

nt i Tanks tf tex

G= <S_+12 5112) 9.12)
9.6 iTanksImfr.ps

MTT command:
mt i Tanks I nfr ps

This representation is given as Figure @.3 (on page [Z7).

9.7 iTanks.Ipfr.ps

MTT command:
mt i Tanks | pfr ps

This representation is given as Figure @.4] (on page [78).
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Figure 9.3: System iTanks, representation Imfr (-noargs)
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Figure 9.4: System iTanks, representation Ipfr (-noargs)
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Chapter 10
I TwoL ink

10.1

ntt i TwoLi nk abg tex

iTwoL ink_abg.tex

MTT command:

SSitls
msd:spec]%\ 1
SSit2s
msd'spec:"I 1
PN
Specification

SSitl

ﬁo

SSit2 [joint_1]
twolink:syst

lioint_2]
ﬁ O

System

Figure 10.1: System iTwoLink: acausal bond graph

The acausal bond graph of system iTwoL.ink is displayed in Figure [L0.] (on
page [79) and its label file is listed in Section IO.1.1 (on page BO). The

subsystems are listed in Section [L0.1.2 (on page B2).

This example illustrates the inversion of two link manipulator dynamics using
two identical simple mass-spring-damper systems as specification systems.
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The velocities w; = wy specified by the specification systems are given in Figure
?? (on page ??) together with the input defined in Section ?? (on page ??). The
torques 11 and T2 required to give the these velocities specified by the
specification system are given in Figures ?? (on page ??) and ?? (on page ??)
respectively.

The corresponding velocity/torque diagrams for joints 1 and 2 appear in Figures
?7? (on page ??) ?? (on page ??) respectively. Such diagrams can be used for
actuator sizing in terms of torque, velocity and power.

This non-linear system can be linearised (about the various configurations) and
small-signal frequency response methods applied. For example, the four transfer
functions G11 to G»2 in Section ?? (on page ??) (representing the system
linearised about zero angles and velocities), give the small-signal relations
between the two spec. torques and the required system torques. Used together
with Gz1 and G42 (relating the spec. torques and the joint velocities) gives, in
principle, a method for evaluating actuator requirements (for small signals) as a
function of frequency.

10.1.1 Summary information

System iTwoLink::Inverse of two-link manipulator  Uses the specification
system idea to get an ordinary differential equation inverse.

Interface information:

Component INTF isin library General/INTF

Variable declarations:

This component has no PAR declarations

Units declarations:

This component has no UNITs declarations

The label file: iTwoLink_Ibl.txt

YSUMVARY i TwoLi nk: | nverse of two-I|ink manipul ator

UDOESCRI PTI ON Uses the specification systemidea to get an ordinary
YOESCRI PTION di fferential equation inverse.

%06 Label file for systemi TwoLi nk (i TwoLi nk_I bl . txt)
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% 0, 4 S8 808A8
% %% Ver si on contro
%0 ii.i. ) ............ i. i.i.i...i.i.i. i.i. ] ""'t‘ .‘i..... t.
% 9% $1d: i TwoLink_Ibl.txt,v 1.2 2000/05/20 16:50: 22 peterg Exp
% %% $Log: i TwoLink_Ibl.txt,v $

% %% Revision 1.2 2000/05/20 16:50: 22 peterg

% %% New SS f or mat

% %%

% %% Revision 1.1 1998/11/17 15:50:45 peterg

% %06 I nitial revision

% %%

9% O

%ALI AS | NTF General /| NTF

%% Each |ine should be of one of the follow ng forns:
% a comment (ie starting with %

% Conponent - nane CR_nane argl, arg2,..argn

% bl ank

% Conponent type AF
al lin flow 1
a2 lin flow, 1

% Conponent type SS

tl1 SS external,O

t2 SS external, O

t1s SS external, external
t2s SS external, external

% Conponent type nsd
specl
spec?2

% Conponent type onelink
syst
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10.1.2 Subsystems

e msd: Simple mass-spring damper (2) No subsystems.
o twolink: two-link manipulator from Section 10.5 of "Metamodelling” (1)

— ROD: rigid rod in two dimensions (2)

10.1.3 INTF

|

SS:[Flow] AF AE SS:[Integrated flow]

Figure 10.2: System INTF: acausal bond graph

The acausal bond graph of system INTF is displayed in Figure (on page B2)
and its label file is listed in Section (on page B2). The subsystems are
listed in Section (on page B4).

INTF is a two-port component where the effort on port [out] is the integral of the
flow on port [in].

Summary information

System INTF::flow integrator  Port [in]: Flow to be integrated Port [out]:
Effort = integral of flow on port [in]

Interface information:
Port in represents actual port Flow

Port out represents actual port Integrated _flow

Variable declarations:

This component has no PAR declarations
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Units declarations:

This component has no UNITs declarations

The label file;: INTF_Ibl.txt

%% Label file for system |INTF (INTF_Ibl.txt)

YBSUMMARY | NTF: flow integrator

YOESCRI PTION Port [in]: Flow to be integrated

YOESCRI PTION Port [out]: Effort = integral of flow on port [in]

% %% Ver si on control history
%0 Y8 5 VI ALLL, A ANLL L DAL VLA LA AL L VAL L ALY
% 9% $1d: INTF_Ibl.txt,v 1.3 1998/ 07/16 07:35:10 peterg Exp $
% %% $Log: INTF_Ibl.txt,v $

% %6 Revision 1.3 1998/07/16 07:35:10 peterg
% %% Al i ased version
% 9%

% 9B

% Port aliases

%ALI AS i n Fl ow

%ALI AS out Integrated flow
% Argunent ali ases

%0 Each |ine should be of one of the follow ng forns:

% a comrent (ie starting with %

% conponent - nane cr_nane argl, arg2,..argn
% bl ank

% ---- Conponent |abels ----

% Conponent type SS
[ Fl ow] SS external, external
[Integrated flow] SS external, external
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Subsystems

No subsystems.

10.1.4 ROD
B — -
SS[x_a SS:[alpha_ g SS[y_d
Tipa 0 0
\[out] [out]
[mod) EMTF:c1 | [mod] EMTF:sl
[in [in]
Imx <1 oL INTRIA 1} IJ 1| tmy
[mod] [in] [in]
Mass centre “EMTF{c2 - EMTF:s2
[mad]
[out] [out]
0 N 0
SSi[x_b] 5S:[alpha b] SS:y_b]
Tip b X o Y

Figure 10.3: System ROD: acausal bond graph

The acausal bond graph of system ROD is displayed in Figure (on page B4)
and its label file is listed in Section [L0.1.4] (on page BY)). The subsystems are
listed in Section L0141 (on page [86).

ROD is essentially as described in Figure 10.2 of “Metamodelling”.
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Summary information

System ROD::rigid rod in two dimensions  Port [alpha_a]: Angular
torque/velocity - end a Port [alpha_b]: Angular torque/velocity - end b Port [x_a]:
x force/velocity - end a Port [x_b]: x force/velocity - end b Port [y_a]: y

force/velocity - end a Port [y_b]: y force/velocity - end b

Parameter 1: length from end 1 to mass centre Parameter 2: length from end 2 to
mass centre Parameter 3: inertia about mass centre Parameter 4: mass See

Section 10.2 of "Metamodelling”

Interface information:

This component has no ALIAS declarations

Variable declarations:

This component has no PAR declarations

Units declarations:

This component has no UNITs declarations

The label file: ROD_Ibl.txt
YSUMVARY ROD: rigid rod in two di nensions

YOESCRI PTI ON Port [al pha_a]: Angul ar torque/velocity -
UOESCRI PTI ON Port [al pha_b]: Angul ar torque/velocity -

UDESCRI PTION Port [x_a]: x forcel/velocity
YOESCRI PTI ON Port [x_b]: x force/velocity
YOESCRI PTION Port [y_a]: y forcel/velocity
YOESCRI PTION Port [y_b]: y forcel/velocity
UDESCRI PTI ON

end a
end b
end a
end b

end a
end b

UOESCRI PTI ON Paraneter 1: length fromend 1 to mass centre
UOESCRI PTI ON Paraneter 2: length fromend 2 to mass centre

UOESCRI PTI ON Paranmeter 3: inertia about nass centre

YOESCRI PTI ON Par aneter 4: nmass

UDOESCRI PTI ON See Section 10.2 of "Metanodelling"

%0 Label file for system ROD (ROD_I bl . txt)
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% %0 $1d: ROD Ibl.txt,v 1.
% %% $Log: ROD I bl .txt,v &

% %% Revision 1.3 2000/12/28 17:56:50 peterg

% %% To RCS

% %%

% %% Revision 1.2 1997/08/15 09:43:06 peterg

% %% Now has | ablell ed (as opposed to nunbered) ports.
% %%

% Revision 1.1 1996/11/07 10:57:17 peterg

% Ilnitial revision

%
0% 9

0 0/0/0/0/8/8/8/8/8/& 4 4 Y0

%% Each line should be of one of the follow ng forns:
%a comment (ie starting with %

% Conponent - nane CR_nane argl, arg2,..argn

% bl ank

% nertias
Jlin flow $3
mx lin flow, $4
my lin flow $4

% ntegrate angul ar velocity to get angle
th

%\bdul at ed transforners
sl Isin flow $1
s2 |Isin flow, $2
cl lcos flow $1
c2 lcos flow $2

Subsystems

e INTF: flow integrator (1) No subsystems.
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10.1.5 md

C:spring
AN

SS:[in] —~ 1 ~ R:damper

L/
I:inertia

Mass—spring—damper system

Figure 10.4: System msd: acausal bond graph

The acausal bond graph of system msd is displayed in Figure [L0.4] (on page B87)
and its label file is listed in Section [L0.1.5 (on page B8)). The subsystems are
listed in Section [L0.1.5 (on page B9).
msd is a simple Mass-Spring-Damper system with collocated force and velocity.
It is set up to provide a specification system for each link of the two-link
maipulator. This is appropriate because

e it has compatible physical behaviour with the system itself,
e it specifies two decoupled systems,

e it has linear behaviour and
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e it has a simple performance interpretation in terms of system rise-time and
overshoot.

Summary information

System msd::Simple mass-spring damper  jDetailed description here;

Interface information:

This component has no ALIAS declarations

Variable declarations:

This component has no PAR declarations

Units declarations:

This component has no UNITs declarations

The label file: msd_Ibl.txt

YSUMVARY ned: Sinple mass-spring danper
UOESCRI PTI ON <Det ai | ed descri ption here>
%06 Label file for systemmnsd (nsd_I bl . txt)

% 9% $Log: nsd_Ibl.txt,v $

% %0 Revision 1.1 2000/12/28 17:56:50 peterg
% %% To RCS

% %86

0% 9

%% Each line should be of one of the follow ng forns:
% a comment (ie starting with %

% Conponent - nane CR _nane argl, arg2,..argn

% bl ank
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% Conponent type C
spring lin state, k_s

% Conponent type |
inertialin flowms

% Conponent type R
damper lin flow,d_s

% Conponent type SS
[In] SS external, external

Subsystems

No subsystems.

10.1.6 twolink

The acausal bond graph of system twolink is displayed in Figure [[0.5 (on page
[B0) and its label file is listed in Section (on page BY). The subsystems are
listed in Section [L0.1.6l (on page @2).

This is a heirachical version of the example from Section 10.5 of
”Metamodelling”. It uses two compound components: ROD and GRAV. ROD is
essentially as described in Figure 10.2 GRAV represents gravity by a vertical
accelleration as in Section 10.9 of "Metamodelling”

Summary information

System twolink::two-link manipulator from Section 10.5 of
”Metamodelling”  This is a heirachical version of the example from Section
10.5 of ”Metamodelling”. It uses two compound components: ROD and GRA

ROD is essentially as described in Figure 10.2 GRAV represents gravity by a
vertical accelleration as in Section 10.9 of "Metamodelling”

Interface information:

This component has no ALIAS declarations

Variable declarations:

This component has no PAR declarations
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SSv_x SSv.y
T T Joint 1

SS;[joint_1] |
24
[x_a [aphaa [y &
ROD:rod1 Link 1
[x b]  [aphab] [y b]

SS:[joint_2] 0 Joint 2 Q

[x.a [adphaa [y_d
ROD:rod2 Link 2
[x b]  [aphab] [y_b]

SSF x SSF a SSF.y Tip

Figure 10.5: System twolink: acausal bond graph
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Units declarations:

This component has no UNITs declarations

The label file: twolink_Ibl.txt

YSUMMARY twol i nk: two-1ink mani pul ator from Section 10.5 of "Metanodelli
YOESCRI PTION This is a heirachical version of the

YOESCRI PTI ON exanpl e from Section 10.5 of "Metanodel ling".

UDOESCRI PTION It uses two conpound conponents: ROD and GRA

UDESCRI PTION ROD is essentially as described in Figure 10.2

UDESCRI PTI ON GRAV represents gravity by a vertical accelleration

YOESCRI PTION as in Section 10.9 of "Metanodelling"

%% Label (twolink Ibl.txt)

% 9 Y, ¥
% %% Ver si on c
% 9 V888088 8 UL LT LT L LTL G - 8 8
% %6 $1d: twolink Ibl.txt,v 1.1 2000/ 12/28 17:56:50 peterg Exp
% %% $Log: twolink Ibl.txt,v $

% %% Revision 1.1 2000/12/28 17:56:50 peterg

% %6 To RCS

% %%

% %06 Revision 1.2 1996/12/05 12:39:49 peterg

% %% Docunent ati on

% %%

% %% Revision 1.1 1996/12/05 12:17:15 peterg

% %0 Initial revision

% %%

% %6 Revision 1.1 1996/11/14 10:48:42 peterg

% %06 Initial revision

% %%

% ©

%% Each |ine should be of one of the follow ng forns:
% a comment (ie starting with %

% Conponent - nane CR_nane argl, arg2,..argn

% bl ank
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%Rod paraneters - identical rods
rodl none I;l;j_s;ms
rod2 none I;l;j_s;ms

%Zero vel ocity sources
v_X SS internal,O
vy SSinternal,O

%Zero force/torque sources
F x SS 0, i nternal
F a SS 0, i nternal
Fy SS 0, i nternal

%lorque at joints
% al SS external, external
% a2 SS external, external

%> avity
%

Subsystems

e ROD: rigid rod in two dimensions (2)

— INTF: flow integrator (1)

10.2 iTwoLink_struc.tex

MTT command:

mt i TwoLi nk struc tex

List of inputs for system iTwoLink
Component | System Repetition
1] tls iTwoLink_tls | 1
2 | t2s iTwoLink_t2s | 1

Tue Aug 19 15:04:36 BST 2003 Page 94.



Report Inverse Representation rep

List of nonstates for system iTwoLink
Component | System Repetition
1] iTwoLink__syst_rodl_.J 1
2 | mx iTwoLink_syst_rodl__mx |1
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List of nonstates for system iTwoLink (continued)
Component | System Repetition
3| my iTwoLink_syst_rodl_m.y |1
411 iTwoLink__syst_rod2_.J 1
5| mx iTwoLink_syst_rod2__mx | 1
6| my iTwoLink_syst_rod2_m.y | 1
List of outputs for system iTwoLink
Component | System Repetition
1t iTwoLink_t1 |1
2 | t2 iTwoLink_t2 |1
3| tls iTwoLink_tls | 1
4 | t2s iTwoLink_t2s | 1
List of states for system iTwoLink
Component | System Repetition
1 | spring iTwoLink__specl__spring 1
2 | inertia iTwoLink__specl__inertia 1
3 | spring iTwoLink__spec2__spring 1
4 | inertia iTwoLink__spec2__inertia 1
5| mttC iTwoLink__syst_rodl_th_mttC | 1
6 | mttC iTwoLink__syst_rod2__th_mttC | 1

10.3 iTwoLink_simp.r
MTT command:

nt i TwoLink sinp r

10.4 iTwoLink_daetex

MTT command:

ntt i TwoLi nk dae tex
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. X2
X1 = IT_IS
4, — (70X — ksoxa + M)
Mg
Xg =
ms (10.1)
5 — (= G9Xa — koMoxs + M)
X2 s
X5 = E
% — (X2 +X%4)
Mg
7 = (Jsxo)
Mg
Zp = —C0S (Xs)I %2
3= sirl (X5)I%2 (102)
- liste %))
Mg
Z5 =1 (—2¢0S (X5)X2 — COS (Xg)X2 — COS (Xg)Xa)
Zg =1 (25in (X5)X2 +Sin (Xg) X2 + Sin (Xg) X4)

y1 = —€0S (X5)1 22 — 2¢0s (X5)1 Z5 — €0S (Xg)| Z5 + Sin (Xs)1 3+ 2Sin (X5)1 25 + Sin (Xg)| Zs + 21 + 24
Y2 = —C0S (Xg)| 25+ Sin (Xe)| Zs + 24
Y3=

BIES|X

Ya =
(10.3)

10.5 iTwoLink_odetex

MTT command:
mt i TwoLi nk ode tex
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s = 2

tTms

5o — L= 09X — koMoxa + Mot
ms

Xg = 2

s (10.4)

g — (79 — ksoxa + M) '
ms

. X2

X5 = —

ST ms

(et

X6:(2 Xa)

ms

(—4cos (x5 — Xg) ds| 2MsXo — 2€0S (X5 — Xg) ds| 2MeXa — 4.€OS (X5 — Xg)Ksl MEX1 — 2€OS (X5 — X,

y1=
y (—2c0s (X5 — Xg) ds| 2MsXz — 2€0S (X5 — Xg ) Ksl 2MEX1 + 2.€0S (X5 — X6 )| 2MBUy — 25in (X5 — Xg)| 2
2:
_X
Y3= oy
_x
Y4 = me

(10.5)

10.6 iTwoLink_sspar.r
MTT command:

nt i TwoLi nk sspar r

10.7 1TwoLink_sm.tex

MTT command:

nt i TwoLi nk smtex
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1
0 e 0 0 00
k SE 0 0 00
0 0 0 L 00
0 0 —Kkg mss 00
0 r%s 0 0 00
1 1
0 m 0 e 00
00
10
00
B=|4 4 (10.7)
00
00
(Ks(—is—5I%ms))  (2ds(—js—51%ms))  (ks(—is—31%ms))  (ds(—js—31°ms))
e 2 e 2 00
(ks(—js—312ms))  (ds(—js—3I°ms))  (—ks(js+I?ms))  (—ds(js+I%ms)) 0 0
C= me me ms mg
0 n%s 0 0 00
0 0 0 é 00
(10.8)
(2(js+512ms))  (js+312ms)
D= (js-i‘gllszrr\s) (ls*“ni%ms) (109)
ms ms
10.8 iTwoLink_tf.tex
MTT command:
mt i TwoLink tf tex
(22 (ist8%ms))  (S(ist31%ms))
(dss+ks+ms52) (dss+ks+ms52)
(S(ist3%ms))  (S(ist?ms))
G= (dss+ks+mssz> (dss+ks+mssz) (1010)
(dsS—st-O-mssz) 0
S
0 (dsstks+mss?)
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numpar.txt

I TwoLink_
MTT command:

10.9
paraneter file (i TwoLi nk_nunpar.txt)

i TwoLi nk nunpar txt

# Cenerated by MIT at Mon Nov 17 10: 40: 34 GMVI 1997

Report Inverse
# Nuneri cal

ntt

e
(@)]
S
[¢D)
[¢D]
o
O
o
(qV]
o
- N~
© (o))
— (@]
—~
(qV] - x
~ ()] +—
O +— .
o Q —
~ o + S5~
o P9 om
o X X o cC ..
o © c c - — O
N o — — S k_4
— N dddmkm o c o
— .. —a— 4 —_— .- -
> © — _ ° m_/
> -~ rrrrmr AV < —
— O O 0O o c = —
— X O Y Y Y Y— e Y . — —_ >
- -~ N 0N non=—u S -
o . = D | 1=l 10 o ) )
— « © O oSx £E._« E = — — c —-
n am.m = W .I% n
—_— [ G G G Y— —
= m.uo [ORNGREGRN) QO - — — =
— — —
— C e .- [ . - . > W —
c __ . > © © © © © © (@) o ] c
= c HHHHOAH o o
c .- O — 7)) ¢ c
(@) — .- @© - P « [ — O (@]
— M7, N eoNeoNeNe) o — C O —
() — 1 0 C . [ ()
> B X © — — me >
$$888888 & 5§ $8
o S~ o~ o o O D:S_S_S_S___ S_ — Z o
WO OWOE W W #ox E.__ E E #wn H*

Page 100.

put.txt,v 1.1 2000/12/28 17:56: 50 peterg Exp

i TwoLi nk_in
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%6 $Log: i TwoLink_input.txt,v $
%0 Revision 1.1 2000/12/28 17:56:50 peterg
%6 To RCS

HHHHH

# Set the inputs

## Rermoved by MIT on Mon Aug 18 18:15:41 BST 2003: u(1l)
1.0 - 2.0*(t>5.0) + 2.0*(t>15.0);; # tls input torque
## Renoved by MIT on Mon Aug 18 18:15:41 BST 2003: u(2)
1.0 - 2.0*(t>5.0) + (t>15.0); # t2s input torque
itwolink tls - 2.0*(t>5.0) + 2.0*(t>15.0); # tl1ls input torque
itwolink_ t2s - 2.0%(t>5.0) + (t>15.0); # t2s input torque

1.0
1.0

10.11 iTwoLink_odeso.ps( -iTwoLink__t1)

MTT command:
nt i TwoLi nk odeso ps i TwoLink t1’

This representation is given as Figure [[0.8 (on page @9).

MTT simulation on Tue Aug 19 15:04:31 BST 2003

2 0 T T T T T T T
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10.12 iTwoLink_odeso.ps( -iTwoLink_t2)
MTT command:
ntt i TwoLi nk odeso ps 'i TwoLink__t2’

This representation is given as Figure [L0.7] (on page [100).

MTT simulation on Tue Aug 19 15:04:32 BST 2003
6 T T ‘ ‘ ‘ ‘ ‘
4t
a
oLk N
_2 -
-4+
_6 -
_8 -
10, 1 2 3 4 5 6 7 8 9 10

10.13 iTwoLink_odeso.ps( -iTwoLink__tl1s)
MTT command:
mt i TwoLi nk odeso ps ’i TwoLink_ _t1s’

This representation is given as Figure [[0.8 (on page [I0T).

10.14 iTwoLink_odeso.ps(
-iTwoLink__tls:iTwoLink__t1)

MTT command:
mt i TwoLi nk odeso ps ’i TwoLink _tls:iTwoLink t1’

This representation is given as Figure [L0.9 (on page [I0T)).
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10.15 iTwoLink_odeso.ps(
-iTwoLink__t2s:iTwoLink__t2)
MTT command:
mt i TwoLi nk odeso ps ’i TwoLink _t2s:i TwoLink t2’

This representation is given as Figure [[0.10 (on page [L02).
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INTF - abg,
INTF - Ibl, B2
INTF — subsystems, B4

NMP - abg, 211
NMP — Ibl, 22
NMP — Imfr, 217
NMP — Ipfr, 21
NMP - ode, 24
NMP —sm, 25

NMP - sro,
NMP - struc,
NMP - subsystems, 24

NMP — tf,
ROD - abg, B4
ROD - Ibl,BY

ROD - subsystems, 88
iMacroMicro — abg,
iMacroMicro - cbg, T
iMacroMicro — dae,
iMacroMicro —dm,
iMacroMicro — Ibl, [0l
iMacroMicro — Imfr, [[5
iMacroMicro - Ipfr, 15
iMacroMicro — numpar,
iMacroMicro — odeso, [I7]
iMacroMicro - sro,
iMacroMicro — struc,
iMacroMicro — subsystems, [[1]
iMacroMicro — tf, 4]
iNMP — abg,
iNMP —dm, B3
iNMP - Ibl,
iINMP — Imfr, B4
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iNMP — Ipfr, B2
iNMP - ode,
INMP — struc, B2
INMP — subsystems, B2
iINMP —tf, B4
IRC2c — abg,
iRC2c — dae, 411
iIRC2c —dm,
iRC2c - Ibl, 39
iRC2c — struc, &1
iIRC2c — subsystems, &1
iRC2c - tf, @2
iRC2n — abg,
iRC2n - dae,
iIRC2n —dm,
iRC2n —Ibl, 43
iRC2n - struc, @5
iRC2n - subsystems, 45
iRC2n - tf, 48l
iTanks — abg, [T
iTanks — cbg, [[4
iTanks — dm, [75
iTanks — Ibl, [[2
iTanks — Imfr,
iTanks — Ipft,
iTanks — struc, [74]
iTanks — subsystems,
iTanks — tf, [78
iTwoLink — abg, [[9
iTwoLink — dae,
iTwoLink — input, 88
iTwoLink — Ibl, B0
iTwoLink — numpar,
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iTwoLink — ode,
iTwoLink — odeso,
iTwoLink — simp,
iTwoLink —sm,
iTwoLink — sspar,
iTwoLink — struc,
iTwoLink — subsystems,
iTwoLink — tf,
msd — abg,
msd — Ibl,
msd — subsystems,
saRC2c - abg, @7
saRC2c — dae,
saRC2c —dm,
saRC2c - Ibl,
saRC2c — Imffr,
saRC2c — odeso,
saRC2c - struc,
saRC2c - subsystems,
saRC2c — tf,
szRC2c — ahg,
szRC2c - dae,
szRC2c¢c — dm,
szRC2c - Ibl,
szRC2c — Imfr,
szRC2c - struc,
szRC2c — subsystems,
szRC2c —tf,
szRC2n - abg,
szRC2n - dae,
szRC2n —dm,
szRC2n - Ibl,
szRC2n - Imfr,
szRC2n - odeso,
szRC2n - struc,
szRC2n — subsystems,
szRC2n - tf,
twolink — abg,
twolink — Ibl, B9
twolink — subsystems,
zZRC2c - odeso,
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