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Fig.1.2 SCARA-type robot arm SR-1054HS by Toshiba Corporation [16].
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Fig.1.3 PUMA-type robot arm SR-606V by Toshiba Corporation [16].

ggobbdooobobtbooboooobbooobobbooobbbooUbbbooUobon
0000000000000 0ASEADDOODOOOODOOOOODOOOOODOOOOOOD
gogbobbooooboboooobbooobo
gooobdooobobbobobuoooobbooobbbooooobobbooobobbUoOod
ggobobdooobobbooobbooodooobboooobbobbooobDbbOoOon
ggobobooodgooboooobobooooobobooobboooobbooobbobooon
ggboboboooobbdooobbobooobboooobbooobbbooobbooon
gdobbooobbooobobobooon
goobooooobooobobooogobboooobbooooboboooboboobon
ggogobboogobobbbboooobbooobobbooobbbooobbooon
godobobooobbtboooobbuoooobbooubbuoooobbooobbboooo
000000000000 7900000000000 oooooooooo
ggobbooobobboooobboooobobooooboboboboboooooboboon
goobobdooobbbooobbbooooboobbbbboooobbooobobbUoon
ggobobooobobboooobboooobbobbooobbboouoobDbLbOoOon
ggoboooobbboooobobuooooboooooboboo
gobooobboobbooobbooooboboooboobobobbbooobbooon
goo0oboboooboooobooboboooboobOooDboobUoobo 200bD020



010 00 6

Fig.1.4 ASEA-type robot arm SR-2604V by Toshiba Corporation [16].
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Fig.2.1 Light-weight robot Version IT “LWR II” by DLR [148].
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Fig. 3.1 Proposed robot tuning system.
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Fig.3.2 Two degrees of freedom (2 D.O.F.) PID digital servo system.
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Fig.3.3 MD identification method.
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Gain margin

Phase margin

Fig. 3.4 Vector locus of loop transfer function.
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Fig.3.5 SCARA-type robot arm SR-654HS by Toshiba Corporation [16] for experiments.
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Fig.3.7 SCARA-type robot arm controller SR-5500 by Toshiba Corporation [16].
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Fig.3.9 Estimated frequency response by conventional LS method.
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Fig.3.11 Estimated frequency response by MD method.
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Fig.3.13 Step response of velocity loop.
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Fig.3.14 Tuning experiments when payload changes from 2kg to 10kg.
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Fig.3.15 Arm tip response.
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Fig.3.16 1-PD digital servo system with TFF.
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Fig.3.18 Estimated frequency response by MD identification method.
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Table 3.1 Estimated physical parameters.

Physical parameters

Nominal value

Estimated values by using

Decimated data (d = 10)

Original data (d = 1)

I [kgm?] 6.5 x 107* 6.2 x 107* 2.3 x 107*
D [Nms/rad] 2.2 x 1073 1.2 x 107°
C [Nm] 2.5 x 1073 1.7 x 1073
100 _Output .
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Fig.3.19 Comparison of open loop responses.
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Fig.3.20 One-link two-inertia system.
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Fig.3.21 Block diagram for one-link two-inertia system.
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Fig.3.22 Block diagram for estimation based SVD.
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Fig.3.23 Procedure for estimation based SVD.
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Fig.3.24 PUMA-type robot arm SR-606V and its controller SR-6000 by Toshiba

Corporation [16].
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Fig. 3.25 System configration for identification experiment.
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Fig.3.26 Input-output and filtered data for estimation.
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Fig.3.27 Estimated impulse response.
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Fig.3.28 SVD mode energy plot.
Table 3.2 Estimated physical parameters.
Payload Okg 3kg
Method N.V. Exp. N.V. Exp.
My [kgm?] 31x107* | 33x107* | 3.1x107* | 3.5 x 107*
D [Nms/rad] — 1.2x 1073 — 1.9 x 1073
M, [kgm?] 32x10° | 34x10° | 48x10° | 4.6 x 10°
Dy, [Nms/rad] — 7.7 x 10! — 3.7 x 10!
K¢ [Nm/rad] 4.2 x10* | 3.5x10* | 4.2x10* | 2.5x 10*
D¢ [Nms/rad] — 2.2 x 10! — 2.8 x 10!

N.V.: Nominal Value Exp. : Experimental result
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Fig.3.29 Frequency response of estimated tranfer functions.
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Fig.3.30 Step response comparison for estimated parameter evaluation.
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Fig. 3.31 Force controlled planar two-link robot arm.
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Fig. 3.32 Experimental arrangement.
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Fig. 3.33 Cartesian-based position controller.
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Fig.3.35 Identification method for position-based force controller.
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Fig.3.41 Input output data.
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Fig.3.42 Estimated frequency response at posture A.
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Fig.3.45 Frequency response of closed force control loop at posture A.
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Fig. 3.47 Step responses for posture A and C using control parameters tuned at A and C.
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Fig.4.2 SCARA-type robot arm SR-504HS by Toshiba Corporation [16].



040 2000200000000000 75

02000000010 1kg0000BH000000000000O0MO0kg0ODODOOODO
gboobobOobooooooboOobOobOobDoboOoooboooooRgY20000000on
00000000000 0DO00O00D0ODO0O0DbOODbOD 300HzODDOODOODOOODOO
ggoboobooobbuoooboboobuooobboooobbooobbboooobobuooon
gogbobbooobbboooobobobobuooobbbooobbbooobobbbobood
0000000000 sHz20000000DO0DO0ODODOODODOODODOOODODOD
ggoobooooboobooan

goobooooboboooboboboooboobooooobooobobboooobobooon
godobobooobbuoooobbuooubbbooobbooob bbb oooo
ggdobobdooobobbooobboobdoobobbuooobbboooubLbbooobLba
ggoboooodgoooboooobbuoooobbooobboooobbooobbooon
gogbobobooobbooobbbooobboooobbuooobbooonobobuooon
00000000000 bO0000O0b00DO0DO0bO000DO0DbO0O0DODO0D00D0O0 Linux
000000000 PCOPentiumIII8OMHzO0 DO DD I/O000000D0OO DCOO
gogobobooobobboooobboooooon

43 00002000 20000000000

00002000 20000000000 [p3][270000000000O0OOOOOO 2
gogoboooooo

M0y + D0y + farsgn(0a)

:E’U,—Ng[Kg(NGeM—0L)+Dg(NgéM—éL)] (41)
Mp,(0.)0; +c1(01,0.) + D0,
= Ko(NgOy — 61) + Da(Ngby — 61) (4.2)

ggoo

Oy = [ar1, 0020000000001, 200000
0, =[0r1, 010)'00000000

My (6;) e RO 0000000

c,(0,,0;) € R 00000000000 O0O0O
My, = diag(ma1, my2)0000000000000
D), = diag(day, dy2)0 0000000000

Dy, = diag(dr1, dro)0 0000000000

K¢ = diag(ka1, kg)0 0000000

D¢ = diag(dgy, dg2)00000000

Ng = diag(ngi, ng2)00000ng, nge < 10
far = fum1, fue)0000000000O00O000O



040 2000200000000000 76

E = diag(e1, e;)0000/00000000000
w=[u, up)/00000000000000000000O

oooooo0d0dae,pB,y0000000000D0OCO00O0DOOOO0ODOOOOODOOOOOOO
000000000 [233|J000000000000000000O0OOOOOO0

ﬂ + 7y COS(QLQ) ﬂ (43)

0000(1,) 000000000 mp1 =a+6+4290(2,2) 0000000000 mpe =g
goooboo
gobbodoodoobbooobboooobobooonoo

M.(6.) = {a + [+ 2ycos(fr2) B+ ’ycos(@m)]

: —~7(20,,0 62.) sin(6
euoon = [l @
D000000000000000cos(fr2) 0 sin(fr2) 0006012 = ngeby 000000
ogoooon

0000 (4.1),(42)0 0000000000000 0O00O000O0O0O0O0OOOOODOO
00000O00O0DOO0DO0DO0D0D0D0O0 f,y0000000D0000DOOO0OOOOO0O
0 (4.1),(42)0 6y =Ng6, 00DOO0DDO0OO

M(OL)OL + CL(éL,OL) + DOL + Nalstgn(HM) = NélE’U, (45)

0000000000000 [23][24000000000000000M(6,), DOOOO
00000000000000000000000000000000OO0

a+ B+ 2ycos(Ora) + mai/n%, B+ ycos(fr2)
B+ cos(fr2) B+ mara/ngs

D = diag (dL1 + dM1/n2G1, dro + dMg/n%;Q) (4.7)

M(0y) = (4.6)

0000000000 [27000000000000 200000000000000O0O
0000000000000000000000000000Spong(36)000000000
ggoo

44 OJ0O0O0O0OOoOOOoOooObOOoOoOon

O L,200000000000000 e,ee OOO0DOOO0OOOOOODDOOODDODOO
la1,l,c 00000000000 DODOO0ODOOOOODOOOODOOOO

ém:%; (4.8)
al

N la1 ;o .
01 :l_ — l_ — l—l cos(nGQQMg) - 1—19%1 Sln(nG29M2) (4'9>
a2 al a2 a2



040 2000200000000000 77

0000000 [23200000000000000cos(fz2) 0 sin(fr2) 00 0012 = ngabare
0DoooOooooo0
000000000000000000000000000000000 Gi(s)0000
000000000000000000000000 Gy(s)=1-Gr(s)00000000
00000000000000000000000000 100000000 7y 00000

. 1 . Tvs 9Lz
Ori = ———ng, O + — o 7
Li = T qys GOMi T TR
1 . ;
— O + T 0 =1, 2 4.10
1+Tvs(nalM+ vOLi) (i ) (4.10)

gooooodotooooooooooooooooooooooooooooooan
goddobdoobooooooooooooooo
dob0oooobooooooooooooooooooooobooooboooooooon
0do00ooObOoO00o00ooDl10000ooobOobOo0o0o00ooD TpO0ooDOOOOO0OOO
goodobooooboooon

1 Tps éLi

Or; = ——ng, O
L 1+TpsnG’M+1+Tps s

1 . )
= m(nGieMﬁ-TPeLi) (t=1,2)
googooooonogoogood

o000 ,2000000000000000 viw, OOOOOODODODODOOODOODO

Or1 = w1

Or2 = w2 —wq

ggobobooobobobbboooobbooobobboooboobbooobobbUoon
ggobobooooboooobbboooobboooooboboo

45 0OO0OO0OO2000 20000000000000DO0ODOO
oo

451 OO0OOO0OOO0OOOO

oobobooobobobooboboobobbooboobOobol1bobooobobobooboo
oooobOoob0lbooooo0obOoOooOobOoUooOoDOoboooOOobOooboOoDOo 30
oboo0O0o0o00o0oDbO0n Fig4300O0ODOO0OOOoOOOobDOoObDOoOoDOoOoDOoOO
odn

0 Step 10 O0O0O0OOOOOODOOOOOOO

0(45)00000000000000000000DO0O00OO0OOOOOOOOODOOO
ooboooboboooboooobb0o 200000bU00O0DDODbDO0ODODDbDDOOODD



040 2000200000000000 78

<Step 1>
u O

TV Two-link arm TV

Rigid model parameter
estimation by LS method

8,9, M, D, fm
<Step 2> O s 0r,
u . — .
Two-link arm »| Transformation )
* ai, ag 6
Inputs Nonlinear lﬁ’ 8l 0 M 0 L
interaction torque ¢ ¢Outpu‘[s

Elastic model identification by far
proposed decoupling method D

v

State space model

<Step 3> l

Transfer function model

7 o

Modified transfer function model [¢—

v

Physical parameter estimation

v

Optimization-based fine tuning of
estimated physical parameters D

v

&a ﬁa ﬁ/a MMa KGa DLa DMa DG

Fig. 4.3 Outline of the proposed identification method.

00 [23J000000 8,4, M, D, f,, 00000000000 3,40000000000
000000000000000000000000000000000000000000
00000000000000000000000000000000000000000
000 f,0000000000000000000000000000000000000
00000000000000000000 FF-I-PO0OO0O0OOOOOOO0O00O00O00
000000000000000000000000000000000000000000
000000000000000000000000000
0000000000000000000000000000000 3,40000000



040 2000200000000000 79

ggobooboooobbuooooboobooobbuoooobboooobbooobbooOon
DB,ﬁDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD
DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDB,&DDDDDDD
ggoboobooobbuoooboboboooobboooobboooobbooobbooon
DDDDDDDDDDDDDDDDDDDDDB,&DDDDDDDDDDDDDDDDDD
DDDDB,&DDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDDD

0 Step20 10000000000000O0O0OOCO0O

0(4.1),(42)000000000000000000000O0OO0O0DOOOOOOO0O
godobobooobbuoooobbuoooobbooub bbb booobbboooo
000000 1,200000000004.5.2000010040000000000000
obobOo0oO0o0obOo 1oobobooobOooobbOobD 1,200000bDOoOOoODbDOD
ggoooobbbbbibbibooooooouoobbobbobbooooooooooon
gdobboooobbtboouobbuoooobboo

goooboobogoooobobooooobooooobooooobbbooobboooon
ooooboboboooobooobogooblogbooboboobooooobooboobobooboo
000000000 (41),(42)00 10000 10000000000DO0OOOOOODO
ugoboboooobbuoooboobodg 0o

T = _(B+’A)/COS(9L2))9.L2 -|-"A)/(29'L19'L2 + 9%2)sin(9L2) (4.11)
goooooooooooooooooooooogogd

{li 0 } {91\41} n {dM1+n2G1dL1 ngidai } {9.1\41}

0  mri| |01 —ngidai dpi +dai] | 61
+ nQleGl —ngikci| |0
—ngikai ka1 Or1
_ |e1ur — fMngn(éMl) (4 12)
T ’

gogobboooooood

mar 0 -1

0 mr1
00000000000000000000000000000 «; = [0 011 O 021]70
00000 ¥y =01 64)]7 00000

xr = Alml + B |:€1u1 N ‘fMngn(eMl) , A1 € R4X4, B; € R4X2 (413)

1
y1 =Cizy, CpeR¥ (4.14)

obob 200200 4000000000000 000O0D0OO0O0ODODODODOO
gooo



040 2000200000000000 80

0 0 1 0 0 0
10 0 0 1 - 0 0 10 0 1 0
Al - asi aso a3z asq ’ Bl - 1/mM1 0 ’ Cl - |:O 0 0 1:|
a41 Q42 Q43 Q44 0 1/mpy
gddoogooooogogno

asy = _nélkGl/lia a3z = nleGl/li

ass = —(darn +nida1)/mui,  asa = ngidgi/man

as1 = ngikagi/mra, ass = —kai1/mra

as3 = ngidgi/mra, agy = —(dp1 +dg1)/mra

0000000000000000000 200 2000000000000000000
00000000 100000000000000000000000 2000000000
0(4.3)0 (1,1)0000000000000000000000000000000000
000000000000000 «w000000000SNOOOO00O00(1,1)0000
cos(fr2) 0 100000000000000000000000000000 (4.13)000
2000000000000000000000000 fyisgn(dy:) 0000000000
O000O00 00000000000 sgn000000000000

. . .9 .
farisgn(@arn) = fan - tan™"(ae. Onr1) (4.15)

0000000000000 . 00000000 000000000000000000
00000000000000000000000000.=1,10,100000000000
0000000000 a.=10000000

000000000000000MOOO0O0O00O00000000000 000000
000000000000 n 000000000000000000000000000
0000000000000000000-000000000000000000000
0(414)00000000000040000000000000000000 300000
000000000000000000000000000000000000000000
00000000000000000

0200000000000 (4.1),(42)00200000000000000 (4.13),(4.14)
00000000 200000000000 10000000000000000000

7y = —(B+ 4 cos(0L2))0L1 — 467, sin(6L2) (4.16)

000000000 0000000000000

000020000000 (43)0 (2,2)000000000001000000(1,1)0
000000000000000000

0 Step30 DO0ODOO0OODDDOOOOOO

000000000000000 200200000000000000 (4.13),(4.14) O
000000000000000000000000000000000000000000



040 2000200000000000 81

00000000000000 (4.13),4.14)000000000000000000000O0
0000000000000000000000000O000O00D0O000 (4.13),(4.14)
ooo0oboobooobo 1oobooooo

Oar1(s) =G () ur(s) + Gia(s) a(s) (4.17)
O11(s) =G (s) ur(s) + Gaa(s) T (5) (4.18)

000000000000GY,(s)000000000 10000000000000000
0000 100020000000002/3000000GL4(s)000000000000
0001/3000000GYL(s)0000000 100 10000000000000000
000000000000000003.300000000000000000000

bo + bis + b282
aop + a1s + ags? + ass3
nGl(bo —|— b’ls)

G3,(s) = 4.20
21(5) ao + a18 + azs? + ass3 ( )

G11(s) = (4.19)

ggoo

ap = dn1 + ngadra

a1 = man +ngymen + (ngqdeidn + dandry + daider) ke
az = (manidr1 + mande + mpidan + ngymeidar)/ke

az = my1mri/kar

bp =1

bi = (dp1 + de1)/ ke

by = mL1/]<7G1

by = da1/ke

0000000000000 GY(s) 0000003300000 100020000000
000D00000000000000000000D0D0D0D0D0O000000 Gi,(s)000
D00ks —oc000000000D0D000 10000000000000000D00O0
00 (4.19),(420) 0000000000 7000000000000 6000000000
00000000000 200000000000000000000000000000
000033000000000000000000000000000000000000
000000000000000000000000000000000

OD00GH(s)0 Gi(s) 00000000 00GL(s)D Gi,(s) 000000000000
200 20000000000000000 3,4000 n,»0000000000000
0000000000004,4000000000000000000000000000
000000000 000000

00000000000000000 [231]000000000000000000000
D00000000000000000000000000000000000000000
00 [171]0000000000000000000000000000 (4.19)0000



040 2000200000000000 82

b() —|— 1)18 —|— 1)282

G} =
11(5) (co + c158)(do + dis + das?)

(4.21)

gooo

2
co =dyn +ngidra

2
c1 = mpy1+ngMra
do=1

0000000000000 100000000000000000000000000
1/(co+¢8)000000000000000000O0O0OOO0O0 100000000000
000000000000000000000000000000000000000000
0oooo [20]0

00000000000000000000000000 2000000000000 30
000000000000000000 200000000000000000000000
00 (20000000 gy =nZ,mp/mayn00000000 wp, 00000000 wyy 00
ooo

p1 = (wp1/wz1)® —1 (4.22)
marr = c¢1/(1+ ) (4.23)
mp1 = (c1 — man)/ngn (4.24)

k1 = wiimpa (4.25)

0000 200000000000000000 (4.19),(4.2000000000300000
O dy, dri, den 00000000000000000 1000000000000000
00000000 200000000000000
00000000000000000000 {&, 8,4, My, Kg, Dy, Dy, Dg, fiu} O
00000 (4.1),(42) 00000000 2000 2000000000000000000
00000000000 00000000000C0 2000000000000020000
00000000000 0000000000000000000000000000000
0000000000000 00000000000000000000000000000
00000000000 0000000000000000000000000000000
00000000000 0000000000000000000000000000000
000000000000000000000000000000000

452 00O00O0O0OO

010002002000000000000

Fig.41 0000000 5kgh0 0000 10000000 MOODODOOOO 200000
OO00000O0O00OO00OO0OO00oO0o0oooOooOoooOoOoO0 025ms, MODOOODOO
O0 1ms,00 10230000 1.0230000000000000 100HzOOOOOODOO



040 2000200000000000 83

15 T T T T T
= mn
(0]
o
c
: L
(4]
b 0
(4]
S
. i LI
8_
S
g .15 I I I I I
= 0 0.05 0.1 0.15 0.2 0.25 0.3
Time [s]
40 T T T T

— 20F 1
<
m
£ 0 |
g —
% 20 1
=
(o]
0‘_40 I I I I

0 50 100 150 200 250

Frequency [Hz]

Fig.4.4 M sequence input data for 1st link identification (First 0.3 s of 1.023 s) and
its power spectral density.

000000000000000 80000000000000000 2ms0000Fig. 4.4
00OMOOOO (000000 0300)00000000000000000000000
Fig.45000000000000000 n0000000000000000000000
000000000000000000000000000000000000000000
00000000000000000000000

Fig.46 000000000 1000000000000000000000000000
0000D00000000000000.0800000Fig.47000000000 1000
0000000000000020000000000000 2000000000 cosO
000000DOcos(0r2)000.9990000000000000000 (4.3)0 (1,1)000
00000000000000000(4.11)0 n0000000000000000000
0Dooooooooo
Figs.43-4500000000020020000000000000000000000
0000000000N4SIDO00000000O0O0O00000000000000000
00000000000000000000000000000000000000000
00000000000000000000000000 MATLABOOOOOO [271]0
Fig.480000000000000000006,, 0000 2/3006,, 0000 1/300
0000000000000000000000000000000000 1000000
0((421)0000000000000000000000000000000000000
000200000000000000Fig 4.9



040 2000200000000000

84

Nonlinear interaction torque [Nm]

500 T T T T T

Power/Freq [dB/Hz]

0 0.2 0.4 0.6 0.8 1
Time [s]

[o2]

o
T
i

N
o
;
I

N

o
T
I

o
o
6]
S+

100 150 200 250
Frequency [Hz]

Fig.4.5 Nonlinear interaction torque data for 1st link identification and its power
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Fig. 4.8 Modification and optimization of initial estimated frequency responses for 1st link.
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angular velocity). Left: 1st link. Right: 2nd link.
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Fig.4.11 Effective examples for multi-output identification for 1st link under chang-

ing payload. Left: 1 output. Right: 2 outputs.
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Fig.4.13 Optimization-based fine tuning of estimated physical parameters using
1st link angular velocity step responses. Left: Before optimization. Right: After

optimization.

Table4.1 Estimated physical parameters before and after nonlinear optimization.

Before opt. After opt. Nominal value

a [kgm?] 2.39 2.27 2.09
B [kgm?] 0.865 0.742 0.702
v [kgm?] 0.731 0.740 0.615
marn [kgm?] 9.75 x 107* | 6.30 x 107* | 7.15x 10~*
maz [kgm?] 4.34 x 107* | 2.80 x 107* | 2.84x 107*
kg1 [Nm/rad] | 53800 46300 50500
kg [Nm/rad] | 28900 25300 23500
dr1 [Nms/rad] | 2.84 3.06 —
dr2 [Nms/rad] | 2.44 2.62 —
dyv [Nms/rad] | 1.10 x 1072 | 7.35 x 107* | —
daz [Nms/rad] | 9.75 x 107* | 6.30 x 107* | —
dc1 [Nms/rad] | 49.0 52.7 —
dg2 [Nms/rad] | 20.3 21.9 —

Fixed parameters
far1 [Nm] 0.196
farz [Nm] 0.140

System parameters
e1 [Nm/V] 0.56
ez [Nm/V] 0.56
nai 1/50
nG2 1/50
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Fig.4.14 Examples for model accuracy validation using velocity step responses for
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Fig.4.17 Variation effects of 3 and v to estimated frequency responses for 1st link

to show robustness.
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Continued the next page.
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Fig.5.3 Nonlinear interaction torque data for 1st link identification and its power

spectral density, where 2nd link is closed-loop controlled.
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Fig.5.4 Nonlinear interaction torque data for 1st link identification and its power

spectral density, where 2nd link is free.
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Table5.1 Estimated physical parameters before and after nonlinear optimization,

where 2nd (1st) link is free or closed-loop controlled.

Free Closed After opt. Nominal value

a [kgm?] 2.39 2.85 2.27 2.09

B [kegm?] 0.865 0.862 0.742 0.702

v [kgm?] 0.731 0.731 0.740 0.615
ma [kgm?] 9.75 x 107* | 1.10 x 1072 | 6.30 x 10~* | 7.15x 10~*
maz [kgm?] 4.34 x 107* | 328 x 107* | 2.80 x 107* | 2.84x 107*
kci [Nm/rad] | 53800 63900 46300 50500
kg2 [Nm/rad] | 28900 23900 25300 23500

dr1 [Nms/rad] | 2.84 2.45 3.06 —

dr2 [Nms/rad] | 2.44 2.10 2.62 —

davi [Nms/rad] | 1.10 x 1072 | 9.80 x 107* | 7.35 x 107* | —

darz [Nms/rad] | 9.75 x 107* | 840 x 107* | 6.30 x 107* | —

dei [Nms/rad] | 49.0 92.0 52.7 —

dae [Nms/rad] | 20.3 11.4 21.9 —

Fixed parameters
far1 [Nm] 0.196
farz [Nm] 0.140
System parameters

e1 [Nm/V] 0.56

ez [Nm/V] 0.56

nei 1/50

na2 1/50
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Fig.5.5 Closed-loop effects against estimated frequency responses from motor in-
put to motor angular velocity. Left: 1st link, where 2nd link is free or closed-loop
controlled. Right: 2nd link, where 1st link is free or closed-loop controlled. Dashed-

dotted line shown as a frequency response reference using optimized physical param-
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