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ABSTRACT

CONTROLLER DESIGN FOR HAPTIC SYSTEMS
UNDER DELAYED POSITION AND VELOCITY
FEEDBACK

Ahmet Taha Koru
M.S. in Electrical and Electronics Engineering
Supervisor: Prof. Dr. Hitapzbay
August, 2012

This thesis considers controller design for haptic systanter delayed position
and velocity feedback. More precisely, a complete statditalysis of a haptic sys-
tem, where local dynamics are described by some second+oethanical dynamics,
is presented. Characteristic equation of this system witlke telays involves quasi-
polynomials. By a change of variables in the characteregigation, stability condi-
tions are obtained analytically and regions are plotteddigygiMatlab.

Next, using two optimization techniquebl{ and stability margin optimization)
optimal choice for the controller gains is proposeld. optimization minimizes track-
ing error between devices while avoiding large controlactnputs.Hs analysis re-
qguires high computational cost for accurate results duts tdependency to frequency
domain. On the other hand, stability margin optimizatiofirgs a cost function that
expresses the trade-off between system bandwidth andtr&ssswith low compu-
tational cost. The derived results are tested on a threeedagfrfreedom real-time
experimental platform to illustrate the theoretical résuFinally robustness analysis
is performed for optimal parameters to find allowable delestyrbations.

Keywords: haptic systems, time delay, H-infinity optimization, stapilimits, PD
control.



OZET

GEQKMEL | POZISYON VE HIZ GERBESLEMESNE
SAHIP HAPTIK SISTEMLERICIN KONTROLCU
TASARIMI

Ahmet Taha Koru
Elektrik-Elektronik Muhendisligi, Yiuksek Lisans
Tez Yoneticisi: Prof. Dr. HitayDzbay
Austos, 2012

Bu tez zaman gecikmeli pozisyon ve hiz geribeslemesinepdaduptik sistem-
ler icin denetleyici tasarimi ile ilgilidir. Mekanik sistnler ikinci dereceden di-
namik denklemler ile tanimlanmistir. Zaman gecikmeli listesnin karakteristik
denklemi yari-polinom (kuasi-polinom) icermektedir. s&®min karakteristik den-
klemi, cesitli degisken dedgisiklikleriyle basifgrilerek, kararllik analizi analitik
olarak gerceklestirilmis, kararl parametreli ggstegrafikler Matlab yardimi ile elde
edilmigtir.

Daha sonra, iki farkli optimizasyon teknigi uygulanilaran uygun parametreler
hesaplanmisti., optimizasyonu, iki mekanik sistemin birbirini takip etmathlarini
minimize ederken, yiksek enerji gerektirmeyen paraneirbesaplamaktadirHc,
analizinin bilgisayar ortaminda gerceklestiriimesy lbir frekans icin islem yapildigi
icin yliksek hesaplama bedeli gerektirmektedi@te yandan kararliik marji opti-
mizasyonu teknigi, sistemin bant genisligi ve gurddigil arasinda denge kurmak-
tadir. Sadece belirli bir frekansta uygulandigi icinsdk hesaplama bedeli vardir.
Mekanik sistemdeki ve zaman gecikmesindeki karisiktgklears: gurbuzluk analizi
yapilmistir. Son olarak elde edilen sonuclar ¢ sdhiledereceli gercek zamanlh
deney diizeneginde test edilmistir.

Anahtar $zdikler. haptik sistemler, zaman gecikmeli sistemler, H-infiniptimiza-
syonu, PD kontrolcu.
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Chapter 1

| ntroduction

Teleoperation systems, which origins dates back to mid '$94@s been first consid-
ered to be mechanical real to real communication betweeméster and slave robots
by Goertz. Technologic developments has paved the way feresearch areas such
as space telerobotics, telesurgery, nuclear telerobj@&icg. Along with real to real
coupling, new systems has developed which uses virtualfatcies instead of slave
robots. One of the research area of haptic systems withaligavironment is the
surgery simulations. Such a system allows student surgeefely practice and im-
prove their skills [5, 4]. Also haptic feedback is used in garter-aided design(CAD)
in the manufacturing and automotive industry. Ability tauth the objects under de-
sign may increase creativity and efficiency of designers [1]

From the control theory point of view, design of haptic sysiaevolves two main
goals:

» Stability: Robust stability of the closed-loop system irrespectiveatiaviour
of the user or the environment despite difficulties suchrag tilelays, dynamic
uncertainties.

» Transparency: Haptic system renders forces, which slave robot encouraers
haptic side to convey sense of touch [1]. Realistic touchgyaion in haptic side
is desired.
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These two constraints are conflicting [7]. In order to sgtibiese requirements,
control system must be carefully designed to obtain higfopeance with low posi-
tion tracking error and realistic sense of touch while mamnhg robustness. Commu-
nication medium leads to complications, since delays haeag impact on stability
and performance of overall system.

Many different techniques are proposed to control haptstesys, including pas-
sivity theory [2], remote compliance control [8], wave \abie encoding [13] and etc.
[16, 7]. Wave-variable controllers does not guaranteetjposcoordination between
interfaces [14]. Controllers with closed-loop force-fbadk systems achieve realis-
tic force feedback, however they are sensitive to time dekayd are highly fragile
[16]. We proposed a PD-control (feedback from position aalbeity) approach in
this thesis, which is robust against delays.

PD-controllers, in [14, 10], control position differencettveen master and slave
robots, and contains a dissipating term to guarantee pyssiwus, these controllers
actually are not PD but pretend as PD controllers. On ther dthied, Lee and Spong
present a real PD control, where dissipating term is stédu® obtain passivity. Dis-
sipating term decreases performance of the system.

In this thesis, we present a PD controller (without the gatng term) design for
haptic systems under processing and communication deksfystr defining the sys-
tem with dynamic equations which includes time delayedtposand velocity terms,
we provide stability analysis. Since our stability anadydbes not require passivity
assumptions, we come through with complete region of ctatrgains, for which
system is stable, by using classical tools of feedback obtiiteory(such as phase and
gain margins). In section 3, optimal gains are chosen usingased optimization and
stability margin optimization. Stability analysis and iopal gains sections are from
our joint work with Liacu et al., a conference paper [11]. §thesis also includes
robustness analysis, gain scheduling strategy sectiom aresv 1-DOF experimental
set-up. Robustness for such systems is crucial since tleeysad in surgical oper-
ations. Unstable behaviour for a solitary moment can caeseus damage or even
death of patient. Robustness of the system against petitumban time delays and
plant parameters were analysed besides effect of unmodgtenics. Then, a gain
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scheduling strategy is presented to get high performanaysiem in transparency
point of view. Thus, high force feedback while interactinghaan virtual object and
low viscous effect in free motion are obtained. Ultimatéhgoretical results were ver-
ified with 1-DOF real-time experimental set-up, similar e tgeneric system shown
in Figure 1.1.

Figure 1.1: lllustration of a haptic system.



Chapter 2

Stability Analysis

2.1 Mathematical Mode

A typical haptic system signal flow graph is shown in Figurk 2.

An ideal haptic system should realistically mimic slave a@yncs in haptic side, so
system should satisfy the following conditions:

» Small position tracking error with robust stability.

 Realistic force feedback is desired at haptic side. Whavestobot in free mo-
tion, force feedback at haptic side should be as small ashpessvhile stiff
response is obtained when slave come into contact with@mwient.

A linear model describing dynamics of master/slave systambe written as:

Mp1(t) 4+ Brxy = —Fu(t) + Fu(t), (2.1)

MSa(t) + Bk = —Fa(t) + Fe(t), (2.2)

wherex, € R" (x = h or v) are the generalized coordinat&s,c R" are the (general-
ized) input forcesM, are the positive inertia matriceB, are the damping matrices

4
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Figure 2.1: General PD control scheme for haptic systems.

andF,, Fe correspond to the external forces exerted by human opesatbthe en-
vironment, respectively [7]. The main idea can be resumagsiogtwo similar PD
controllers one for controlling the haptic interface and another fer@@orresponding)
virtual object. In such a configuration, it follows:

Fu(t) = Kg; ()1 (t) =%t — 12)) +Kp, (X1 (t) —xo(t — T2)), (2.3)
delayea, D-action delayea,P-action

Fa(t) = Kg, (%o(t) = Xa(t — 11)) +Kp, (Xa(t) —xa(t — 1)), (2.4)
delayea, D-action delayea,P-action

whereTy, T, are the constant communication delays &g Ky, ,Kp,, Ky, are the PD
control gains corresponding to the haptic and virtual aalgr respectively.

2.2 Stability Analysis

The system represented by Figure 2.1 and equations (24))g@&n bu summarized in
the block diagram of Figure 2.2 wheR andP, represent transfer functions of the
plants andC; andC, are the controllers.

From Figure 2.2 the equations describing the system respoans be written as
follows:

Xi(s) = Pu(s) (Fn(s) —Cu(s) (Xa(s) —& Xa(9))) (2.5)
Xo(s) = Po(s) (—Fe(s) +Co(s) (—Xa(s) + € 1%X1(9))) (2.6)
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n Haptic x. [Dela Virtual |+ | Virtual Xo
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Figure 2.2: Bilateral Haptic System.
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whereX;(s) denotes the Laplace transform of the time sighd]), i = 1,2; similarly
for Fy(s) andFe(s); 11 > 0 andtz > O are the time delays. Transfer functidhgs) and
Ci(s) are taken as

Pi(s) =Pu(s) = S(Tl-i—b) =:P(s) (2.7)
C1(s) =Cy(s) =Kp+Kgs=:C(s) (2.8)

wherem> 0, b> 0, K, > 0, K4 > 0.

Re-arranging (2.5) and (2.6) we obtain

1+Pi(s)Ci(s) —Pi(s)Cy(s)e 2®

:[ PL(S)Fn(9) ] (2.9)
—Py(s)Ca(s)e 1% 14 Py(S)Cy(S)

—Px(s)Fe(s)

[ X1(s)
Xa(s)

Therefore, with the plant and controller definitions (2.@)l £2.8), the characteris-
tic equation of the feedback system is

(1+P(s)C(s))? — (P(s)C(s))?e (mt)s = o (2.10)
which is equivalent to

(1+P(s)C(s) —P(s)C(s)e ™) (1+P(s)C(s) +P(s)C(s)e" ™) =0

(2.11)

Note that
(1+PC)*1— s(ms+b)

- m+ (b+Kg)s+Kp (2.12)




CHAPTER 2. STABILITY ANALYSIS 7

is a stable second order system with positive coefficiemtalfé&, > 0, K4 > 0. Hence,
from (2.11) itis clear that the feedback system is stabladfanly if the following two
equations do not have zeros@n .

1-e 15 Kp+ KgS
1 =0 wh =P 7 2.1
+G(s) < ) 0 where G(s) mstb (2.13)
_ Kp+ Kgs
s __ _ P
1+T(s) e °=0 where T(s) = S(Ms+b) + Ky Kas (2.14)
Now define K K
. Kp _Kd _m
K._b Tc. Ko Tp: b
thenG(s) andT (s) can be re-written as
1+ 1S
=K 2.1
G(s) 1+1ps (2.15)
K(1+ TcS)
T(s) = . 2.1
(s) TpS + (14 1cK)s+K (2.16)
We can further make a frequency normalization
and introduce new definitions
2
Ktp, mKp Tp, MKy Tp 2m
so that the characteristic equations (2.13) and (2.14) eae-written as
1(1+as (1-eM
1+ - = 2.1
L 119 ( 5 0 (2.19)
(1+as) _he
— e ~=0. 2.20
(L#+(L+a)5+1) (2.20)

We will try to find the controller parametetsanda (which defineK, andKy), as
functions ofh, that place all the roots of (2.19) and (2.20)Gn. In what follows we
will restrict ourselves the case whefg andKy are positive, i.e.l. >0 anda > 0.

Analysis of stability conditions of transfer functions 12) and (2.20) are based
on Nyquist Stability Criterion. Let us consider (2.19) fir§ince|e 1"®| = 1 for all
w € R, the phase of1 — e I"%) is betweent-11/2 and— /2 for all @ > 0 and
T

lim £(1—eh®y— 4=
W\ 0" ( ) +2
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Therefore,

1ehs

0<sf(jw)<—m, V weR, where  f(S):= s (2.21)

This means that itr > 1, the phase o%f jw) is always strictly grater than
(—m) for all w > 0. Thus, all the roots of (2.19) are @ whena > 1, independent

of L andh. Furthermore, wher = 1 the equation (2.19) reduces to:

14719 =

Note that whenever f (jw) = —m, | f(jw)| = 0 holds. This fact, together with (2.21),
implies that wheror = 1 all the roots of (2.19) are i@ _, independent of andh. In
conclusion, the analysis of (2.19) becomes interesting ibrdk < 1. In this case, all
the roots of (2.19) are i€ _ if and only if the following condition is met:

‘1“““"‘ 11 (2.22)
1+ jowp
wherewy, is the smallestv > 0 satisfying:

tan (o w) —tan 1(w) — h7w —T. (2.23)

The condition (2.22) gives an allowable region in tlee L)-plane for all the roots of
(2.19) to be inC_ whena < 1.

Note that the following identity used in (2.23):
. hw 27T
éf(Jw>__77 v wG[O,FL
We can re-arrange the equation (2.23) as:
h
— (tan Y (wp) — tan Hawp)) = %. (2.24)

It is a simple exercise to show that:

. sin(hwyp/2) 21—a)
f = = .

Using this identity, after algebraic manipulations anddot 1, (2.22) is now equiva-

lent to:
2(1-a)

L
g wi+1’

(2.25)
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wherewy, is determined from (2.24).

Now consider (2.20). The cross-over frequengy> 0 where:

‘ 1+ jaow ':1
1-La2+j(L+a)w ’

can be found as the feasible root of:
L20? <w§+1—@) —o.

Clearly, this has a non-zero real solution if an only if thid@ing condition holds:
21—a)>L, (2.26)

in which case:

= Z(lL_ 9 4 (2.27)

This means that if (2.26) is not satisfied, th&ijw)| is a uniformly decreasing func-
tion with T(0) = 1= || T || Which, by the small gain theorem, implies that all the roots

of (2.20) are inC_ independent oh. Sincewy is a positive real number, the con-
dition (2.25) also holds irregardless of delay valughen (2.26) is not satisfied. To
complete the analysis, now assume (2.26) is satisfieduamglas defined by (2.27). In
this case, by the Nyquist criterion, all the roots of (2.2@) ia C_ if and only if:

(L+a)wx

1-La? )—hwc>—n. (2.28)

tan (o) —tan? <

To recapitulate, with the parameter definitions of (2.1Bg feedback system de-
scribed by (2.9) is stable independenhaf a > 1. Whena < 1, system is stable inde-
pendent ohif L >2(1—a) > 0 and is stable depending trif 2(1—a) > L > 0. For
every fixedh > 0 the region of delay-dependent stabilizif(@r,L) : 2(1—a) > L > 0}
is determined from the intersection of the conditions (&% (2.28).

Since (2.27) implies:
~2(1-a)

1+’
the condition (2.25) can be re-written as:

Wp > Q. (2.29)
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Let us now re-consider (2.28). Using the notatlor 2(1— a)/(1+ w?), then,
after simple algebraic manipulations, it is easy to see that

) (L)@ 2(1- a)ax(1+ awd)
ey ta (7 ) = e (1 P o avar)

= 2tan! <w) = —2(tan () —tam o)) .

(1+awd)

Thus the condition (2.28) is equivalent to:

m—2 (tar (o) —tam H(aw))
(3

Recall from (2.29) and (2.24) thai is restricted to satisfyvop, > w., wherewy is
defined from:

>h. (2.30)

2(m— (tanm*(wp) —tan(awp))) —h

2.31
o (2.31)

Resuming, the system is stable independent of delyx > 1; or if a < 1 and
L > 2(1— a). Furthermore, the analysis for the cagé 2 a) > L > 0 reduces to the
following. Define:

m—2(tan(x) —tan(ax))

de(X) = ” )

2(m— (tan1(x) —tam*(ax)))
~ :

Op(X) =

Clearly,gp andgc are uniformly decreasing functions agg(x) > gc(x) for all x > 0.
So, if wy is defined as the solution of the equatigg(x) = h and w, as the solution
of the equatiorge(x) = h, thenw, < wp and hence, foo < 1, the feedback system
shown in Figure 2.1 is stable if and onlydt < ay, which is equivalent to:

2(1-a)

L L
" 17 6@

where wy, > 0 is the solution of g¢(x) =h. (2.32)

The stability condition (2.32) is expressed in termslof b?/(m Kp) anda =
(b Kg)/(m Kp). From this condition we can determine the allowable range &f,/b?
andKq/b for all h > 0. Note that the system is stable independerit whena > 1.
The stability region is shown for two different time delaywes in Figure 2.3.
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Theorem 1. The bilateral haptic system is asymptotically stable iretegent of the
delay valuesty, 1) if the controller gains satisfy the condition:

m

Ky >
4=}

Kop- (2.33)
Furthermore, when /K, < m/b, we have two cases:

1. If 0 <mKp—bKy < b?/2, then the feedback system is stable independent of the
delay valuesty, 15).

2. 1f mK, —bKy > b?/2, then the closed-loop system is stable if and only if

2
MKy — bKg < %(1+ wh), (2.34)

wherewyp > 0 is the solution of the equation:

T2 (tan*l(X) —tan ! (r?w—?;)‘)) _(u+12)b (2.35)
» 2m '
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stabiliy regions for different values of h = b (rl + 12) / (2m)

6
10 stable independent
of delay, above the line
Kd =-0.5b + mK /b ; y
p s
10 L |i.e, L=2(1-a) L. S
P e
-Kd = pr/b line, //
102 || € d =1 o // ) i
je]
N
1=0.01
10° t .
10_2 L ! A L . 4
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Figure 2.3: Allowable region of controller parameters faslity of the bilateral hap-
tic system.



Chapter 3

Optimal Gains

Once the parameter space is identified for stability of tlegllback system, the next
question is to find the best controller parameters in thisGlgarly, parameters close
to the boundary of the stability region are not acceptablesesthese will result in
fragility. On the other hand, parameters too deep in thalgtategion are not desirable
from the performance point of view.

Two different optimization techniques, which drk, and stability margin opti-
mization, are proposed in this chapter to find optimal patarsdor haptic system.

3.1 H., Based Design

Let us define the position tracking error
e(t) :=xg(t) —xo(t). (3.1)

From (2.9) we compute

P(s)

B = 15 PEcE 1 PECEe &

(Fn(s) + Fe(s)). (3.2)

While trying to make the error small we may be forced to usd lmgmmand signals
which may lead to actuator saturation. Since large conigokds are not desirable, we

13
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also want to penalize the control. Again, from (2.9), thepotibf the controllerf(t),
on the virtual side can be computed as

F2(s) = C(s) (e X1 () — X2(9))
(C(s)e™ S+ (1+P(S)C(s)—P(S)C(s)e27%) ) P(s) (Fn(5)+Fe(S))
(1+P(s)C(s)+P(s)C(s)e"T5) (1+P(s)C(s)—P(s)C(s)e"5)

In particular, where = 0 we have

ES) | _ (T 1/C(9 .
[ Fa(s) ] <1+T(S)ers) [ 1+P(S)Ce(73)rzlfefr5) ] ) (3:3)

whereT (s) = P(s)C(s)(1+P(s)C(s)) L. Therefore, optimal gains from ti, control
point of view are the ones which solve the problem

P
. P(s)
min 3.4
KpKa || 1+P(s)C(s)(1+€9) c(s) o9
(1+P(s)C(s)(1—e"T9)) 0

wherep is a design parameter which represents the trade-off batameall tracking
erroreand small control actioR,. Depending on the values pfwe obtain the optimal
Kp andKgy, for each fixedm=1,b = 0.1 andt = 0.05, as shown in Table 3.1.

Table 3.1:H., optimal gains for differenp

[b’p[[001] 01 ] 1 [10] 50 |100]
Ko [ 0.8 [17.1]85.0][246]305] 310
Kg | 88 [102]152] 43 [ 55 | 51

We see that for large values pf(emphasizing tracking performance, i.e., trying
to make||e||2 small compared tdF,||2) H. optimal gains are in the order &, <
[240, 310 andKq4 € [40, 55]. In the next section we will compare these values with
another set of gains obtained from a different optimalittecion.
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3.2 Stability Margin Optimization

Recall from (2.25) that one of the stability conditions is

b2 1+
Note thata, < wy S0, if we define

G = (mb;p) <2%1+—w§>)

thenGM; > 1 implies (3.5). So, we will try to mak&M; as large as possible. On the
other hand, for large bandwidth in the system (fast respomseaequire thaty is as

large as possible, i.e.

W+1= n1b_2Kp 2(1-a)

should be as large as possible. But this conflicts N, should be large condition.
So, we will blend these two conflicting objectives and try to

. . 1
maximize mifpy(w?+1), p—GMl}
1

wherep; assigns a relative weight for each component of the problEne. solution
of this problem gives

mKp 1 /1+wj
¥ p1 2(1-a)’ (3.6)

GM; = p14/1+ w2. (3.7)

Note that the right hand sides of (3.6) and (3.7) are funstimic oncep; andh =
Th/mare fixed.

Under this choice, we have

Now, (m K,/b?) is the controller gain, and to avoid actuator saturatiorsghin
should not be too high. So, we can define a new cost functioowthies to maké&M;
large andKp small:

P2 b 1 1+ (3.8)
p1v/1+w2 mpz 1 2(1-a) '
wherep, assigns relative weights f@M; andKp. Note thatp; does not play a role in
the solution of (3.8). Once; andh= 1 b/mare fixed, the cost function defined in (3.8)

minimize (
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depends omr only. Minimizing the cost function gives optimal, then this givesu,
andK, via (3.6); and oncé is known, we can fin&Kg = a m Kp/b. Table 3.2 shows
the optimal gains for varying, whenp; = b? = 0.01, m= 1 andh = tb/m= 0.005
are fixed.

Table 3.2: Optimal gains an@M; for differentp,, whent = 0.05,m=1, andp; =
b? = 0.01.

[ p, ] 10 [ 20] 30 | 40 | 50 | 60 | 80 | 100]
Ko | 94 | 207| 301 | 389 | 425 436 446 | 453
Kg | 24 | 6.3 | 127 | 343 | 82 | 127 207 | 291
GM; | 1.33| 29| 42 | 55 | 6.0 | 6.1 | 6.16 | 6.2

Table 2 shows thaBM; increases with increasing, but for p, > 50 additional
gain inGMy is very small. Therefore, a meaningful choice wouldes [390, 410
andKy € [35, 45]. Compared to thel., optimal gains corresponding to relatively large
p values, the abovi§, values are about 3 to 15 times higher, whered§, values are
1.14 to 125 times lower. For the experimental tests, the vakies- 400 andKy = 40
are used and results are reported in the next section. The®sgond tq, ~ 42 in
the above table. For thd., optimal gains we may selebt, = 275 andKy = 45; we
expect the stability margins to be larger in this case, batrésponse will be slower.
For relatively smalp values in theH., optimal design, we havi€, = 85 andKy = 15
(e.g. forb?p = 1) in which case the emphasis on tracking performance isniiméd
compared to largep values. In the next section experimental resultskgr= 400,
Kq = 40 case an&, = 85,Kq = 15 case will be illustrated.



Chapter 4

Robustness Analysis

4.1 Delay Perturbations

Smallest time delay which de-stabilizes the feedback sy$te a given set of con-
troller and plant parameters can be calculated from Thedreams follows:
_ 1 —tanl(PKe
T Z(tan (ap) —tan (m pro))

m
= — 4.1
Tmax b’ (4.1)

where

Wo = \/é(pr—bKd)—l. (4.2

This can be seen as the largest tolerable delay. Time dormairagions in Fig-
ure 4.1, 4.2 and 4.3 illustrate the results found in Table 4.1

Table 4.1: Allowable perturbations of delay fék, optimal gain parameters when
m=1andb=0.1

Kp 171 85.0 246 305 310 400
Kg 10.2 152 43 55 51 40

[ Tmax || 0.4589] 0.1811] 0.1202] 0.1105] 0.1080] 0.0876

17
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Position Tracking Error (m)

=1, = 0.115

Time (sec)

Time (sec)

18

Figure 4.1: System is stable far< 0.1202, marginally stable for = 0.1202 and
unstable forr > 0.1202 wherKp = 246 andKy = 43.
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Figure 4.2:Tmax= 0.1080 forKp = 310 andKy = 51.
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Figure 4.3:Tmax= 0.0876 forKp = 400 andKy = 40.
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4.2 Parametric Plant Perturbations

In this section, we discuss stability robustness due toipl@sgncertainties in the plant
parametersnandb.

Introducing
C(s):=Cu(s) =Ca(s), Li(5):=Pi(5)C(s), La2(s):=P(5)C(s),  (4.3)
leads to a characteristic equation

1+ L1(S) +La(S) +L1(S)La(S) — L1(S)La(s)e 25 = 0. (4.4)

Using the identity L
Pi(S) = —— 4.5
1(8) s(mys+by) (4.5)

and some algebraic manipulations, the characteristicteguean be written as:

(1+La(s) — La(s)e"?™)C

mys+ by = (11 L2(9)

=:H(s). (4.6)

We can findm; andbj] pairs for marginally stable characteristic equation (4%)
in [12].

Allowable plant parameters and corresponding simulagsnlts are shown below.

i = M : — Re(H(jw)) Yoo. a.7)
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Allowable m, and b1 parameters
1 T T T

o
o
T
1

Nominal
Plant R

15 2

Srhle-

Figure 4.4: Allowable plant parameters fop = 1, by = 0.1, K, = 400, K4 = 40,
T = 0.085.
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Figure 4.5: System response foy = 1, b, = 0.1, K, = 400,Ky = 40, 7 = 0.085.
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Allowable m, and b1 parameters
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o
o
T
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Figure 4.6: Allowable plant parameters fop = 1, by = 0.1, Ky = 246, Ky = 43,
7 =0.118.
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Figure 4.7: System response foy = 1,b, = 0.1, K, = 246,Ky = 43,7 = 0.118.
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1=0.0876
2 T
1.5}
o 1
0.5
0 i
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0 P ° i
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Figure 4.8: Unstable region shrinks as delay decreaseshlagegion expands as
delay increased{, = 400,Kq = 40).

1=0.115

Figure 4.9: More allowable plant parameters regionrfer= 1, b, = 0.1, K, = 246,
Kq =43.
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4.3 Robustness Against Unmodeled Dynamics

Our plant model can be slightly different than the real matied to uncertainties such
as unmodeled dynamics and approximation of the parameteravoid undesirable
effects of these uncertainties, our controller gains sthetdbilize all possible plants.
If we define one of the plants as:

Pi(s) = P(s) + A(S) (4.8)
we can apply robust stability test. Characteristic equedicthe perturbed system is:
(1+P(S)C(8))(1+ (P(s) +A)C(s)) — (P(s) + A)P(s)C(s)%e 2™ =0 (4.9)

After some algebraic manipulations, characteristic aqunatecomes the charac-
teristic equation of nominal plant multiplied by a functisith perturbed terms.

(14 P(EI0(9)(1+ (9 ™)1+ G(8)e(5) | 1+ Bnl 1 o) (1 g )
(4.10)
where -
Arm(S) = % fo(s) = 1_: . (4.11)

In 4.10, transfer function3 (s) and G(s) are defined the same way as in equa-
tions (2.13) and (2.14) anfy,, is called multiplicative perturbation. In Chapter 3, we
provided controller parameters for which theminalfeedback system is stable and
performance criteria is satisfied. For robust stabilitgsi parameters should also sat-
isfy following inequality:
‘ T(s)

1+T(s)e s
By using equation (4.12), we can derive allowable magnitfdeerturbation:

1+ G(s) far(9)
1+ G(s)f;(s)

Am(s)( )(

)| = Am(9R(S)] < 1 (4.12)

[ee]

Am(jw)| <

R(jw)] *-13)

Figure 4.10 shows that the only frequency range where toketancertainty bound
is less than 100% is between 20rad/sec and 50 rad/sec (wdierakie uncertainty
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bound is between 50% and 100%); any unmodeled lightly darfipeitble modes in
this frequency range may destabilize the feedback systémeywise the system is
quite robust to unmodeled dynamics.

To illustrate this result, the system is perturbed with:

&
W= 2 2wt o @19

which represents an unmodeled flexible mode of the systerturBed plant is defined

as follows:
Pi(s) = P(s)(1+W(s)). (4.15)

Corresponding simulation results with differ&@h&ndc, are shown in Figure 4.11,
for controller gains chosen &S, = 400 andKy = 40.

Figure 4.12 shows allowable plant perturbations for lonantmller gains. Fig-
ure 4.13 verifies system is more robust for lower gains asaggde
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Magnitude of Allowable Plant Perturbation
10" ¢ ———————T ——————r ————rr

=
o
(N
T

VIR(w)

o

=
o

10_ 1 1 1
10 10 10 10 10

Figure 4.12m=1,b=0.1,7 =0.05,K, = 85,Kg = 15

oon:25,Z:0.5 oon:25,Z:0.2
100

o
o

o
o)

Position Tracking Error (m)
o©
N

Position Tracking Error (m)

o

n
o

o
(V)
o

|
a
o

1 2 3 1 2 3
Time (sec) Time (sec)

o
o

Figure 4.13m=1,b=0.1,7 =0.05,K, = 85,Kyg = 15



Chapter 5

Controller Switching Between Free
and Restricted M otion

According to ideal haptic system definition, position triack error of the system
should be as small as possible while realistic force feddimtelt at haptic side. In
order to design such a controller, dynamics of the systent garsfully be analysed
to understand how haptic and virtual objects are followiagheother and what users
perceive at haptic side.

WALL

Figure 5.1: Mass-Spring-Damper System

Recall that when time delays are ignored, dynamic equatibtisearized system
can be written as follows:

MyXn () 4 Xy = —Fo(t) 4+ Fa(t) (5.1)
M(t) + bk = —Fa(t) + F(t) (52)

27
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where

Fa(t) = Kpy (Xn(t) —%v(t)) + Ka, (xn(t) — Xu(t)) (5.3)
Fa(t) = Kp, (% (1) = Xv(t)) 4 Ka, (Xn (t) — Xu(t)) (5.4)

For the moment, let us ignore stability conditions, and eohi@te on the per-
ception of force feedback in haptic side (for this analysisetdelays can be ignored
without loss of generality). Let’s consid&, = Kp, := Kp andKgy, =Ky, :=Kg asin
Chapter 2.2. Then, according to (5.3) and (5.4), equati®is é&nd (5.2) are analogues
to mass-spring-damper mechanical system in Figure 5.1mfagiapproach to haptic
system, considering it as a mass-spring-damper, is alstioned in [9][6].

The imaginary spring in Figure 5.1 is zero-length. Enviremtal forceF(t) is
defined as follows:
Fe(t) = Kw(X2(t) — Xwall) + BuX2(t). (5.5)

If stiffness of wallK,, is larger tharKp, it leads to a steady state position track-
ing error as in Figure 5.2, sindg(t) elongates imaginary spring between haptic and
virtual object as much as it can (see Figure 5.3).

1.4 T T

1t Wall
Position

0.8

Position

0.6

0.4 Haptic I

Virtual ||

0.2

Free Motion Restricted Motion

0 0.5 1 1.5
Time

Figure 5.2: PD Controller Simulation
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User perceives controller outpki(t) as force feedback so thig,, andKy, should
be updated to obtain realistic force feedback. In free nmatase, user should perceive
no counter force, so controller parameters must be as ssalbssible. In restricted
motion, high gains needed to get realistic render of enwiremtal forces in haptic
side. These parameters can be chosen taoptimal parameters table. Therefore,
we propose the switched controller scheme defined in equéii6).

my WALL My Fn
= — L

Figure 5.3: Elongation of Imaginary Spring

Kiow = {40,10}, Kyjgh = {400,40}

o(ty) if t<ty+T
o) = 0 if xy>Ryandt>t+T  t€[tgtcr1)
1 if xy<BRyandt >t +T
{Kp,Ka} = Kiow®(t) + Knigh(1— (1)) (5.6)

where @(t) is relay function that makes the controller switch betwemm &nd high
gains i is the time values where switching occursis the time period, where switch-
ing is not allowed. It is called dwell time.

Corresponding simulation results are shown in Figuress®4-When there is no
dwell time, system can face problem, namely fast switchai@{tering), which can
damage the system. Oscillating behaviour of chatteringbmaseen in Figures 5.4
and 5.8. Time-domain simulations in Figures 5.5, 5.6,aiddshow that as delay in-
creases required dwell time increases as well.
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Figure 5.4: Switching Control Simulation fon=1b=0.1,r = 0.05
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Figure 5.5: Switching Control Simulation fon=1b=0.1,r = 0.05
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Figure 5.6: Switching Control Simulation fon=1b=0.1,r = 0.08
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Chapter 6

Experimental Validation

6.1 Experimental Setup

|

|

l

1 Faln

| Data Acquisition Motor Driver
} Computer Card Circuit

|

| ControllersCy(s), Cx(s) xa[n] Fa(t)
1Virtual InterfacePy(s)

' Virtual EnvironmentFe(t) | S D Fa(t)
e | e ® 4 2

1t | pe Motor =
(Actuator)

Encoder (Sensor) User

Figure 6.1: Haptic System Experimental Setup Scheme

A 1-DOF experimental setup, as in Figure 6.1, is preparedetdywthe results
obtained in Chapters 2-5. A computer is used to simulatealignvironment, virtual
object and delays. Also haptic and virtual controllers an@lemented on the same
computer. Haptic interface includes a DC motor, a motoredraircuit, an encoder
and a link coupled to DC motor. Computer and haptic intertamamunicates through
data acquisition card. Realization of system can be seeigurd-6.4.
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All the controllers, virtual environment runs on a Mathwe®imulink Program.
The Simulink model designed for this purpose is shown below.

Quarc
HIL
Digital
Canstant
HL Initialze Logic Power
HIL-1 (08_usb-0) Supply for
HIL Motor Driver Gircuit
0 Write (HIL-1)
Digital
Tum Left
Pulset HIL-1) Force
Pint HIL
Pulse2 Read 01 Haptic Pos
Encoder
PWM Generator for 1 v"\;"){ Gain Virtual Position
Motor Driver Gircuit b,
Digital Read Encader T
Turn Right HIL-1) i
HIL-T)
Force Infromation to Actuator

Figure 6.2: Experimental Setup Simulink Main Block

o :
Haptc Pos ’-b— PD§) |

Force
Subtract PID Gontroler
_ — 1
o L = 3 oy
Subtract1 Virtual sS40 Virtual Pasition
Subtract2 - Delayt
Controller Virtual
Object
Integratar
;— Fe Obj Pos 1
Goncrete Wall

Vittual Envionment

Figure 6.3: Controller System Simulink Block

6.2 Experimental Results

First, experiments are conducted for PD controller withlewatching. Then, switching
control is performed.

In Figure 6.5, free motion case is tested Kgy= 85 andKy = 15.



CHAPTER 6. EXPERIMENTAL VALIDATION 35

Figure 6.4: Experimental Setup

Position tracking between haptic and virtual interfaceasd system is robustly
stable. Low force-feedback is felt in free motion as desitedFigure 6.6, restricted
motion is tested with same gains. In all the experimentd,peaitionRy is at—11 deg.

In restricted motion, system has to have high gains in oaegrider realistic force
reflections. FoiKp = 85, system can not render stiff objects such as walls etc. as
expected. As we increase gains, we obtain better perforengncestricted motion.
Experimental results foK, = 400 andKy = 40 are presented in Figure 6.7 and 6.8.
We obtained stiffer response. However, we desire to feelftowe feedback in free
motion. Our performance in free motion is getting worse asnegease gains.

In order to increase performance when system is runningtimfoee and restricted
motion, switching control is used. Control system autooadly switches from low to
high gains as virtual object hits the wall as in Equation 54 it seen in Figure 6.9,
force feedback is low in free motion and high in restrictedior Simulations show
system response of switching control is closer to idealibagytstem response com-
pared to non-switching PD controller.
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Figure 6.5: Free Motion Case fé, = 85,Kq = 15
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Figure 6.6: Restricted Motion Case fi§p = 85,Kyq = 15
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Figure 6.9: Switching Control Experiment Results
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Chapter 7

Conclusions

The main contribution of this thesis has been a completdityamalysis for a bilateral

haptic system, which is coupled to a virtual environment affiected by time-delays.
This is summarized in Theorem 1 in Chapter 2, and illustraieeigure 2.3 for two

different time-delays and specific choices of plant paranset

Once the stability region is identified, by using two diffier@ptimization tech-
niques, optimal controller parameters are calculated. @rleese optimization tech-
niques useskl., based cost function; and the other one uses a stability mapgimiza-
tion. The results are illustrated with typical choices drlparameters in Tables 3.1
and 3.2.

Robustness of the designed control systems are analysedtiree different per-
spectives:

* Robustness to uncertainties in the values of time-delayaximal allowable
time-delay has been computed, see (4.1)).

* Robustness to uncertainties in the plant parametersofregfi allowable plant
parametersm andb; are calculated, see Figures4.6, 4.4, 4.8, and 4.9).

* Robustness to unmodeled dynamics in the plant transfeatibm(critical fre-
guency regions are identified, see Figures 4.10 and 4.12).
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According to the transparency point of view, using the sameRins is not suffi-
cient to satisfy performance criterion due to stiffnesdpems. System can not render
stiff objects when low gains are used. On the other hand, ggs make operator to
encounter undesired viscous friction during free motionoider to guarantee perfor-
mance in both cases (free motion and restricted motion)nalsiswitching strategy
is tested, and it is observed that the corresponding reartdtgloser to desired ones
with switching strategy. A special attention is needed i approach because both
controllers must be updated, and since the system is affégtéime delays, there is
a moment when the gains will be different at each side, thig lead to unwanted
fast switching (chattering). In order to avoid this, we pyeed a dwell time based
switching; simulation results show the effectiveness g #pproach. On the other
hand, theoretical stability analysis for this approach Mdall into the framework of
switched time delays systems. Finding the minimal dwelktignaranteeing stability
is currently an open problem, see for example [15, 17, 18}theid references.

For verification of all of the results mentioned above, a 1Hperimental set-up
has been built. Experiments conducted supported our thiealreesults.

Possible future work in the lines of this thesis include tiofving studies:

* Dwell Time Analysis: Finding the optimal dwell time in considerations of ro-
bustness and performance issues is an interesting opetemprobrhis study
would involve simultaneous design of the controller pargarseeand the dwell
time used in the switching scheme.

» Collisonswith VariousObjects: In this thesis, we only considered collisions to
hard walls. Simulations and experiments can be conductesbjects with var-
ious stiffness (for example, different kind of human tissém medical robotic
applications). Such a work requires a new switching algari{fperhaps, a con-
tinuous mapping from one set of controller parameters t@ther set).

* Improving Mathematical Model: In this thesis, we have ignored high order
dynamics, which may be present due to motor characterstidgossible flex-
ible robot links. A possible future study would consider Isingh-order plant
models for stability analysis.
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» Extensionto MIMO case: In this study, we considered SISO (single input, sin-
gle output) plant and controller models. Extensions to MIulitiple input,
multiple output) case whem, b, Ky, K4 are matrices and time-delay is replaced
by delay matrices would be an interesting/challenging l@mb Three dimen-
sional experimental set-up would provide results for megdistic applications.
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Appendix A

M athematical Derivations

Let's present derivation of phase and magnitude identiti¢ise following delay term:

1—g jwh
jw
1— cog wh) + jsin(wh)
jw
sin(wh) . (1—coqwh))

= —0 ! ” (A1)

fllw) =

used in Equation (2.23). Phase of equation (A.1) is definddlmsvs:

/f(jw) = tan? (%) (A.2)

(A.3)

By using half-angle formulas, equation (A.2) becomes,

. 1 [ cog(wh/2) —sirt(wh/2) —1
£Hjw) = tan 1( 2sin(wh/2)coq wh/2) )

(A.4)
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Simplification continues with trigonometric identitps’(wh/2) = 1—sir’(wh/2),

LH(jw) = tan‘l( —2sir?(wh/2) )

2sin(wh/2)coq wh/2)
B 1 (—sin(wh/2)
- 1( cos(wh/2>)
= tan (tan(—wh/2))
wh
= - (A.5)
O
Magnitude of Equation (A.1) is defined as follows:
i _ 2
(W) — \/smz(hw)—i—(i)z cog(hw))
B \/sin2(hw) +co2(hw) — 2coghw) + 1
B w2
2(1—coqhw))
= \/ 7 : (A.6)
(A7)

By using half-angle formulaog hw) = cog’(hw/2) — sir’(hw/2), Equation (A.6)
becomes:

f(iw)| = \/2(1—(co§(hw/02);—sin2(hw/2)))
sir?(hw) /2

hw/2
sin(hw) /2

B hw/2 (A-8)




Appendix B

Simulink M odels

B.1 PD Control

Figures 4.1-4.3,4.5,4.7, and 5.2 are generated by usingithelink model below.

B [
J —|f1 %1
Haptic
Step Pasition
— i @ p[]
Virtual
Haptic System Position
—> |,
Fe ObjPos l————|- |
Subtract Tracking
Goncrete Wall Ermor
I
Envionmental
Forces

Figure B.1: PD control Simulink main block
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— ()
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Delay 2

m.s+h
Virtual
Obpet

-+
0]
A A
sl |-
- 2,52
~lu|g meE
L 3 >8
A
o
o0
[x]
!

—» (10
x1
Delay

Haptic
Interfac

52

Kd.s+Kp
3
Haptic
Controlier

9—»
L

S1

Figure B.2: Look under mask to Haptic System
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B.2 Unmodeled Dynamics Simulations

Haptic Interface plant in Simulink Program in B.2 is repldedth Atomic-subsystem
below to realize simulations to verify our results in Chapts. Figures 4.11 and 4.13
are generated by using this Simulink model.

1 wnh2
1% > > -+
i m.s+h dens) . -—.-
Haptic Haptic Out1
Interfac Interfac1 Add

Figure B.3: Perturbed Plant Atomic-Subsystem

B.3 Switching Control

Figures 5.4-5.8 are generated by using the Simulink modehbe
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Step

p|]

Haptic
Position

p|]

Haptic System

Fe Obj Pos ——

Concrete Wall

N

Scope2

Virtual
Position

—
R

+
I < N
Subtract Tracking
Emor

Figure B.4: Switching control Simulink main block

]
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Figure B.5: Look under mask to Haptic System
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@
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(37 — | y
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(a3 Switching Gontwolier
w Matlab Embedded Function

Clock

Figure B.6: Look under mask to Haptic Controller

B.3.1 Matlab Embedded Code

%%Embedded Matlab Function code for 'Switching Controller
function y = fen(xh,xv,vh,vv,clk)
persistent mode cs; %0 free, 1 restricted sol
if (isempty(mode))
mode = O;
cs = 0;
end

dwell=0.4;
if (mode == 0 && (clk-cs)>dwell)
if (xv >= 5)
mode = 1;
cs = clk;
[mode,clk]
end
end
if (mode == 1 && (clk-cs)>dwell)
if (xv < 5)
mode = O;
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cs = clk;
[mode,clk]
end
end

m =1, b = 0.1;

if (mode == 0)

Kp = 85; Kd = 15;
else

Kp = 400;

Kd = 40;
end

y = -Kp=*(xh - xv) - Kd =*(vh - wv);
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Matlab Codes

C.1 Stability Regions

Figure 2.3 is generated by using following Matlab code.

clear all;
h = 0.005;
m = 1; b= 0.1;

w = logspace(-2,6,1000);
alpha = logspace(-8, 0,2500);
for (k = 21l:length(alpha))
for (I = Llilength(w))
ge() = pi - 2 *(atan(w(l)) - atan(alpha(k) *w(l)) - h  +w(l);
end
[mingc,ind] = min(abs(gc));
wo(k) = w(ind);
L(k) = (2 =(1l-alpha(k)))/(wo(k)"2+1);

end
Kp = b2./(m =L);
Kd = alpha. *Kp*m/b;

loglog(Kp,Kd);
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C.2 H, Based Optimization
Optimal gain parameters in Table 3.1 is obtained by usirigWahg Matlab code.

function [T,pointKd,pointKp] = infnorm(Kdbmin, KOmax)
m = 1; b = 0.1; rho = 5000;

tao = 0.05; h = tao  *b/m;

length(Kdbmin)

for (p = l:length(Kdbmin))

Kd0 = Kdbmin(p);
Kprange = logspace(log10(Kd0+0.5),log10(0.95 * KOmax(p)),100);
p
for (n = l:length(Kprange))
Kp0 = Kprange(n);
w = logspace(-5,5,2000);
for (k = 1:length(w))
s = i *w(Kk);
G = (Kp0 + KdO=*s)/(1 + s);
F =inv(s + G (1 + exp(-h =5)));
Tc(k) = max(svd(F * [rho *(m/b™2) =*inv(1+s);
s*G [ (stG *(1 - exp(-h  *s))));

end
[ind,ind] = max(Tc);
wf = linspace(w(ind) * 95 w(ind)  *1.05,100);
for (I = 1:length(wf))
sf = i +wi(l);
Gf = (KpO0 + KdO *sf)/(1 + sf);
Ff = inv(sf + Gf  *(1 + exp(-h =*sf)));
Tf(l) = max(svd(Ff * [rho *(m/b™2) =inv(1+sf);
sf *Gf / (sf+Gf =+ (1 - exp(-h  =sD)));
end
T(p,n) = max(Tf); pointKd(p,n) = KdO; pointKp(p,n) = KpO;
end
end
end
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C.3 Stability Margin Optimization
Optimal gain parameters in Table 3.2 is obtained by usirigWahg Matlab code.

clear all

h=0.005; b=0.1;

rho1=0.01; rho2= [10:10:100];
w = logspace(-3,4,10000);
alpha = logspace(-4,-0.01,5000);

for qg=1:length(rho2)
for kk=1:length(alpha)
for k=1:length(w)
e(k)=abs(pi-2 * (atan(w(k))-atan(alpha(kk) *w(k))-h  *w(k));
end
[mine,mm]=min(e);
wo(kk)=w(mm);
x=sqrt(1+wo(kk)"2);
KO(kk)=(1+wo(kk)"2)/(2 * (1-alpha(kk)));
cost(kk)=(1/rhol) *(rho2(qq)/x + (b"2/rho2(qq)) *X/(2 *(1-alpha(kk))));
end

[mincost,nn]=min(cost);
KPopt(gq)=(b™2/rhol) * sqrt((1+wo(nn)"2)/(2 * (1-alpha(nn))));
KDopt(qq)=(1/b)  *KPopt(qq) =alpha(nn);
GM1(qq)=(rhol = sqrt((1+wo(nn)"2)));
end

[KPopt', KDopt]

C.4 Allowable Perturbationsof Delay

Maximum tolerable delay values in Table 4.1 are obtaineddiggufollowing Matlab
code.
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m =1; b = 0.1;
Kpl = [17.1,85.0,246,305,310,400];
Kdl = [10.2,15.2,43,55,51,40];

for (k = 1:length(Kpl))
Kp = Kplk); Kd = Kdl(k);
w0 = sqgrt(2/b™2  * (m=*Kp-b * Kd)-1);
tao = (pi-2 *(atan(w0)-atan(b * Kd/(m * Kp) *w0)))/w0 *2+m/b/2;

['for Kp =", num2str(Kp), " Kd ="' |, num2str(Kd),
", critic tao = , num2str(tao), '‘percentage = '
num2str((tao-0.05) * 100/0.05)]

end

C.5 Allowablem; and b; Parameters

Figures 4.6, 4.4, 4.8, and 4.9 are generated by using falpWMatlab code.

clear all

Kp = 246; Kd = 43; tao = 0.115;
m =1; b = 0.1, cnt = 1;

w = logspace(-3,3,15000);

for (k = 1:length(w))

wk = w(k); jw =j  *w(k);
G2 = (Kp+Kd=*jw)/(m =*jw 2+b =*jw);
Cl = (Kp+Kd=*jw);

A = ((1+G2-G2 *exp(-2 =*tao *jw)) *Cl)/(jw = (-1-G2));
bl = real(A); ml = imag(A)/wk;
USS(k,:) = [m1,b1];
if (ml >= 0 & bl >= 0)
usS(cnt,:)) = [m1,bl];
cnt = cnt + 1,
end
end
m = US(;,1); b = US(:,2);
mass = [0:0.01:4];
friction = spline(m,b,mass);
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area(m,b);

axis([0 1.5 0 1.5]); grid on;

title([ \tau = ' ,numa2str(tao)])
hold on;

plot(1,0.1, "', 'MarkerSize' ,18);

C.6 Robustness Against Unmodeled Dynamics
Figures 4.10, and 4.12 are generated by using followingaatbde.

clear all;
m =1; b = 0.1; h = 0.05;
Kp = 400; Kd = 40;

w = logspace(-1,3,10000);
for (k = 1:length(w))
wk = w(k); jw =] *wk;
P = 1/Gw *(w »m+b)); C = Kp + Kd *jw;
T = P«C/(1+P *C); G = jw *P«C;
ft = (1-exp(-h *jw))/jw; f2t = (1-exp(-h * 2% JW))/jw;
W(k) = inv(T/(1+T  =exp(-h =*jw)) =*(1+G=f2t)/(1+GC  =*ft));

end

loglog(w,abs(W), ‘LineWidth' ,1.0)

title([ ‘Magnitude of Allowable Plant Perturbation' D;
xlabel( "omega' )

ylabel(  '1/|R(j\omega)|' )

grid on;



