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In this paper, the problem of external sensors within bilateral teleoperistiaddressed. We propose a Phase
Locked Loop (PLL)agS-tracker that presents an enhanced approach for position and vedstityation. The
proposed approach offers some advantages over the methodtpreseour previous research that was introduced
to enable pseudo-sensorless teleoperation. Such approach appli€s/Padtuators with analog Hall sensors built
in a motor housing. They allow obtaining sufficient position, velocity, ande€anformation for teleoperation by
a haptic interface. Furthermore, FPGA has been utilized for the impletiwnta order to achieve high control
rate that was already introduced as a necessity in cutting edge perf@sygstems. However, main advantages of
the method presented in this paper is attributed to improved system penfierdae to the better signal-noise ratio
and to enhanced flexibility of hardware resources consumption. Tigis;performance bilateral control can be
achieved. Such bilateral teleoperation with a dedicated haptic interfacggraficantly improve surgical robotics.
The proposed approach was experimentally validated by the simple 1labofatory bilateral teleoperation system.

Key words: Velocity Estimation, Phase Locked Loop, Bilateral Teleoperation, HagtR§A

PoboljSana pseudo-bezsenzorna bilateralna teleoperacija korighjem PLL o3 estimatora i FPGA. Glavni
predmet ovog rada je problematika koristenja eksternih senzora equrbdateralne teleoperacije. U radu je pred-
loZzena S estimator temeljen na principu fazno zatvorene petlje (eng. Phase Lboked PLL) koji se @&inkovito
koristi za problem istovremene estimacije pozicije i brzine. PredlozZéstiprpruza odréene prednosti u odnosu
na metode koje smo prethodno razvili za ostvarenje pseudo-berseneteoperacije. Pristup primjenjuje PMLSM
aktuatore s analognim Hallovim sondama utgmaih u metalno kéiSte. Oni se koriste za dobivanje dovoljno in-
formacija o poziciji, brzini i sili, za teleoperaciju s hafkim siteljem. Nadalje, za omogavanje izvdenja
upravlj&€kog algoritma s vrlo visokom frekvencijom u svrhu implementacije koriggedfPGA sklop, koji se ve
pokazao kao nuznost u primjeni na sustavima s visokom razinomrpefsi. Unaté tome, glavna prednost
metode koja je predloZena u ovom radu odnosi se na poboljSanjerparfsi sustava zbog boljeg omjera signala i
Suma te poveanu fleksibilnost potroSnje sklopovskih resursa. Prema tome, ¢egguostvariti bilateralno upravl-
janje s visokim performansama. Takva bilateralna teleoperacija s pidagn hapttnim siteljem moze utjecati
na zn&ajna poboljSanja u kirurskoj robotici. PredloZeni pristup je ekspertiatem validiran na jednostavnhom
bilateralnom teleoperacijskom sustavu s jednim stupnjem slobode.

Klju €ne rijeCi: estimacija brzine, fazno zatvorena petlja, bilateralna teleoperacijachasitelje, FPGA

1 INTRODUCTION slave in order to display the remote reaction force. When
the positions and external forces are tracked simultane-
Bilateral teleoperation denotes a teleoperation withously then the bilateral teleoperator becomes transparent
force feedback [1]. Generally it consists of master andsuch that the environment impedance is ideally transmitted
slave robotic devices. The master device interacts with thto the operator [3]. In this case, an ideal haptic percep-
human operator, whilst the slave device may interact wittiion can be achieved [4]. The significant aim in advanced
the remote environment. It is well-known that that only bilateral teleoperation is to achieve high fidelity environ
the 4-channel teleoperator architecture allows idealeforcment reaction force reflection [5]. Such haptic teleopera-
feedback transmission [2]. In this control architectuhe, t tion may be strongly required in medical applications e.qg.
position and force information is required for master androbotic surgery [6] and bone-drilling [7].
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High haptic fidelity during the bilateral teleoperation is robotic surgery [16]. Force feedback in robotic surgery
strongly desired. This property is highly dependable on pomay be provided by the use of dedicated force sensors [17]
sition and force information. Such information can be pro-that again complicate the design and increase costs. The
vided by external sensor or an observer. In practice, lowdesign of robotic surgery systems without external sensors
cost external sensors, i.e. force sensor or optical enspdessignificantly simplifies the design and furthermore it also
may be applied that generally provide low-resolution meadecrease invasion to the human body.

surement. Data acquisition properties are strongly re-  gampling and control rates are important for haptic fi-
lated to sensor resolution, such that low-resolution pOSideIity such that high rates lead to performance improve-
tion measurement and/or low sampling rate will inherently ot in pilateral teleoperation [18]. FPGA allows fast
reduce sensing bandwidth. Furthermore, it limits C“t"_)ﬁand accurate sampling intervals; thus, high control rate ca
frequency of the control-loop that consequently deter|§)~De achieved [19]. Hence, FPGAs have been recognized
rates the system performance. It must be noted that, highy 5 syitable solution within bilateral teleoperation gesi
Cl_Jt-off frequency is stron_gly desired in order to achleve[zo][21]_ However, FPGA is a digital circuit with rather
high transparency operation. Some researchers have gliteq hardware resources regarding requirements of an
ready addressed the problem of external sensors implég,anced complex control system. Those limitations may
mentation [8][9]. Recently, a force observer approachye gyercome to some extend by proper design that applies
has been studied that may sufficiently replace a force sery icient optimization approaches. This issue shall be con
sor [10][11][12]. Many approaches have been presentediyared during the control design and implementation on
for position measurement [13].  Among them, capaci-zpca. Thus, the design of simple yet effective algorithms

tance position sensing principle presents modern and Vef¥ prioritized since they consume less FPGA resources.
precise position measurement. Yet, such approach does

not present a commercially available solution for wide  11iS paper proposes a Phase Locked Loop (RiE)
range position measurement. Moreover, PMLSM (Permat_racker for position and velocity estimation. In our previ-
nent Magnet Linear Synchronous Motor) motors with in-OUS research we presented FPGA-based pseudo-sensorless
tegrated analog Hall sensors have been available for trilateral teleoperation approach [22]. The position infor
last ten years. Such design may present acceptable solfiation was provided by analog Hall sensors and a dedi-
tion regarding cost and position measurement. Furthecated estimation algorithm that furthermore enabled a suf-
more, it provides sufficient position information without ficient velocity and reaction force estimation required for
utilizing any external position sensor. Simpkins et al.-pre Pilateral teleoperation. However, the presented algorith
sented position measurement of compact BLDC motor usequires sufficient low-pass filtering due to the noise waiithi
ing analog Hall sensors [8]. In such implementation IOO_the measured analog signals that limits control bandwidth.
sition may be measured by using integrated Hall sensor§,LL iS known for excellent noise-rejection capability [24]
whilst action and reaction force may be calculated by ex@nd has been utilized in motion control applications to
ternal force observer [9]. Hence, the implementation iiChieve high-precision speed control. - Emura proposed
pseudo-sensorless. Such a design significantly contsibutdV0-input quadrature PLL, utilized for incremental en-
towards those applications that require minimal sizes, i.¢°0der [25]. In this paper we combine the PLL concept

minimal invasive surgery (MIS). Furthermore, the costsWith a3-tracker in order to improve robustness to the sig-
can be significantly reduced. nal noise and yet provide simple implementation for posi-

_ _ _ o tion and velocity estimation that is necessary for FPGA.
The |r_1terest|ng scope for pos§|ble utilization of the pre- The structure of the paper is as follows. Section 2
sented bilateral teleoperator design approach can be found.

in medical applications, i.e. robotic surgery. The designbrlefly describes the system for pseudo sensor less bilat-

of such mechatronic devices is a challenging task. One o?ral t_eleoperan_on. Section 3 presents a Rif-tracker
algorithm. Section 4 shows the experimental setup and the

the major design criteria parameter involves size. NavarrQ . .
results, and finally, Section 5 concludes the paper.

et al. presented a concept of a parallel robot laparoscopic

application [14]. Such implementation involves PMLSM

and it is aimed to reduce injuries to the human body dur2 PMLSM FOR BILATERAL TELEOPERATION

N9 Iaparoscoplc.gurgery. Ut'"?atlon of RMLSM avpld_s 2.1 The Bilateral Control Block Scheme

the usage of additional mechanics for motion transmission

that always complicate mechanical design, present extra In this paper, robust SMC (Sliding Mode Control)-
costs, and deteriorate system performance like at rotatyased algorithm for bilateral teleoperation was utilized
PMSM [15]. However, the paper does not deal with force[22]. The virtual modes involve a common mode and a
feedback. Some authors present research with improvaifferential mode that enabled the force and position track
ments of performance if force feedback is provided duringng design of the bilateral teleoperation system within the
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independent coordinates. The control algorithm guaran2.3 PMLSM Control
tees chattering-free performance and provides easy imple-

mentation. Efficient disturbance rejection is assured by th

practically model-free robust controller.
The bilateral control law is governed by

By proper PMLSM control it is possible to acquire the
advantages of the permanent excited AC motor and the
synchronous motor [27]. The main advantage is smooth
thrust force that may have significant impact on those ap-

f=MT""u (1)  plications that deals with precise force control.
U= Ueq + D(/t Uegdt — i) @) Figure 2 de_pic_ts the block scheme of current control of
0 the PMLSM with integrated analog Hall sensors. The cur-
T T rentsiq ands, are calculated by Clarke and Park transform.
whereu = [uc, ug]’ andueg = [Ueq,c, Ueq,d]” + Ueg,e = . S .
Fu/M, andu, g = —(koia + kyza), 29 = Tx, & — Note that the latter requires shaft position informatiohe T
¢ C T b v pdiy o ' current control based on vector control enfortef zero
[2m, 5] whilst thei, component is regulated by its reference value
T = { 1 11 } 7 (3) [28]. Hence, the PMLSM is decoupled and easy to control.
B Only the g-axis current component determines the thrust

M = diag(m.,,ms) is the mass matrix of the bilateral force. Thus, (6) can be simplified as
teleoperatorm,,,, ms, m, s, fm, andf; are the masses,
positions, and control forces of the master and the slave
devices, respectivelyf;, is the operator action force and
fe is the environmental reaction forcexr., x4, f., and  where K is the thrust coefficient and is described by
fadepicts positions and forces in virtual modal space. INKr = 37/, \p,,. The thrust force, is proportional to the
dexeq.)., and(.), apply the common mode and the differ-
ential mode u,. anduy depicts control output that is given
in acceleration dimension. The control paramefdis D,

fe:KFiq (7)

Phase A

S Phase B
output

stage Phase C

3-phase
r PWM

YyYvYvYy

rameter, position gain, and velocity gain, in virtual mades
respectively. The procedure for control parameters tunin
has been presented in [23]. The bilateral SMC algorithrr
block scheme is depicted by Fig. 1.

i, (force comp.)

i
CLARKE e

PARK i -
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X

2.2 Mathematical Model of PMLSM vy

Hall sensor A

The mathematical model of the PMSLM described in . Hallsensor & (m)

thed, g rotating reference is presented by (4)-(5). The elec Hallsnor € PuLSW
trical equations read as:

Shaft
position

=

Fig. 2. Principle block scheme of the brushless AC motor
. . . di force control

Vg = Tlqg — %l‘equq + Ld (d:) (4)
g-axis current component; therefore the shaft force may be
easy to control. In this paper, the bilateral control algo-
o rithm outputs control forceg,,, and f,, respectively, that
where va, vy, id, iq, La, Lq, andr are stator voltages, present a reference value for motors thrust force. Thus,
stator currents, stator inductances, and stator ressstanc these forces are applied to set the reference currents, such
d, q frame, respectively:. is the shaft electrlc. velocity. thatig?,{, = o/ andz'gf;f = Ie/Kp
Apys andr,, are the permanent magnet flux linkage and
the magnetic pitch, respectively. The thrust force (etectr
magnetic force)f, can be described by

.
Vg = Tig — ZdeApar + TieLaia + L (;;) )

2.4 Shaft Position Calculation Algorithm

The shaft position calculation approach, presented in
our previous research [9], is briefly described. Such infor-

e
2T
The model (4)-(5) is based on the following assumlo_matlon may _be gpphed for PMLSM control and further-
more to obtain bilateral control.

tions: magnetic saturation is neglected, motor is assumed
to have a smooth rotor, no saliency effeft;(= L,), and
hysteresis losses are assumed to be negligible [26].

_ 3w

((Ld—Lq)’id+)\pM)iq. (6)

The analog Hall sensors integrated within the PMLSM
motor housing measure the magnetic fields produced by
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Fig. 1. Bilateral control block scheme

the permanent magnets. Such sensors outputs three sigw signal/noise ratio may lead to dither or multitransi-

nals,ul, u2, andu3. tions (Fig. 3). In order to improve robustness to signal
) noise, the input signals;, u, anduz should be filtered by
ur = sin(¢) relatively low cut-off frequency. However, this approach

ug = sin(¢ + 27/3) (8) introduces additional undesired delay in feedback control
uz = sin(¢ — 27/3) path and consequently limits control bandwidth.

where¢ = 27z /7, %

The signalsu, uq, andus depict sinusoidal signals in 2r —x
three-phase “rotating” domain and are used for determin- 2 ——Acepostion

o
T

ing the shaft position by the following algorithm. The sig-
nals are transformed into two-phase “rotating” domajn
anduy by using Clarke transformation

Position [mm]
=

ug = 2(ug — gug — Suz) =sin(x)

©)
up = %(@uz - §U3) = cos(x) "

muhlple transitions W,w""" ‘
o
- \N\
.“WW
W‘ml”’"“ e

el
'M' ,mn"
.

|
.3 0.4 0.5 0.6 0.7 0.8 0.9
Time [s]

Fromu, andu, it is possible to calculatenly the ab-
solute positione. within a single magnetic pitch,, by  Fig. 3. Multiple transitions (dither) of the absolute pasit
using
s = T atan2(ug, w) (10) 2.5 \Velocity Estimation by a8-tracker

To calculate the motor shaft position in a full range, Various techniques for position/velocity measurement
'and estimation have been presented in [29]. In our case,

the transitions between the magnetic pole pairs must bé

tracked. Then the full range positieris given by (11) posmon obtained by analog Hall sensors is combined with

' ' aB-tracker in order to provide velocity information [9].

C =2y 4 qrm, q=0,41,42, ... (11) Theag-tracker is a simplified ste_ady—sta.te closed—form
of the Kalman observer [30] that gives optimal state esti-
whereq counts the travelled pole pairs, by calculation mates for linear stochastic systems with additive Gaussian
of position differencer. (k) — =, (k — 1) for two consecu-  errors. Then3-tracker can give sub-optimal estimates. It
tive time instance. can also be viewed as a recursive filter and provides posi-
The position algorithm (8)-(11) may introduce sometional as well as velocity estimation output. Furthermore,
difficulties. Such algorithm is sensitive to noise that is al the o3-tracker can provide satisfactory average character-
ways present in practical measured signals. Signals witlstics over a wide-range. The simplicity and computational
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efficiency justify its use in many practical real-time engi-
neering applications, e.g. motion control. 0 ﬁ 2=z
. . = 3 a7)
The a3-tracker assumes constant velocity during the . Ti2?+(a+B-2)z+(1-0)
sampling interval. The positional prediction and the veloc
ity prediction are described by the model

2.6 External Force Observer

The action operator force and environment reaction

- . . force are observed by the external force observer. Such
T = Tp—1 + Tl (12)  an observation does not require sensor. Furthermore, it can
Uy, = Ug—1 (13)  also widen the sensing bandwidth in comparison to exter-

R . . . nal force observer.
wherez;_; andd,_; represents the estimated position and ) )
estimated velocity at time instanée— 1, respectively.Z The external force observer is based on the disturbance

is the sampling interval. The predicted position and pre_observer, which provide; an estimation of the disturbance
dicted velocity are corrected by force using a low-pass filter. The external force may be
easy to estimate by detecting curréptand shaft veloc-
ity ©. Note that in the PMLSM control, the g-axis current
B = g + alze — 3) (14) component that is regulated by the reference value, is pro-
O = Dk—1 + B/Ts(x — &y,) (15) portional to the thrust forcg,. The estimation algorithm
‘ is described by

A g . R .
ert — — K q — Jdis - Z 18
fer = g iy = Jaist + gmi) = gmo - (18)
.fdist
i . Y v
—p K, g |« m e—
g
Fig. 4. Block diagram of thevS-tracker for position and stg
velocity estimation
~ g |«
wherexy, T, «, and S represent the measured po- o
sition, predicted position, the position correction gain, o
and the velocity correction gain, respectively. The block
scheme is depicted by Fig. 4. Fig. 5. General disturbance observer block scheme
The o and 5 correction gains are defined as positive R
constants and values are chosen such thatithéracker where feut, faist, &, m, andg denote the estimated

addresses the limit Kalman filtef (< « and0 < g < external force, disturbance force, the velocity, the nahin
a?/(2—a)) [9]. The choice of the gain values is a trade-off mass of the master/slave devices, and the cut-off frequency
optimization problem between tracking accuracy and noiseespectively. Figure 5 depicts a general external force ob-
suppression capability. In order to guarantee an asymptotserver block scheme. It is applied on the master side, to
cally stable response,and are selected within the range estimate the operator action force, and on the slave side,
0 < a<land0 < g < 4 — 2a, respectively, and for to estimate the environment reaction force. It can be noted
smooth convergence, selectiongptan be further limited that, if i, follows igef andig ~ 0, them’gef can replacg,.

to0 < 8 < 2 — a. The values in practice are typically ad-

justed empirically. In this paper, the values are decided bg  p|| ,3-TRACKER

the poles that the root-locus method provides for the trans-

fer functions (16), (17), and the desired cut-off frequency ~ Our previous algorithm for position and velocity es-

The poles can be either real or complex. timation might be improved, such that robustness to the
signal noise is increased and the FPGA implementation is
i az?+ (B —a)z 16 simplified. This can be achieved by combination of the

r 24+ (@+B-2)z2+(1-a) (16)  prL concept witha5-tracker. PLLag-tracker is derived
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from generahg-tracker structure presented in Section 2.5
(see Fig. 4). It is modified such that most salient features

of the PLL concept is incorporated within its structure. The
position inputx of the aS-tracker is replaced by sine and
cosine waveforms,, andu, (9). It can be noted, that in

Tk = Tp + axe (20)
U = Op—1 + Tﬁl‘e (21)

PMLSM current control scheme these signals (sine and co-
sine waveforms) are already required. ConsequentlyZ such The design ofv and 3 can be selected similarly as in
approach may lead to hardware resources consumption réaction 2.5. The cut-off frequency of the PVE has to be

duction.

sufficiently high in order to provide the loop to be able to

Figure 7 depicts the PLkS-tracker block scheme. It track the input signal. Otherwise, the loop would not be
has similar structure as the ordinary quadrature PLL bloclgple to track the input signal and may fall out of the locked
scheme (Fig. 6) [25], which consist of: Phase Detectoktate. The VCO outputs sine and cosine waveforms of its
(PD), Low-pass Filter (LPF), and Voltage Controlled Os-position argument;, such that output pafsin(z), cos(z)]

cillator (VCO).

sin(x) —p| X, e X
cos(x)—> PD » LPF VVCO_»
A A
sin(X)
cos(x)

Fig. 6. Ordinary PLL block scheme

Fig. 7. PLLag-tracker block scheme

are locked on the input pajisin(z), cos(z)]. When this is
fulfilled, the PLL ae-tracker can retain the locked stafe (

is kept locked onx). It can retain locked state even in case
of magnetic pole transition though signal is contaminated
by noise. Therefore, the transition tracking algorithmds n
necessary and the dithering problem with multiple transi-
tions is avoided. Consequently, the cut-off frequency ef th
aS-tracker can be increased. Position and velocity infor-
mation can be obtained with effective noise-rejection ca-
pability. Thus, it is possible to provide sufficiently wide
sensing bandwidth in order to be able to achieve high-
performance bilateral teleoperation. However, in order to
provide correct position information, proper initial ptsin
value has to be set. Position initialization can be perfarme
offline by (10); the hardware resources for real-time con-
trol are not affected.

Figure 8 depicts response of the Phls-tracker for
position and velocity estimation. It is shown that the loop
remains locked® ~ x) during the velocity change. The
estimation algorithm is not affected by the magnetic pole
transitions.

4 RESULTS

A PLL ap-tracker offers some advantages over previ-

PD in Fig. 7 implements a cross-product between thg, s implementation. Significant advantage is described as

input pair of sinusoidal signals,, u,] and output pair of
sinusoidal signal&in(z), cos(z)]. It consists of two mul-
tipliers and an adder that compute

Te=Ugq cOS(T) — upsin(T) = (19)
=sin(x) cos(Z) — cos(x) sin(z) = sin(z — &)

such that it provides signal. that involves information

about the phase correspondence. Whéallows x, such

thatz = z, the loop is said to be locked. In this case,

can be approximated by phase differencex « — 7.

The PVE outputs position estimatian,, velocity es-

a simplification and elimination of the transition tracking
algorithm (11) that is required for determination of shaft
position in full range (see section 2.4). Consequently,
multiple transitions due to the noisy signals (Fig. 3) are
avoided. Moreover, such elimination also means less com-
puting operations; they can cause severe computing noise
in case of fixed point calculus by limited FPGA hard-
ware resources. Furthermore, position data that is con-
taminated by noise drastically deteriorates system perfor
mance. Hence, the enhanced approach by PLL provides
less computing noise and consequently improved system
performance. Fig. 9 depicts simulation results of bilat-

timation ¢, and position prediction. Consequently, equa-eral teleoperation for control parameters in Table 3. Top

tions (14) and (15) turns to (20) and (21).

AUTOMATIKA 55(2014) 3, 265-275
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Fig. 8. Position and velocity estimation of the Phl3-

k
tracker The keystone of the FPGA is flexibility. This attribute

enables a large number of implementation alternatives. In
computed byaS-tracker and enhanced PLL method, re-practiceatan2 cos andsincan be utilized by CORDIC al-
spectively. Bottom diagram shows true external forces angorithm and hardware resource consumption is compara-
computed external forces by the external force observergle (up to 1185 LUTS for 16bit in/out width fatan2and
respectively. The simulation case applies th tracker 1093 LUTSs forcosandsin[31]). Howeversinandcosim-
within the loop until 0.5s and then switches to the enhance@lementation provides flexibility regarding FPGA imple-
PLL method. It is clearly shown that computing noise sig-mentation. Various approaches fgin and coswere pre-
nificantly deteriorates system performance in case/®f sented [33]. Moreover, FPGA vendors already offer Look-
tracker. Thus, the PLs-tracker can provide better con- up tables for easier implementation [32]. Thus, it is possi-
trol stability and performance that consequently increaseble to achieve desired hardware resources implementation
transparency. of registers, LUT and, DSP units. On the other haatdn?2

Table 1 depicts hardware resource consumption.for implementation also provides a little flexibility [34]. Thi
tracker (second column) and Pldj-tracker (third col- IS compared tasin andcos presented in [32], not so ef-
umn). It can be noted, that minimal decrease in hardwarective. The hardware resources consumption may present
resource consumption is noticed. However, FPGA logic@" important factor within extensive mechatronic control
circuit configuration was designed using fixed point repre-Systems.
sentation and by high-level programming language (Lab- ,

VIEW) and thus hardware consumption may not be opti#-1 ~ External Force Observation
mal and may also vary depending on the selected design One can notice that external force observer (18) re-
strategy. PD within PLLxS-tracker requires two multipli- quires velocity information in order to calculate external
cations more thang-tracker that is also shown in Table 1 forces. Thus, sufficient precision within position calcu-
by utilizing dedicated DSP48s units. The Phis-tracker lation is required. Figure 10 shows comparison between
requires also initial values fot,. However, this may be observed force (solid red line) and measured force using
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Fig. 10. Comparison of observed force and measured forcedfircontact (a) and hard contact (b)

force sensor (dashed green line). Figure 10a depicts soft ~ Table 2. Manipulator and control parameters

object contact, while Fig. 10b depicts hard object contact. | Parameter Value
It has been proven that the proposed RLg-tracker pro- Magnetic pitchr,, mm | 18
vides sulfficient information for external force observatio Master device mass.,, g 80
with relatively low error. Slave device mass, g 35

PLL ap-tracker cut-off frequency| rad/s| 350
Force observer cut-off frequengy| rad/s| 350

4.2 Experimental Setup
The performance of PLIxS-tracker was experimen-

. ; X Robust gainD 1/s | 350
tally validated by 1-DoF laboratory bilateral teleopeuvati — - V)
. . ) : Position gairk,, 1/s* | 65000
system (Fig. 11). It consists of two identical 1-DoF robot Veloci Tk 1 500
mechanisms, the master device (a) and the slave device vetomlty galgMu S 35
(b). Each consists of a linear motor Faulhaber LM1247- Clr ual mas (ﬂf 9 >0
080-01. The linear motor is equipped with three analog | &0Ntro periodr, ps

Hall sensors that are used for position and velocity estima-

tion. The control force is applied to the input of the motor Figure 12a depicts experimental results for free motion

driver. The bilateral controller and data acquisition WaSghase byaj-tracker. It can be clearly shown that such
implemented by NI PX|-7841R with FPGA Virtex-5. The ¢ tormance does not allow stable teleoperation. The po-

logic configuration circuit and user interface was dESigne‘Eitions and velocities are not smooth, yet they are affected
by LabVIEW using fixed point representation. FPGA de-p, qjona| noise. This can be avoided by lower cut-off fre-

sign methodology has been presented in [22]. Additiong ency whereas the perfomance is also decreased. On the

ally, experimental system is equipped with two force SeNqar hand, PLLa-tracker allows stable and also high-
sors, action force sensor (c), and reaction force sensor ( rformance teleoperation (see Fig. 12b). In both experi-

to validate the observed external force (Fig. 10). ments, control parameters are not changed (see Table 3).

4.3 Bilateral Teleoperation Experiments As shown in Fig. 12b, excellent position tracking was
The validation of the achieved bilateral teleoperationachieved in the free motion. However, low action and
performance includes the following experiments: free mofeaction forces were observed, due to non-compensated
tion’ touching the soft Object (foam - F|g 11e), and touch_friction. When the slave device was in contact with the
ing the hard object (aluminum — Fig. 11d). The manipula-Soft environment (Fig. 12c), excellent force tracking was
tor and bilateral control parameters are depicted by Tabl@chieved simultaneously with position tracking.
2. In case of hard object contact (Fig. 12c), the slave po-
The experimental results in time domain are displayedition trajectory follows the master position trajectoritw
in Fig. 12(a-d). Figure 12(a-b) shows the results for thdow position tracking error. On the other hand, excelent
free motion phase (unconstrained motion), whereas Figorce tracking was achieved. The main causes for position
12a depicts results bys-tracker, and Fig. 12b results by tracking error are: i) limited bandwidth of the commer-
PLL af-tracker. Figure 12(c-d) shows the results of con-cially available motor driver that was applied in the exper-
strained motion, whereas Fig. 12c¢ shows results for continimental setup, which allows only relatively low sampling
uously touching the soft object, and Fig. 12d continuouslyrate of the control input signal, and ii) the imperfect mea-
touching the hard object. surement of the input signals that are contaminated with
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Fig. 11. Experimental test bed, master and slave device
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(a) Free motion byy3-tracker (b) Free motion by PLlxS-tracker
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(c) Touching soft object by PLk3-tracker (d) Touching hard object by PL&S-tracker

I I I I
1.1 1.2 1.3 14

Fig. 12. Bilateral teleoperation experiment includingdmnotion by s-tracker (a) and three phases by Phl3-tracker:
free motion (b), touching the soft object (c) and touchirgyhiard object (d)

the system noise. Consequently, the relatively low interndine), respectively. The gap appears due to the relatively
actuator force dynamics, that is not considered within ouslow environment. Better transparency is achieved when
control design. This prevents high-dynamic transmissiorthe red and green lines are overlapped. Figure 13a depicts
of the environmental impedance that is required in the casstiffness, that we achieved in our previous research [22];
of hard object contact in order to provide haptic sense wittk, = 12000, k, = 200, andD = 300, and presents low-
high-fidelity. The maximum transmitted impedance of thevalue control parameters. With the proposed approach it
teleoperator is thus lower then the stiffness of the hardvas possible to increase control parameters (see Table 3)
object. Therefore, the teleoperator is not perfectly transand furthermore improve performance (see Fig. 13b). It
parent; mainly due to the relatively low internal driver- is clearly shown that performance is improved by higher-
actuator dynamics. Thus, the human operator feels thealues control parameters. The stiffness the human feels
hard object softer than it is. Nevertheless, the teleoperds much closer to the real environment stiffness in case of
tor is highly transparent in case of soft objects. high-value control parameters. Thus, transparency was im-

proved in comparison to our previous work [22].
The system performance was also analyzed by the com-

parison of the real environment stiffness and the stiffnesg CONCLUSION

that is being felt by the human operator. Figure 13 de-

picts achieved stiffness during soft environment touching The paper proposes a PlLdg-tracker for a pseudo-
The slope of the plot represents the stiffness of the teleopsensorless bilateral teleoperator system. By the proposed
erator (solid red line) and the environment (dashed greeapproach, high-performance bilateral teleoperation was
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Fig. 13. Comparison of force vs. position for contact wite soft object: low-value control parameters (a) and higlJea

control parameters (b)

achieved. In comparison with the conventiongltracker,
the PLL aS-tracker provides simplification and elimina-

tion of the transition tracking algorithm; thus, dither was

(5]

avoided. The enhanced approach provides better signal-
noise ratio. This is important in high-performance con- [6]
trol design; it leads to less delay in a feedback signal and

thus higher control bandwidth that is strongly desired - Fur
thermore, the proposed algorithm leads towards more op{7] Y. Kasahara,

timal hardware resources consumption that is extremely

important in FPGA implementation. The proposed PLL

apB-tracker provides flexibility foisin and cosimplemen-

tation that may present important issue within complex
mechatronic control systems. The proposed algorithm wag8] A. Simpkins, E. Todorov, “Position Estimation and Control
validated by a simple experimental system that includes

PMLSM with no external sensor for position, velocity or

force acquisition. The experimental results showed im-
proved haptic fidelity in comparison with our previous re- [9] A. Hace, and M. Franc, “Pseudo-Sensorless High Perfor-

search [22].
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