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Abstract :

This paper presents the effects of a virtual mass with a low-pass filter on the stability boundary of a virtual

spring in the haptic system. In general, a haptic system consists of a haptic device, a sampler, a virtual impedance model
and zero-order-hold. The virtual impedance is modeled as a virtual spring and a virtual mass. However the
high-frequency noise due to the sampling time and the quantization error of sampled data may be generated when an
acceleration is measured to compute the inertia force of the virtual mass. So a low-pass filter is needed to prevent the
unstable behavior due to the high-frequency noise. A finite impulse response (FIR) filter is added to the measurement
process of the acceleration and the effects on the haptic stability are simulated. According to the virtual mass with the
FIR filter and the sampling time, the stability boundary of the virtual spring is analyzed through the simulation. The
maximum available stiffness to guarantee the stable behavior is reduced, but simulation results still show that the
stability boundary of the haptic system with the virtual mass is larger than that of the haptic system without the virtual

mass.
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Reflective force model: f, =M, z + K, « 0®

Virtual Rigid Body

x, X Mw

Fig. 1 A virtual rigid body model with a virtual spring and
a virtual mass.
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Fig. 2 Block diagram of haptic system including a virtual
mass (Mw) with a low-pass filter (LPF) and a virtual
spring (Kw).
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Fig. 3 An example of the effect of FIR Low-pass filter.
The amplitude of output signal is reduced as half as that of
Input signal.
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Table 1 Max. stiffness of a virtual spring (Kw) according
to a virtual mass with FIR low-pass filter when sampling
time(Ts)=1 ms, Md=0.5 kg, Bd =1.0 Ns/m and ZOH.

Sampling time Mw Kw Ratio
(sec) (kg (N/m)
0 2000 1
0.01 2170 1.09
0.02 2362 1.18
0.03 2583 1.29
0.04 2838 1.42
0.05 3136 1.57
0.06 3489 1.74
0.07 3914 1.96
0.08 4435 2.22
0.09 5088 2.54
0.001 0.1 5931 2.97
0.2 198616 99.31
0.3 463612 231.81
0.4 535004 267.50
0.5 518092 259.05
0.6 454104 227.05
0.7 362199 181.10
0.8 252501 126.25
0.9 130860 65.43
1 889 0.44
1.0006 1 -
1200
®- w/o LPF (1ms)(6)
1000 o 2 With LPF (1ms)
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Fig. 4 Max. available stiffness of the virtual spring (Kw)

according to the virtual mass, where Ts=1 ms, Md=0.5 kg,

Bd=1.0 Ns/m, data hold type=ZOH.
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Table 2 Max. stiffness of a virtual spring (Kw) according
to a virtual mass with FIR low-pass filter when sampling
time(Ts)=5 ms, Md=0.5 kg, Bd =1.0 Ns/m and ZOH.
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Fig. 5 Max. available stiffness of the virtual spring (Kw)
according to the virtual mass, where Ts=5 ms, Md=0.5 kg,
Bd=1.0 Ns/m, data hold type=ZOH.
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Table 3 Max. stiffness of a virtual spring (Kw) according
to a virtual mass with FIR low-pass filter when sampling
time(Ts)=10 ms, Md=0.5 kg, Bd =1.0 Ns/m and ZOH.

Sampling time Mw Kw . Sampling time Mw Kw .
[ (ke) (N/m) Rato e (ke) (N/m) fato
0 400 1.00 0 200 1
0.01 434 1.09 0.01 217 1.09
0.02 471 1.18 0.02 235 1.18
0.03 514 1.29 0.03 256 1.28
0.04 564 1.41 0.04 280 1.40
0.05 622 1.56 0.05 307 1.54
0.06 689 1.72 0.06 340 1.70
0.07 770 1.93 0.07 377 1.89
0.08 867 2.17 0.08 422 2.11
0.09 986 247 0.09 476 2.38
0.005 0.1 1136 2.84 0.01 0.1 542 2.71
0.2 9281 23.20 0.2 2633 13.17
0.3 18864 47.16 0.3 4812 24.06
0.4 21570 53.93 0.4 5445 27.23
0.5 20854 52.14 0.5 5254 26.27
0.6 18284 45.71 0.6 4609 23.05
0.7 14609 36.52 0.7 3690 18.45
0.8 10227 25.57 0.8 2597 12.99
0.9 5369 13.42 0.9 1384 6.92
1 178 0.45 1 89 0.45
1.003 1 - 1.006 1 -

28 szusHisia 8 - EsplegiTa =27 M7 23, 2017



A Study for the Effect of a Virtual Mass with a Low-Pass Filter on a Stability of a Haptic System

14
® - w/o LPF (10 ms) (6)
124 —/— with LPF (10 ms)
10 4 .
° °
8 .

Virtual Spring, Kw (kN/m)

/ NG
ow/f.......\.

0.0 0.1 0.2 0.3 04 05 0.6 0.7 0.8 09 1.0 1.1
Virtual Mass (kg)

Fig. 6 Max. available stiffness of the virtual spring (Kw)
according to the virtual mass, where Ts=10 ms, Md=0.5
kg, Bd=1.0 Ns/m, data hold type=ZOH.
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Table 4 Relative ratio of Max. virtual spring (Kw) to the
max. stable boundary of the virtual spring without the virtual
mass, according to the sampling time and the virtual mass.

KW g ptger KW g itger KW g itger

Mw (kg) KW o miger KW o ger KWy, iger

@Ts=1ms @Ts=5ms @Ts=10ms
0.0 1.00 1.00 1.00
0.01 1.02 1.02 1.02
0.02 1.04 1.04 1.04
0.03 1.07 1.07 1.07
0.04 1.10 1.10 1.09
0.05 1.14 1.14 1.12
0.06 1.18 1.17 1.16
0.07 1.24 1.22 1.20
0.08 1.30 1.28 1.25
0.09 1.38 1.35 1.31
0.1 1.49 1.43 1.38
0.2 14.54 3.70 2.30
03 0.97 0.92 0.87
0.4 0.59 0.59 0.59
0.5 0.52 0.52 0.52
0.6 0.49 0.49 0.49
0.7 0.47 0.47 0.47
0.8 0.46 0.46 0.46
0.9 0.45 0.45 0.45
1.0 0.45 0.45 0.46
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Fig. 7 The ratio between max. available stiffness of the
virtual spring (Kw) with LPF and that of the virtual spring
without LPF, where Md=0.5 kg, Bd=1.0 Ns/m, data hold
type=ZOH.
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