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Periodic/Aperiodic Motion Control Using
Periodic/Aperiodic Separation Filter

Hisayoshi Muramatsu

Abstract—Motion control is a fundamental technique
used in automated mechanical systems. Classically, veloc-
ity, force, and impedance are controlled in motion control
systems, but simultaneous control is difficult. This article
proposes periodic/aperiodic (P/A) motion control based on
periodicity and aperiodicity of motion. The P/A motion con-
trol separately applies different control methods to P/A mo-
tions using P/A velocity and P/A force, which are extracted
using a periodic/aperiodic separation filter (PASF) from ve-
locity and force. Accordingly, six types of P/A motion con-
trols are constructed in this article, which correspond to
different combinations of the P/A velocity, P/A force, and
P/A impedance controls. To construct the P/A motion con-
trol systems, acceleration control based on a disturbance
observer is used. The ACS, which rejects disturbances, en-
ables the P/A motion control design to ignore disturbances.
The experiments were conducted to validate the six P/A mo-
tion controls, which simultaneously realized two P/A motion
control objectives.

Index Terms—Disturbance observer (DOB), force con-
trol, impedance control, motion control, periodicity, position
control.

|. INTRODUCTION

ECHATRONICS and robotics systems have been widely
M used in industrial and human support applications. Be-
cause the majority of requirements of these systems are related
to their physical functioning, motion controls have been stud-
ied [1]-[6]. Motion control studies typically focus on one or
some motion characteristics, such as position, velocity, acceler-
ation, or force. Furthermore, one degree-of-control-freedom can
inherently achieve a single motion control objective, where the
degree-of-control-freedom is the number of controllable actua-
tors or axes in this article. For example, velocity control, which
does not consider force, risks breaking environments owing to
unlimited force in a contact situation. Conversely, velocity of
force control is indefinite. These examples indicate the tradeoff
between the velocity and force controls. An intermediate con-
trol method, that is not as extreme as either the velocity or force
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controls, is impedance control [7]-[10]. The impedance control
can change the impedance parameters of a controlled system:
mass, viscosity, and stiffness. However, it also conflicts with
the velocity and force controls. Although multiple degrees-of-
control-freedom are required to realize multiple control objec-
tives, the number of degrees-of-control-freedom of a mechanical
system is limited. Therefore, an outstanding issue related to mo-
tion control is achievement for multiple control objectives with
a limited number of degrees-of-control-freedom.

Hybrid controls achieve multiple control objectives using
multiple degrees-of-control-freedom, in which different con-
trols are assigned to different axes [11]-[14]. Bilateral control,
which uses a two degrees-of-control-freedom system based on
a master-slave paradigm, enables simultaneous realization of
two control objectives: zero-difference of the position and zero-
sum of the force between the master and slave systems [15]-
[18]. Thus, the hybrid and bilateral controls require additional
degrees-of-control-freedom for realizing additional objectives.
Optimal control is a standard approach to adjustment of such
inconsistent objectives with restrictions. However, it balances
conflicting objectives and does not allow simultaneous achieve-
ment of both objectives [19], [20]. Another approach is the
use of consistent trajectories for the velocity and force [21],
where the position trajectory is calculated from the required
force reference. In this case, the position cannot be arbitrarily
determined.

The aim of this article is to realize two periodic/aperiodic
(P/A) motion control objectives simultaneously. Accordingly,
the P/A motion control using P/A velocity and P/A force is pro-
posed. A periodic/aperiodic separation filter (PASF) [22] sep-
arates velocity and force into the P/A velocity and P/A force,
respectively. The separation of objectives and motion into P/A
objectives and P/A motions, respectively, enables the simul-
taneous realization of two control objectives. Conventionally,
control approaches that consider periodicity have been studied,
such as repetitive control [23]-[27], periodic disturbance ob-
server (DOB) [28], and periodic systems [29]-[31]. However,
these methods focus only on the periodicity. Moreover, although
the previous study [22] proposed the PASF and P/A state feed-
back control, it is impractical because disturbance compensation
and practical simultaneous control are not addressed. In this ar-
ticle, six types of practical P/A motion controls, that correspond
to different combinations of the P/A velocity, P/A force, and
P/A impedance controls, are constructed. The six P/A motion
controls use acceleration control based on a DOB, which com-
pensates for disturbances [32], [33]. The experiments validated
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the practicality of the simultaneous control of P/A velocity,
P/A force, and P/A impedance. The novelty, contribution, and
significance of this article are as follows.

1) This article utilizes periodicity and aperiodicity for mo-
tion control and controls P/A motions separately. This is
a new perspective in the motion control field.

2) The proposed P/A motion control enables simultaneous
realization of two control objectives assigned to P/A
motions with one degree-of-control-freedom.

3) The simultaneous realization of two P/A motion con-
trol objectives facilitates appropriate design of motion
controllers for diverse situations. For example, a rigid
repetitive robot task and soft impedance interaction with
sudden human contact can be simultaneously realized.

Moreover, the proposed method can double the number
of realizable control objectives of a multidegree-of-control-
freedom system, such as a multiaxis manipulator. For exam-
ple, a three-link-manipulator using the P/A motion control can
achieve six P/A motion control objectives for the x, y, and
Z axes.

Il. PERIODIC/APERIODIC SEPARATION FILTER
A. P/A Signal Definitions

In this article, a signal z(t) is assumed to consist of a periodic
signal z,, (¢) and an aperiodic signal x, (t) as

2(t) = wp(t) + za ().

where |, and , denote periodic and aperiodic variables, respec-
tively. To define the P/A signals, we rewrite the signal x () using
the lifting technique as

xr (k) =x(kll+71), k=0,1,2,... (1

where II is the period of the periodic signal. The parameter &k
is the discrete time for the lifted signal x, (k) using the period
IT as the sampling time. Fig. 1 shows a conceptual diagram of
the lifting technique. Since a perfect periodic signal is defined
by z, (t + II) = x,(¢), the corresponding lifted perfect periodic
signal is given by

Trp(k+1) = a5 (k) )

which is constant as z,,(0) =z, (1) = z,,(2) = 2, (3) =
---. Hence, the lifted periodic signal z,, (k) is defined as the
low-frequency elements of the lifted signal x, (k) on the basis
of the constant lifted perfect periodic signal. Furthermore, the
lifted aperiodic signal x,, (k) is defined as the high-frequency
elements of the lifted signal . (k). It should be noted that the
periodic signal x, (k) and aperiodic signal x, (k) are not the
low- and high-frequency elements. Fig. 1 illustrates a difference
and relation between the periodic signal z,, (k), aperiodic signal
x4 (k), lifted periodic signal =, (k), and lifted aperiodic signal
Z7a (k). The frequency, which divides the lifted signal x, (k)
into the lifted periodic signal x-, (k) and lifted aperiodic signal
Zra(k), is defined as the separation frequency p. The period II
is determined by a period of target periodic motion, such as a
repetitive robot task or periodic human operation. If the period
is not provided beforehand, adaptive filters and controls that
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Fig. 1. Conceptual diagram of the derivation of the PASF using the
lifting technique.

can estimate the period of a periodic signal are helpful [28],
[34]-[38].

B. First-Order PASF

A design example of a first-order PASF is described here. It is
constructed on the basis of the definitions of the P/A signals. A
low-pass filter is used to separate the lifted signal 2 (k) into the
lifted periodic signal x-, (k) and lifted aperiodic signal z, (k),
which are low- and high-frequency elements, respectively.
Consider the first-order low-pass filter

p
s+p

LPF(s) = 3)

in which the cutoff frequency is the separation frequency p. To
separate the discrete-time lifted signal x, (k), which is trans-
formed by the lifting technique in (1) from the continuous-time
signal z(t), the continuous-time first-order low-pass filter in (3)
is Z-transformed using the bilinear transform

_ 2 1—271
5= 1+ 21!
into the first-order lifted PASF

pII(L+27)
pIlI(1+ 271 +2(1 — 2z71)°

LPF(z ') = 4)
It should be noted that the Z-transformation is based on the
period II of the periodic signal because the sampling time of
the discrete-time lifted signal x, (k) is the period IT of the pe-
riodic signal. Since the first-order lifted PASF LPF(z™!) cor-
responds to the discrete-time lifted signal x, (k), the first-order
PASF F(s) for the continuous-time signal () is calculated by
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Fig. 2.  First-order PASF.
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Fig. 3. Bode diagrams of the first-order PASF in (5) with variations in
p; the period is 1T = 27 s.

—IIs 1

substituting e for 27" as

(1 + e 115
F(s) = pI(1+e ) -
PII(1 4 e715) 4 2(1 — e71Is)
Fig. | illustrates the difference between the lifted PASF in (4)
and PASF in (5). The first-order PASF provides an estimated

periodic signal &, (s) and estimated aperiodic signal &, (s) with
F(s) as

®)

F(s)
1—F(s)

x(s) =

[m"(s) S(s)z(s). (6)

Za(s)

where ~ denotes an estimated variable. A block diagram of
the first-order PASF is shown in Fig. 2. Bode diagrams of
the first-order PASF in (5) are shown in Fig. 3, with varia-
tions in the separation frequency p. The Bode diagrams show
differences of the PASF from a band-pass filter. As a per-
fect periodic signal expressed by the Fourier series expan-
sion is ap, (t) = 4 4+ > [an cos (nwot) + by, sin (nwot)], a
separation filter for the P/A signals needs to be able to ex-
tract the constant element - and an infinite number of waves
>0 lan cos (nwyt) + by, sin (nwot)]. wy denotes the funda-
mental frequency. The PASF can extract all of the elements of
the perfect periodic signal, as shown in Fig. 3, because the gain
is 0 dB at the frequencies nwy, n = 0,1, 2, ..., unlike a band-
pass filter which can only extract a sinusoidal wave. Moreover,
the phase of the PASF for the perfect periodic signal at the
frequencies nwy, n = 0,1,2,...1is 0 deg.

C. Separation Frequency

A separation example using the first-order PASF is shown in
Fig. 4. The original signal includes the pseudoimpulse signals at

6 and 21 s and white noise for 11-13 and 26-28 s. The first-order
PASF separates the original signal into the P/A signals using
the two separation frequencies: p = 1 and p = 0.01. p = 0.01
realizes a more proper separation for extracting the inputted P/A
signals compared with p = 1. This is because a low separation
frequency defines a periodic signal close to the perfect periodic
signal. In contrast, a high separation frequency defines a periodic
signal close to the original signal. Thus, the separation frequency
p adjusts the balance between the periodic signal z,(¢) and
aperiodic signal x, (t) in the signal x(¢).

The time constant of the PASF also depends on the sepa-
ration frequency. The time constant of the first-order PASF is
1/p calculated from the low-pass filter in (3). Fig. 5 shows con-
vergence examples of the first-order PASF for different separa-
tion frequencies p and verifies the time constant. This indicates
that a high separation frequency causes fast convergence of the
first-order PASF.

Consequently, the separation frequency should be determined
from the tradeoff between the proper separation (low separation
frequency) and fast convergence (high separation frequency).
A requirement T, for the time constant 1/p < T leads to the
inequality for the separation frequency: 1/7, < p. Since the
minimal separation frequency yields the most proper separation,
the separation frequency can be determined by

p=1/T..

Alternatively, two separation frequencies for transient and
steady phases can be separately determined, as shown in
Fig. 4.

D. Interference Between the Estimated P/A Signals

Practically, interference occurs between the estimated P/A
signals. As the lifted periodic signal =, (k) and lifted aperiodic
signal x,, (k) are defined as the low- and high-frequency ele-
ments of the lifted signal x, (k), the ideal separation requires an
ideal low-pass filter. However, the ideal low-pass filter is unfea-
sible and the actual lifted PASF in (4) requires use of a proper
low-pass filter. Consequently, the unideal actual lifted PASF
causes the interference between the estimated P/A signals in
practical situations.

The interference appears as an aperiodic signal of the esti-
mated periodic signal and a periodic signal of the estimated
aperiodic signal. These are approximately given by

Zap(s)

Faa(S)

[ipp (s)

jpa‘(s)

= S(s)ip(s), [

where 2p,,(s) and &,,(s) are the interference elements. They
are equal because Ty, () = [1 — F(s)]F(s)z(s) and T, (s) =
F(s)[1 — F(s)]x(s) from (6). In the separation example shown
in Fig. 4, the green line corresponds to the approximate inter-
ference elements. This verifies that the interference is not domi-
nant and may be negligible. Although the interference remains,
a high-order PASF can reduce the interference.
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Fig. 4. Separation example of the first-order PASF; the period is IT = 0.27 s.
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13)
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TABLE |
Six P/A MOTION CONTROLS

Control type Control objective for periodic motion Control objective for aperiodic motion
Periodic velocity and aperiodic force (PVAF) control vg"‘d Ap =0 f;“‘d —fa=0

Periodic force and aperiodic velocity (PFAV) control C"‘d fp =0 vemd _ §, =0

Periodic velocity and aperiodic impedance (PVAI) control vgmd —ip =0 Myd™P + Dyvl™P + K, f mP gt = f
Periodic impedance and aperiodic velocity (PIAV) control M, i)g“p + vaimp + Ky fttof v;mpdt = fp vemd _ §, =0

Periodic force and aperiodic impedance (PFAI) control Cmd fp =0 Myoa™® + Dyvg™P + K, fttof vt = f,
Periodic impedance and aperiodic force (PIAF) control Mvv;m + Dyv™ 4 K, f;of P = f,  femd _ f =0

TABLE Il

SELECTION MATRICES AND CONTROLLER VECTOR FOR THE SIX P/A MOTION CONTROLS

Selection FF matrix I'g Selection FB matrix ', Controller vector C'
PVAF Tg=|1 0 0 0; 0 O O 1 'pm=| -1 0 0 0, 0 0 0 -1 C=| Ki/s+Kq K¢
PFAV Tg=|0 0 1 0, 0 1 0 O ',=/{0 0 -1 0, 0 -1 0 O C=[ K Ki/s+Kq |
PVAL TIg=|1 0 0 0; 0 1 0 O T'm=[ -1 0 0 06 0 -1 0 —H,'] C=][Ki/s+Kq Ki/s+Kq
PIAV Tg=|1 0 0 0, 0 1 0 O Tp,=[ -1 0 —-H;y' 0, 0 -1 0 0 C=| Ki/s+Kq Ki/s+ Kq
PFAI 'gs=|0 0 1 0, 0 Z, 0 O 'p,={0 0 -1 0, 0 —-Z, 0 -1 C=|1/M, 1/M,
PIAF Tg=| 242, 0 0 0; 0 0O 0 1 I'ey,=| 4o 0 -1 0; 0 0 0 -1 C=|1/M, 1/M,

fcmd/f;md — f;md/f:md_ . L 7f:xo
oo + M, Ty
,U;md/v;md ﬁ T Zf] —
+ s d Dy +—
O/ gout v/ Ulcﬁmd O“t/UOUt i’:A-S-F“
p /Va ﬁout/{)ollt _____
Va /U PASF
(a) (b) ©
Fig. 6. Block diagrams of the six P/A motion control systems. (a) PVAF/PFAV controls. (b) PVAI/PIAV controls. (c) PFAI/PIAF controls.
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Fig. 7. Bode diagrams of the complementary sensitivity functions of the P/A motion control systems; the parameters are M, = 0.3, K, = 0.24,
K; = 6400, K4 = 240, Ky = 5, M, = 0.1, Dy =50, Ky = 800, p = 1 rad/s, and II = 27 s. (a) PVAF (b) PFAV (c) PVAI (d) PIAV (e) PFAI (f) PIAF.

PIAF control Ypiat(s) = Mys+ Zo + Z, F
N — cmd cmd exo ~
vP = sopilafF[Z ( + an) f f + nf] (33) Zv( cmd + nvp) - RHV{)p = (f;xo - ﬁfp) (35)
. | cmd ~ 7 Z cm fexo
fo=epni (1= F)Zo[Zy (05 + ) i = m( Fomd _ + Aiga) (36)
S = O ) (34) Mys+ Ze + Z,F
Ty(s) = o amvs 2 @)

My[s+ M1 -Q)Z])+ Ze + Z, F°
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TABLE Il
EXPERIMENTAL PARAMETERS
Description Symbol Position Force  Impedance = PVAF  PFAV PVAI PIAV PFAI  PIAF
Controlled joint 1st, 2nd, 3rd st 2nd, 3rd Ist Ist 1st, 2nd, 3rd 2nd, 3rd Ist st
Initial posture from Fig. 8 (b) (a) (©) (a) (a) (b) (c) (a) (a)
Sampling time Ts [ms] 0.1
Length L [m] 0.26, 0.27, 0.09
Gear ratio Gy 192, 120, 80
Nominal torque constant Kin [NmM/A] 0.59, 0.59, 0.238
Nominal inertia Jn [Kgm?] 7.3, 0.86, 0.008 1.28 0.86, 0.008 1.28 1.28 7.3, 0.86, 0.008  0.86, 0.008 1.28 1.28
Period II [s] 2
Separation frequency p [rad/s] 1.0if t < 10 s, 0.01 otherwise
Cutoff frequencies [rad/s]
Pseudo derivative for velocity 1000
RTOB for torque estimation 100, 100, 100 500 300, 300 500 500 100, 100, 100 300, 300 500 500
DOB 100, 100, 100 500 300, 300 500 500 100, 100, 100 300, 300 500 500
Control parameters
Proportional gain K; 400, 400, 400 - 400, 400 6400 6400 400, 400, 400 400, 400 - -
Differential gain Kq 40, 40, 40 - 40, 40 160 240 40, 40, 40 40, 40 - -
Proportional gain Ky - 2 - 5 2 - - 3 3
Virtual inertia Jy [Kgm?] - - 2,0.1 - - 3,2,0.1 2,0.1 0.5 0.5
Virtual viscosity Dy, [Nms/rad] - - 50, 5 - - 100, 50, 0.5 50, 5 10 10
Virtual stiffness K [Nm/rad] - - 300, 100 - - 600, 400, 1 300, 100 1000 1000
A. General P/A Motion Control w

This article constructs the P/A motion control system using
the approximate acceleration control system (ACS)

v] | 1/s O aret
{f} | Z)s 1| | fexe 8
[’UOM fout]T — [U f]T _ [nv nf]T (39)

where Z.(s) = D + K/s is the environmental function. v, f,
D, K, a™f, fexo pout, fout pn . and n¢ denote the velocity
response, force response, viscosity, stiffness, acceleration refer-
ence, exogenous force, measured velocity, measured force, ve-
locity noise, and force noise, respectively. The ACS is based on
the DOB presented in previous studies [32], [33], [39], [40]. In
addition, the linearization techniques for nonlinear systems [41],
[42] and friction compensation methods [43], [44] are helpful.
An ACS based on a classical DOB is demonstrated here for a
motor system

v=(Ms)" (K- f), f=Zov+ [

where M, K, and I denote the mass, thrust constant, and current
input, respectively. The current input consisting of the acceler-
ation reference a'*" and compensation current 1P forms the
ACS

I = K*anarcf 4 Jemp

tn

where the classical DOB is

= K,'Q(8)[KinI — Mysv™™], Q(s) =

tn

g
s+g

Jemp

where , and g are a nominal variable and the cutoff fre-
quency, respectively. The sensitivity and complementary sen-
sitivity functions of the ACS are - jg and - jg . Hence, the ACS
realizes sufficient disturbance attenuation and robust stability
for usual practical applications, and approximately satisfies (38)
and (39). If the classical DOB is not sufficient to attenuate dis-

turbances, the ACS can employ another high-order Q-filter.

Controlled Joint

A

Controlled Joints F
R 3
P
3
Controlled Joints \>\ 2,
(©)

(b)

(a)

Fig. 8. Three initial manipulator postures.

Using the PASF in (6), the general P/A motion controller for
the approximate ACS is

~out  sout  fout  fout T S50 vt
UP Ua fP a :| - 0 S fout
~out cmd
’Up Up
nout cmd
e e v v
ref __ P P _ a a
=C ’ - Ffb fout + Dy cmd
6'(1 ea fp fp
rfout cmd
a a

which generates the acceleration reference a'f. Here, C, Ty,
Tg, e, and “™4 are the controller vector, selection feedfor-
ward matrix, selection feedback matrix, error, and a command
variable, respectively.

B. Six P/A Motion Controls

Six P/A motion controls, that are combinations of veloc-
ity, force, and impedance controls, are designed in this article,

and are summarized in Table I, where v;)mp = vgmd — ?p and
v = pemd — 5 The velocity commands fugmd and v{™4 used

for the impedance controls are equilibrium points. Table II gives
the selection matrices and controller vector: I'g, 'y, and C, in
which H, = Mys+ Z, and Z, = D, + K /s. Additionally,
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Fig. 9.

M,, D,, and K, are the virtual mass, virtual viscosity, and
virtual stiffness, respectively. Block diagrams of the six P/A
motion control systems are shown in Fig. 6. Using the approx-
imate ACS in (38) and (39), the nominal input—output transfer
functions of the six P/A motion control systems are given by
(8), (9), (13), (14), (18), (19), (23), (24), (28), (29), (33), and
(34). Cy = K;/s + Ky is the velocity controller. Moreover, the
assumption simplifies the parameter design for the P/A motion
controls.

Assumption: The interference is negligible as £,, ~ 0, £,, ~
0, Zpp = Zp, and Too = Ty

The transfer functions then become (10), (11), (15), (16),
(20), (21), (25), (26), (30), (31), (35), and (36), where
R =1+ H,!'Z,. The transfer functions show the achievement
of the control objectives in Table I, and are the same as those
of classical velocity, force, and impedance controls. Hence, the
gain and impedance parameters: K;, K, K, M, Dy, and K of
the P/A motion controllers can be designed in a similar manner
to the classical velocity, force, and impedance controls.

C. Robust Stability

The robust stability guarantees that the P/A motion control is
stable under various uncertainties. A modeling error A of the
motor system is defined by

v=(1+A)Kq(Mys+ Z,) 1.

The modeling error A consists of the weighting function W (s)
and variation J(s) as A(s) = W (s)d(s), where the variation
satisfies ||0(s)|| < 1. The six P/A motion control systems and
modeling error are assumed to be nominally stable. The nominal
stability of the six P/A motion control systems can be designed
and confirmed by poles of the transfer functions: (8), (9), (13),
(14), (18), (19), (23), (24), (28), (29), (33), and (34). Then, the
robust stability condition based on the small-gain theorem is
[W(s)T ()|l < 1.7T(s) is a complementary sensitivity func-
tion, which is an index to evaluate the robust stability. The
complementary sensitivity functions of the P/A motion control
systems are given by (12), (17), (22), (27), (32), and (37). To
satisfy the robust stability condition, the cutoff frequency g of
the DOB and parameters for the P/A motion control: K;, Ky,
K, M, Dy, and K, can adjust the complementary sensitivity
functions. Fig. 7 shows the Bode diagrams of the complemen-
tary sensitivity functions with variations in the environmental
parameters: the viscosity D and stiffness K. In practical ap-
plications, a complementary sensitivity function usually needs

() ©

Experimental results for the position, force, and impedance controls. (a) Position control. (b) Force control. (c) Impedance control.

to have a low-pass characteristic to satisfy the robust stability
condition because modeling errors typically occur for high fre-
quencies. Thus, the P/A motion control systems are robustly
stable owing to the low-pass characteristics.

V. EXPERIMENTS
A. Setup

Three experiments were conducted for the conventional meth-
ods: position, force, and impedance controls, and six experi-
ments were conducted for the proposed six P/A motion con-
trols. In the experiments, the position control equivalent to the
velocity control was used, rather than the velocity control. A
six axes manipulator MOTOMAN YR-UPJ3-B00 was used, as
shown in Fig. 8. Manipulator angle responses were measured
by position encoders and torque responses were estimated by
reaction torque observers (RTOBs) [15], [45], [46]. The con-
trolled joints, initial posture, and parameters are summarized in
Table I11. The separation frequency p of the first-order PASF was
set to 1.0 if ¢ < 10 s for fast convergence, and 0.01 otherwise
for proper separation. The controllers were implemented using
the real-time application interface for Linux, where the source
code for the controllers was written in C++. Each control was
implemented with the DOB in the joint space. The experimental
control commands were set as follows:

PVAF control

v /s = 50[1 — cos(7t)] mm

p
emd _ J —100 N if 36 <t <38
a 0 N otherwise :

PFAV control
cmd _
5 ¢ =50[1 — cos(mt)| N

Y. {50 sin{0.57 (¢t —36)} mm if36 < ¢ < 38

0 mm otherwise
PVAI control
vggld/s = 50[cos(nt) — 1] mm, vgzld/s = 50 sin(7t) mm.
PIAV control
v /s = 0 mm.
PFALI control

fgmd = 50[1 — cos(wt)] N.
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Experimental results for the six P/A motion controls. (a) PVAF. (b) PFAV. (c) PVAL. (d) PIAV. (e) PFAL. (f) PIAF.
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PIAF control
S =0N.

In the position, force, PVAI, and PFAI control experiments, an
operator contacted the manipulator at approximately 36 s to ver-
ify their impedance characteristics. The operator moved the ma-
nipulator at all times during the experiments for the impedance,
PIAYV, and PIAF controls. During the experiments on the six P/A
motion controls, the position, force, or impedance control was
used if ¢ < 10 s for the convergence of the PASF. The PVAF and
PVALI controls used the position control, PFAV and PFAI con-
trols used the force control, and PIAV and PIAF controls used
the impedance control. The P/A motion controls were applied
otherwise.

B. Results

In the graphs of the experimental results, the position or force
command signals for the impedance controls were calculated
from the force (torque) or position (angle) responses and virtual
impedance parameters in Table III. The experimental results
for the position, force, and impedance controls are discussed as
follows.

1) Position, Force, and Impedance Controls: The posi-
tion control realized angle command tracking, as shown in
Fig. 9(a). The angle response rejected the exogenous torque
due to the operator contact at approximately 36 s. However, the
torque response was indefinite. Conversely, the force control
achieved control of the force response in Fig. 9(b) by rejecting
the force variation due to the operator contact at approximately
36 s. Its position response was indefinite and was moved by the
contact owing to the control of the force. Fig. 9(c) shows the
impedance control between the angle and torque. The small po-
sition tracking error implies realization of the impedance con-
trol. However, the angle and torque responses could not be
arbitrarily controlled.

The focus of the conventional methods was on either the
position, force, or impedance. Next, the experimental results for
the six P/A motion controls are discussed.

2) PVAF and PFAV Controls: For the PVAF control, the
periodic position tracking and aperiodic force tracking were
validated, as shown in Fig. 10(a). The PVAF control did not
handle the aperiodic force and periodic position as the position
and force controls did not control the force and position, respec-
tively. For the PFAV control in Fig. 10(b), the periodic force and
aperiodic position were successfully controlled. Accordingly,
the PFAV did not control the periodic position and aperiodic
force.

3) PVAI and PIAV Controls: Fig. 10(c) and (d) shows the
representative experimental results for the second joint of the
manipulator. The simultaneous realization of the periodic po-
sition and aperiodic impedance controls in Fig. 10(c) and that
of the periodic impedance and aperiodic position controls in
Fig. 10(d) were validated.

4) PFAI and PIAF Controls: The PFAI control achieved
force and impedance controls for periodic and aperiodic mo-
tions, respectively, in Fig. 10(e). Additionally, the PIAF control

achieved impedance and force controls for periodic and aperi-
odic motions, respectively, in Fig. 10(e).

The experiments validated the simultaneous realization of two
P/A motion control objectives compared with the conventional
controls that focused on either the position, force, or impedance.
Also, the experiments exhibited a limitation of the P/A motion
control that only one of periodic velocity, force, and impedance
and only one of aperiodic velocity, force, and impedance can be
controlled.

V. CONCLUSION

This article achieved the simultaneous realization of two P/A
motion control objectives with one degree-of-control-freedom.
A P/A motion control scheme was proposed by utilizing period-
icity and aperiodicity of motion, in which the PASF separated
motion into P/A motions. Six types of P/A motion controls were
presented: PVAF, PFAV, PVAL, PIAV, PFALI, and PIAF controls,
as combinations of the velocity, force, and impedance controls
for P/A motions. The input—output transfer functions of the six
P/A motion control systems demonstrated that the P/A motion
controllers can be designed in a similar manner to the velocity,
force, and impedance controls. Moreover, the robust stability
was verified with the complementary sensitivity functions of
the six P/A motion control systems. The P/A motion control
has two limitations. One is that although interference between
the estimated P/A signals of the PASF can be negligible, si-
multaneous realization is not perfectly achieved owing to the
interference. The other is that only one of periodic velocity,
force, and impedance and only one of aperiodic velocity, force,
and impedance can be controlled. The experiments validated the
practical performance of the six P/A motion controls.
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