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Design of Two-Channel Bilateral Control
Systems by a Transfer-Function-Based
Approach

Masabhiro Tajiri

Abstraci—In this paper, we propose a desigh method of
a two-channel bilateral control system using an approach
based on transfer function. The configuration of such a con-
trol system can be realized by designing a complementary
sensitivity function. Compared with the conventional four-
channel bilateral control, our system has better control per-
formance and requires fewer communication channels. The
proposed scheme can be extended to micro/macro bilat-
eral control that changes the scaling ratio of the master to
slave systems. The proposed bilateral control can be real-
ized simply by using a simple controller. In order to compare
performances of the proposed method and the conventional
four-channel bilateral control, ordinary bilateral control and
micro/macro bilateral control are performed by a simple ex-
perimental machine with a one-degree-of-freedom mecha-
nism. We discuss the features of each method by comparing
the transparency and operability of both methods.

Index Terms—Bilateral control, haptics, micro/macro
bilateral control, motion control, reproducibility and
operability.

[. INTRODUCTION

N RECENT years, haptic technology has attracted attention
for transmission of human sensory information following
transmission of visual and auditory senses [1]. Haptic commu-
nication has a bilateral information flow transmitting behaviors
and their reaction, while the conventional visual and auditory
communication require only a unilateral information flow. This
important difference makes it difficult to realize haptic commu-
nication. Because real-time information is essential for bilateral
communication, bilateral control can be considered as a means
for realizing haptic transmission.
Bilateral control systems are divided into two or more subsys-
tems. Each subsystem is equipped with actuators and sensors
having one or more degrees of motion freedom. One side is
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called the “master” side and the other is called the “slave side.”
The slave subsystem tracks the position of the master system as
though it is mechanically connected, and the master side pro-
vides the operator with the force encountered by the slave side
(21, [3].

Many researchers have investigated bilateral control that real-
izes haptic transmission [4], [5]. Many of their studies on bilat-
eral control have demonstrated highly accurate haptic feedback
from remote places. Bilateral control systems are often regarded
as two-port models [6]. Lawrence proposed a performance indi-
cator to evaluate the reproduction of remote environments [7],
[8]. The control target in designing a bilateral control system
is to achieve position and force synchronization between the
master and the slave [9], [10]. It is pointed out that the control
system cannot maintain transparency and stability at the same
time because of the uncertainty that exists in the environment,
and therefore, there is a tradeoff between these two goals [11],
[12]. A system based on acceleration control has been reported
as a bilateral control system based on a four-channel architec-
ture. That system has demonstrated high transparency and ma-
neuverability [13]-[15]. Since the position and force controls
are unified through acceleration-based control, the position and
force can be precisely controlled. The bilateral control method
based on the four-channel architecture is currently the most stud-
ied haptic transmission method. Another method of achieving
acceleration control is using a sliding mode controller [16]-[18].
In this method, when the structure of the master and the slave
robots are different, the control precision is lowered. A method
using a hybrid controller has been reported to deal with this
problem [19].

However, four-channel controllers use various estimation sys-
tems such as a disturbance observer (DOB) to realize a very
transparent system. Furthermore, the position and force con-
trollers must be independently designed, and control is per-
formed using two types of information, position and force. For
these reasons, information that has to be transmitted increases,
and a means of communication of haptic data has had to be
studied [20], [21].

Therefore, control methods for further simplifying bilateral
control methods based on the two-channel control system, thus
reducing the information needed, are being studied [22], [23].
These studies have proposed a new method for designing a
bilateral control system based on feedback of only position
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information without using reaction force estimation. In such
systems, the position and force response characteristics of the
master/slave system are analyzed based on the transfer func-
tion of the system. By designing a complementary sensitivity
function that determines the transfer function, they realized a
bilateral control system considering transparency and stability.
Thus, using a system with a small amount of information, they
were successful in realizing a bilateral control system using
only position information, without using a subsystem such as
an estimator of the control system.

As an application example of haptic transmission technology,
a highly sensitive bilateral teleoperation system can be applied
to various industry fields such as rehabilitation, medical support
robot, production industry, and entry into hazardous areas. In
the rehabilitation field, a haptic training system has been intro-
duced and efficient training is being studied [24]. In the medical
field, a system that allows a doctor to operate, by bilateral con-
trol, a robot to perform endoscopic surgeries, thus reducing the
burden on a patient, is expected [25]. Furthermore, in industry,
mechanization of many more processes has been progressing by
applying multilateral control and a motion copying system [26],
[27] that extends the multiple master/slave system [28]—[30]. In
order to achieve these goals, we need a scaling technology to
apply bilateral control to master/slave robot systems of different
sizes. Also, since these robots usually require several degrees
of freedom, the control system should be more flexible. There-
fore, many methods are being studied for realizing micro/macro
bilateral control [31]-[33]. Since these methods are designed
based on four-channel bilateral control, they cannot deal with
the problems mentioned previously. In the proposed method
in this paper, it is possible to introduce micro/macro bilateral
control by introducing a scaling factor. The introduction of the
scaling factor does not affect the stability and transparency of
the system. Therefore, in this paper, we compare the perfor-
mance of two-channel bilateral control and four-channel bilat-
eral control. This comparison demonstrates the theoretical and
experimental aspects of reproducibility and operability, which
is a performance index of bilateral control. Furthermore, we in-
troduce macro/micro bilateral control to two-channel bilateral
control and discuss the applicability of the method. We confirm
the effectiveness of two-channel bilateral control in this paper.

This paper is organized as follows. Section II describes the
structure of the control system based on parametrization of the
complementary sensitivity function. In Section III, we describe
the design of an important Q parameter to determine the re-
sponse and stability of the control system. An analysis of the
reproducibility and usability of the proposed method is shown
in Section IV. As a presentation of expandability, Section V
describes implementation of bilateral control with a single con-
troller and Section VI describes the design of micro/macro bi-
lateral control. The experimental results for each method are
shown in Section VII, and the final section summarizes this

paper.

Il. STRUCTURE OF THE PROPOSED BILATERAL
CONTROL SYSTEM

Fig. | shows the basic structure of the proposed bilateral con-
trol system consisting of two communication channels and four

System 1

- —————— -y

System 2

Fig. 1. Block diagram of the proposed bilateral control system.

feedback controllers. Variables in Fig. | represent the following:
u,, means controller’s output; P, is the nominal plant model;
C,, expresses the controller’s function; and f,, and ,, are the
external force and observation noise, respectively, as input sig-
nals. The four controllers are divided into two types: feedback
controller for stabilization and controller for transmitting infor-
mation to other systems. There are two controlled plants P, and
P, driven by corresponding input u; and uy and external force
f1 and f5. The goal of this control system is to realize the law of
momentum conservation in terms of the external force, i.e., the
law of action and reaction between the external forces applied
to the controlled plants while their positions are synchronized.
We consider MIMO feedback from two position observations
of the motion system is the input to two actuators. A design of
the control system can be derived by a transfer-function-based
approach.

From Fig. 1, relations between the external force f, obser-
vation noise for encoder signal &, the position output of the
controlled plant y, and the control input u are as follows:

y1 = Pi(fi +u) (1)
Y2 = Pa(f2 + uz) (2
ur = =Cii(y + &) + Ca(y + &) 3)
uy = Cra(y1 +&1) — Caa(y2 + &2). C))

Equations (1)—(4) can be summarized as follows:

V(s) 1[Gy Gms)] lf(ﬂ 5
u(s) A Gus(s) Guels) | | &(s)
where
y(s) = yl] u(s) = H ©)
| Y2 Uz
A &1
s) = , &(s) = 7
F(s) 5 £(s) LJ (7
[(1+ Coa )Py Co PPy
Gyf(s) = 3)
CioP Py 14+ CihP)P,
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) TABLE |
(1+CypP)— A Cy P, CONDITIONS THAT Q MUST SATISFY
Gye(s) = ©)
Cra Py 1+CnupP)—-A -
- Conditions
a f( ) . (1 + 022P2) - A Co1 P (10) 1 Q11, Q12, Q21, and Q92 must be stable and proper rational
u - + Q
Clgpl (]. -+ CHPI) - A funcn.onb' .
L 2 Relative degrees of ()1 are greater than or equal to the relative
- degree of P; and must have all unstable zeros of P; includin,
—Cu +PB Can inI%nity zerols as pgé; ] ¢
Gucls) = (11 | ' -
uf C —Cyy + P, B 3 Relative degrees of ()2 are greater than or equal to the relative
L 12 22 1 degree of P and (12 must have all unstable zeros of P; including
infinity zeros as poles.
A= (1 +Cii Py )(1 + O PQ) —CCu PP (12) 4 Relative degrees of (021 are greater than or equal to the relative
degree of P> and (021 must have all unstable zeros of P, including
B = C13Cy — C11Ch. (13) infinity zeros as poles.

In this paper, the sensitivity function is defined as sensitivity
of the transfer function Gy from the external force f to the
output y with respect to parameter variation of the controlled
plant P. These sensitivity functions are given as follows:

oG f(s)[l 1] P1 1+ CZ2P2
Sppo= —2 = 14
H 8P1 Gyf(s)[l,l] A ( )
0G P 1 P,
Spy = ygS)[Qﬂ} = 2 _ +Cn P (15)
> u (8)[2.2) A

where Gy (s)(1,1] and G ¢ (s)[2,2) are the transfer functions
from f; to y; and from f5 to s, respectively.

Then, the complementary sensitivity function () is defined
accordingly as

Qll =1- Sll = (A— 1 —CQQPQ)/A
QQZ =1- S22 = (A* 1 *Ollpl)/A.

(16)
a7)

In addition, we define other parameters ()12 and ()21 such that
they represent the transfer functions from &, to y; and from &;
to ¥, as

Qo =Cy P /A
Q21 = Cia Py /A.

(18)
19)

As a result, @11, @12, @21, and (22 correspond to transfer
functions from (&1, &) to (y1, y2), i.e., noise suppression char-
acteristics. By using parameters Q11, Q12, (21, and Q92, (5)
can be rewritten as follows:

y [(1-Qi)P QP —Qu Q12 | f
1 1
y QP (1-Q2)P Qn —Qx» F
Y = QP —Qu1 Qr2 ’
ul 7Q11 P, P, ? é’l
s Q21 P 0 Q21 —dzg &
P - Py P,
(20)

By solving (12) and (16)—(19) with respect to the controllers
Ch1, Cya, Cy1, and Cye, we have the parameterization of

5 Relative degrees of (022 are greater than or equal to the relative
degree of P2 and Q22 must have all unstable zeros of P, including
infinity zeros as poles.

6 1 — @11 — Q21 must have an unstable pole of P; and f; as zeros.
7 1 — @12 — Q22 must have an unstable pole of P, and f5 as zeros.
8 (211 must have an unstable pole of f; as zeros.

9 1 — (P2/P1)Q12 must have an unstable pole of f> as zeros.

10 1 — (P1/P2)Q21 must have an unstable pole of f; as zeros.

11 (22 must have an unstable pole of fy as zeros.

controllers as follows:

I (1= Q20)Qi1 + Qi2Q2

O R0 -Qn) - Quan
_ 1 Q21

12 = Py (1—Q11)(1 — Q) —Q12Q2 @)
_ 1 Q12

COn = P (1=0Q11)(1—Q2) —Q12Q2 @3)

Coo I (1-Qi1)Q2 + Q12Q2 24)

- P (1=Q11)(1— Q) —Q12Q2

From these equations, the controllers are parameterized by the
complementary sensitivity functions @11, @12, @21, and Q2.
Therefore, it is possible to change the performance of the con-
troller and guarantee the internal stability of the system by de-
signing the Q parameters through the conditions described in
Table I. Thus, from the design of these parameters, we can re-
alize a wide range of control performance in the two-channel
bilateral control system.

[ll. DESIGN OF () PARAMETERS
A. Ciriteria for Achieving Bilateral Control

The control target of bilateral control is to synchronize the
position between the master and slave systems, satisfying the
law of action and reaction in the force applied to the master
and slave systems. In other words, the position error between
the master and slave systems must be zero, and the master and
slave systems should be affected by a force equivalent to the one
applied to the other system. These targets are expressed by the
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following equations:

Position : { lim; .oy —y2 =0 (25)
lim; _oup — fo =0

Force : tooot1 — 2 (26)
limy oo uy — f1 =0.

For this section, assume that all the controlled plants are al-
most identical. The total driving force f; + u; determines the
response of the controlled plant P;. If the applied force and
the driving force of the actuator are equal, it is considered that
the law of action and reaction is fulfilled. The conditions in
(26) guarantee that the total driving force for the two controlled
plants is equal. For example, if actual external force f; is ap-
plied to the controlled plant P, the same amount of force us
is applied to the controlled plant P, according to (26). They
represent a virtual law of action and reaction between the two
controlled plants, because these two forces are cancelled.

In order to design a bilateral control system, we consider
converting these conditions to equivalent practical conditions.
First, (5) can be rewritten as follows:

[t(S)] _ [th(s) th(s)] V(S)l o
U(S) Gvf(s) Grf(s) 6(8)
where
t(s) = Y1 — Y2 (28)
| U1+ u2
v(s) = Z; ] ﬂ (29)
Gorls) = [(1- Q11 — Q)P (Qi2+ Q2 —1)P
N | Qi+ QP /Py QuePa/Pr — Q2
(30)
Grels) = Q11 — Qn Q12 + Q22 31
| Qui/Pr+ Q2 /Py Qi2/Pr — Qa2 /P
Goy(s) = —Qu 1+ QuP/P 32)
|14+ Qu P /P —Q22
Goels) = Qi /P Qi2/Py 33
| Qu /Py —Q2n/P

where £(s) is defined as a vector of the control target consisting
of y1 — y2 and uy + ug, and v(s) is the element of force control
target consisting of u; — fo and us — fi.

In (27)—(33), we include uncertainties and disturbance equiv-
alently in the external force f; and f5, following the same con-
cept as DOB. In these equations, we want to make errors from
position, y; — y2, and force, u; — fo and us — f1, to be al-
most zero if this disturbance exists. In order to achieve this, we
select transfer functions from f to each of these errors to be
small enough in the following frequency domains: G/ (s)[1,15
Giy(5)[1,2)> and G, (s) are designed to be zero or very small
in low-frequency domain. G (s)11,1]» Gie (5)[1,2)> and Goe ()

are designed to be zero or very small in high-frequency domain,
as noise typically contains high-frequency components.

B. Conditions for () Parameters

Note that characteristics 11, Q12, @21, and Q9o are related
to the following items:

1) relative degree involved in the controller design;
2) internal stability of the control system;

3) control target for the position;

4) control target for the force.

We have to select these parameters considering the aforemen-
tioned items.

The conditions for convergence of (s) to zero, thus guaran-
teeing stability of the system, can be found from the transfer
functions described in (30)—(33) and they are summarized in
Table I. In order to guarantee this conditions, we analyze the
transfer functions from (27)—(33); condition 1 is defined through
elements Gt{ (5)[1,1]’ Gtg(s)[l,g], Gz;f(s)[1.1]7 and G”f (S)[QsQ]’
from (31) and (32), this transfer functions represent the posi-
tion and force error in terms of the noise and external forces.
Since we assume that the noises do not have unstable poles,
these transfer functions must filter the unstable poles of the ex-
ternal forces. If, for example, the forces are step functions, this
means they have an unstable pole at the origin, this unstable
pole must be filtered by the designed Q. Condition 2-5 are de-
fined from each of the elements in (33), the plants P, and P»
are considered to have an unstable zeros, and since the plants
have a relative degree greater or equal to one in order to be
stable and proper, then the plant’s transfer function also has a
zero at infinity, therefore, to guarantee this conditions, Q should
be designed so as to cancel the unstable zeros of P, including
infinity. Condition 6 and 7 are defined from the stability con-
dition for transfer functions G (s)p1,1] and Gy s (s)[1,2 in (30),
respectively, since these represent the position error in terms of
the external forces and plants, then Q must be design so that
1— Qi1 — Q21 and Q2 + Q92 — 1 cancel the unstable poles
of P, and P, as zeros. Finally, conditions 8—11 are defined in
the elements of (32), these transfer functions represent the error
for the action—reaction law represented in terms of the external
force f1 and fo, therefore, the four elements of G, ¢ (s) should
suppress the unstable poles of the forces as zeros.

C. lllustrative Example

As an illustrative example, a simple single mass actuator with
a damping factor, such as a rotary motor, is considered as a plant
model. This model has a single unstable pole at the origin and
is given by

1

—Pi =
(M15+D1)S

(i=1,2) (34)
where M; is inertia of the mover and D; is the viscous friction
coefficient.

External force is assumed as a step function having an unsta-
ble zero at the origin. Taking into consideration the conditions
in Table I, 1 — Q11 — Q21 must have double zeros at the origin,

to satisfy conditions 6 and 7. In addition, from conditions 2-5,
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Fy Hyy Hyo X
= (38)
Xm H21 H22 _Fs

Gain

0.01

0.1 1 10
Normalized frequency (w/m.)

Fig. 2. Bode plotof @ and 1 — Q.

the relative degrees of Q17 and Q15 are equal or less than that
of P, and the relative degrees of (21 and Q2o are equal to or
less than that of P. Thus, a set of solutions for ) parameters
that satisfy the conditions of Table I are as follows:

Q11 =Q22=0
Q=0Q12 =Q2 =

(35)
a1s =+ ap
3 +ass? +ais+ ag

where a; are coefficients of the Hurwitz polynomial. Fig. 2
shows a Bode plot of Q = Q12 = Q1.
To summarize, (27) is rewritten as

1-Qh -1-Q)h-Q Q|1 s

(36)

Y1 — Y2

wtw| | HQ  BQ FF||h

w—fo| 0 -1+ 5Q 0 F|| &

us — f1 —1—&—%@ 0 PQ 0 &
(37)

We can assume that the external force f; and f, contain only
low-frequency components. On the other hand, the observation
noise & and & contain high-frequency components. The sen-
sitivity function 1 — @) is designed as a high-pass filter (HPF),
and the complementary sensitivity function () is designed as
a low-pass filter (LPF) in (37). Therefore, y; — y2 can con-
verge to zero because it is not affected neither by external force
nor observation noise. In the low-frequency domain, u; + us
is almost the same as f; + fy under the assumption P, = P,
because it is only affected by external forces. On the other hand,
in the high-frequency domain, the observation noise &; and &
are suppressed by the LPF. Similarly, ©; and us can converge
to fo and fi, respectively.

We have thus designed the bilateral control using the afore-
mentioned procedure. In the next section, we describe exper-
imental verification of the system. The proposed method can
realize high accuracy performance in bilateral control and sat-
isfy the internal stability condition of the control system.

IV. DERIVATION OF REPRODUCIBILITY AND OPERABILITY

The bilateral control system can be represented by a four-
terminal circuit model. The relationship between the master—
slave position and force is expressed as follows, using a hybrid
matrix. In the following expression, X, is the position of the
master, X is the position of the slave, F, is the force applied
to the master, and Fj is the force applied to the slave as

Using the aforementioned equation, the relational expression of
position and force on the master side is as follows:

Hyy Hyy )
Fm - 72@ —_— Xm . 39
(H21 + HypZ, Hyy + Hyo Z, 39)
We define repeatability P, and usability P, as follows:

p_ Hyy _ Hy,
" Hy +HpZ °  Hy+ HyZ'

Here, Z. is the impedance of the environment contacted on the
slave side. Therefore, (39) is rewritten as follows:

(40)

Fm = (POZe + Pr)Xm- (41)

Reproducibility P, is an index of reproduction on the master side
of environmental impedance Z,, and operability P, is an index
of the magnitude of the operating force that the operator feels
besides the environmental reaction force. The hybrid matrix for
ideal reproducibility and operability is expressed as follows:

Hyy Hyy 01
Hy Hy | |1 0]

A. Hybrid Matrix and Reproducibility/Operability in the
Proposed Method

(42)

The hybrid matrix in the four-terminal circuit of the proposed
method shown in Fig. | can be expressed as follows:

_ —Pi(Cy1(—=Co2 Py — 1)+ C12Co1 Py) + Coa Py + 1

H
" CoP P
(43)
CyiPP+ P Co Py +1 1
Hy=———— Hyy = F——,Hpp = —.
CoP P CoP P Cia
(44)

The four controllers C1,—C are designed to satisfy the control
target of expressions (25) and (26). The results of four-
channel bilateral control are analyzed using conditions and con-
trol systems identical with those of Shimono ef al. [31] and
Mizoguchi et al. [32]. Fig. 3 shows a frequency characteristic
when Z, = 304 5s is used as a relatively soft environment.
Fig. 3 is discussed in Section VII-B.

V. REDESIGN OF COMPLEMENTARY SENSITIVITY FUNCTION

In Section III, we had set 11, Q22 = 0, Q12, Q21 = LPF
for the four complementary sensitivity functions. In this sec-
tion, these four complementary sensitivity functions are further
examined and different designs are described.

Table I, which shows the conditions to be satisfied by the
complementary sensitivity function, lists three types of condi-
tions. First, the conditions 2—5 make sure the transfer function
of the controller is appropriate. Second, there are conditions that
satisfy the internal stability of the entire control system. Third,
conditions 2-5 include functions to achieve the control target of
bilateral control.
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Proposed method
4ch bilateral control
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Fig. 3. Analysis result of reproducibility, operability, and hybrid matrix.

We redesign the complementary sensitivity functions to sat-
isfy the aforementioned conditions as follows:

Qi1 = Q22
$% + ays?
= HPF = Qupr = 3+ ass? +ais + ag )
Q12 = Q2
= LPF = Qrpr = . ajg -t Zfs + agp o)
Qupr + Qupr = 1. 0

@11 and Q95 are HPFs with third-order Butterworth coeffi-
cients, and (012 and Q97 are LPFs. The frequency characteristics
of this filters are shown in Fig. 2. By designing the Q parame-
ter as described previously, it is possible to relax the condition
of the control target regarding to the position. This is because
1— Q11 — Qa21, (Q12 + Qa2) — 1 become 0 in (30). In other
words, conditions 2-5 represent a function in which the relative
degree of the complementary sensitivity function (Q11, (29 is2
or more, and the complementary sensitivity function @12, Q21
has one or more zeros.
In this case, the controller transfer function is as follows:

Q12 1 a1s+ag
Cone = Ciy = Ciy = Cyy = Cy — === -
one 11 12 21 22 PQll P53+a252
(43)

The four controllers are identical, and the dimension of the

fi
external force 1
Y
€1 output 1
. Ui noise 1
input 1
€ D
: -
System?2
Uz
input 2 2
noise 2 Y2
output 2
external force?2

Fig. 4.
the HPF.

Equivalent circuit of the proposed method in the case of using

derived for each master/slave system is required. However, as
the command value to the master/slave system is the output of
the same controller with a different sign of the input signal, the
block diagram can be simplified to Fig. 4. Haptic transmission
technology can be realized using a single controller by changing
the complementary sensitivity function. The transfer function of
the control system as a whole becomes (49), shown at the bot-
tom of this page, where the transfer function of external force
fi, fo toy; —ys is 0, and the transfer function of observation
noise &;, & is 1. Therefore, y; — y» can theoretically converge
to 0 without being influenced by external forces, however, it
is expected to be affected by the observed noise. Similarly, the
transfer function of external force f; to w; is HPF and the
transfer function of external force f5 to u; is LPF. The transfer
function of observation noise &1, & to uy is LPF; therefore, u
converges to fy because it is affected only by external force f5.
Similarly, uy can converge to fi. The sum of the outputs of the
controller u; + us converges to f1 + fo, and u; + us becomes
0 from the controller design. It is possible to satisfy the law of
action and reaction in external force fi, fo and realize haptic
transmission technology.

VI. INTRODUCTION OF MICRO/MACRO BILATERAL CONTROL

Micro/macro bilateral control seeks to change the posi-
tion/force ratio in the master/slave system to an arbitrary value.
We change the control target of the bilateral control system to
change the scaling ratio between the master and the slave. The
control target of the micro/macro bilateral control is as follows:

controller transfer function can be reduced. Position = { limy oo 0py1 — Byye =0 (50)
Since the four controllers in the proposed method are iden- lim; oo Brus — fo =0
tical, the configuration of the control system can be simpli- Force = ) (51
fied. In the block diagram of the original method, a controller limy oo atpuz — f1 = 0.
Y=y 0 0 1 1 ;
. 1
up + up —Qupr + %QLPF %QLPF — Qupr —LIEIPF + Q%? Q%f - QPL:F I @)
= 2
uy —Qupr % QLpr - Q;IPF QlepF
" P 0 Quee  Qur §1&
Py LPF HPF Py P,y
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Here, o, oy and 3,, [y are scaling factors. In these control 2
target equations, scaling factors for position cy,, 3, and for external force 1 —
force a are used so that the position and force scalin Py h
I Pf p g =11 £ output 1
ratio between the master and the slave can be changed indepen- ) Ut11 e
. . mpu
dently. The transfer function of the whole system in the case of PR |
micro/macro bilateral control is expressed as follows: . |CSC(11€11 [
It is possible to design the system in the same way as bilateral
.. . CscaleZ] System 1
control by determining the Q parameter as follows, with (52)
shown at the bottom of this page: [ |
pag ICscaIeIZ [ SyStem 2
4 =
_ =0 33 = |Cscale22 [
Qll - Q22 - ( ) m
U2 &2
Q12 = ﬁfQ (54) input 2 +& noise 2
B J P, | S5 Y2
Q21 - an (55) f L2 | output 2
2
Q _ a1 s+ ag (56) external force2

s3 +as? +ais+ag

After designing the complementary sensitivity function, the con-
troller of the proposed method with the introduction of mi-
cro/macro bilateral control can be determined as follows:

Cscale11 = é% (57
Craners = ;21_2‘;%@ (58)
Cscale21 = ]ill—ij;gfcy (59)
Cranezn = é%. (60)

By expressing the transfer function of the controller using a
scaling factor with respect to force, it is possible to change the
ratio of the force between the master and the slave. A change
in the scaling ratio of the position is also achieved by using the
scaling factor for the position information input to the controller.
The block diagram of the micro/macro bilateral control for the
proposed method is shown in Fig. 5. Since the transfer function
of the whole control system and the controller are the same as in
the case of bilateral control, the reproducibility and operability
for micro/macro bilateral control are the same as for bilateral
control.

Fig. 5.
scaling.

Block diagram of the proposed bilateral control system with

VIl. EXPERIMENTAL RESULTS

The performance of the proposed control is evaluated ex-
perimentally and compared with that of the conventional four-
channel bilateral control. Three methods are compared: bilateral
control of the proposed method, four-channel bilateral control,
and micro/macro bilateral control of the proposed method whose
scaling ratio for position is master : slave = 1 : 5 and the scaling
ratio for force is master : slave = 1 : 1.

A. Experimental Configuration

In the experiments, a pair of ac servo motors with end ef-
fectors are utilized as controlled plants. Human force fia, is
imposed in the master system, and reaction force from envi-
ronment is applied to the slave system when its end effector
interacts with the environment. The parameters of the control
system are as shown in Table II. Where the inertia of the plant
model and sampling time are obtained from the manufacturer
specifications of the plant model and sampling time are obtained
from the manufacturer specifications of the plant and encoder,
the viscous friction was estimated using identification methods,
the coefficients of the third-order filter have been selected from
the general formula for the third-order Butterworth filter, while

- ) a T
a, ( - @Qm) P —p, <1 Q12> Py —BpQa1 Qs
D P
apy1 — Bpyo P Py Q21 Q12 h
Brus + ajus - O[fFQQQI By Ele ﬁf-?Q f?I fa (52)
e — o P,
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TABLE Il
PARAMETERS OF SIMULATION AND EXPERIMENT
Parameters Meaning Values
My Inertia of plant model 1 0.40 x 107 [kg- m?]
M Inertia of plant model 2 0.40 x 107 [kg-m?]
Dy Viscous friction of plant model 1 6.375 x 10~* [N-m/rad/s]
Do Viscous friction of plant model 2 6.375 x 107* [N-m/rad/s]
We Cutoff frequency in controller 340 [rad/s]
WLPF Cutoff frequency in LPF 500[rad/s]
ag Coefficient of third-order filter w?
a1 Coefficient of third-order filter QwZ
a9 Coefficient of third-order filter 2w
WDpOB Cut-off frequency in DOB 500([rad/s]
Kp Position gain 7000
Ky Velocity gain 350
Ky Force gain 1
ay Scaling gain for position 1.0
Bp Scaling gain for position 0.2
ay Scaling gain for force 1.0
By Scaling gain for force 1.0
Sampling time 50 [us]
Resolution precision of the rotary encoder 20 [bit]

.

Sy 2 i)

Soft object (Balloon)

Fig. 6. Experimental units with hard and soft objects.

the cutoff frequencies have been selected by adjusting them to
the characteristics of the system. The control gain is raised to the
point just before vibration due to noise occurs in each control
method and the scaling gain is defined according to the ratios
defined in the experiment (1:5 and 1:1 for position and force, re-
spectively). The experimental setup is shown in Fig. 6. In these
experiments, a soft object (balloon) and a hard object (A5052
aluminium alloy object) are used as manipulated objects. Here,
response of a human and reaction force are estimated by a reac-
tion force observer, but they are not used in the proposed control
system. fman and fexp are the estimated human force and the re-
action force. Fig. 7 shows experimental results in soft and hard
environments.

B. Discussion

Here, we will describe the experimental results and trans-
parency/stability analysis results.

Experimental results for bilateral control are shown in
Fig. 7(a), (b), (d), and (e), where Fig. 7(a) and (d) shows re-
sults for the proposed, two-channel bilateral control, method

and Fig. 7(b) and (e) shows the results for the conventional,
four-channel bilateral control.

From the plots of position and position error, it can be seen
that the position of the slave system follows that of the master
system. The position error arises only when the acceleration is
large, and it is essentially zero when the master is stationary.
The cause of the error is the cutoff frequency w. not being
sufficiently high, and the nominal error of inertia. Regarding the
force response, the estimated human force fman and the input
of the slave system us, as well as the estimated reaction force
from soft environment fext and the input of the master system
uy are almost synchronized. This proves that the operator can
feel the reaction force from the environment with a small error.
It can also be seen that the sum of action and reaction force,
f man T fext, is almost zero, i.e., the control system satisfies the
law of action and reaction.

Experimental results for the micro/macro bilateral control of
the proposed method are shown in Fig. 7(c) and (). The scaling
ratio for position is master : slave = 1 : 5 and that for force is
master : slave = 1 : 1. In other words, the position response of
the slave side is five times larger than that of the master side,
and the same force is transmitted to both the master side and
the slave side. The results for micro/macro bilateral control are
similar to those of bilateral control. However, the accuracy of
the response with respect to the position where the scaling ratio
is being changed shows deterioration. It is seen that error occurs
in the position between the master and the slave when the slave
is in contact with the environment. The error has occurred in
multiples with respect to the scaling ratio. We consider the error
to be caused by differences in encoder resolution between the
master and the slave. Therefore, we must solve this problem in
the future.

Root mean squares of these errors are summarized in Table I1I.
Four-channel bilateral control performs friction compensation
by reaction force estimation observer, but the proposed method
adds the identified frictional force to the command value. Fric-
tion compensation is performed when the operation velocity
exceeds a certain value and is not performed when it does not
exceed that value. The sum of force estimates is disturbed when
switching friction compensation. Therefore, the mean square
error of force is larger for the proposed method. This is inferred
from the results for micro/macro bilateral control in which the
operation velocity is increased.

From analyzing the results in Fig. 3(a) and (c), in four-channel
bilateral control, the elements of the hybrid matrix H;; and op-
erability P, are far from the ideal value in the high-frequency
range. In the proposed method, the hybrid matrix is almost ideal,
but the reproducibility P, is close to 0 in the high-frequency
range. Therefore, the proposed method, which is two-channel
bilateral control, emphasizes operability, while the four-channel
bilateral control emphasizes reproducibility. This difference is
considered to be caused by the difference in the control con-
sidered important in bilateral control—Position control or force
control. This is clearly shown in the experimental results. Em-
phasis on reproducibility as in four-channel bilateral control
leads to improved transmission of force between the master and
the slave. Conversely, if emphasis is placed on operability as in
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Fig. 7. Experimental results of the proposed method and four-channel bilateral control. (a) Position results in the proposed method without scaling.
(b) Position results in four-channel architecture bilateral control. (c) Position results in the proposed method with scaling (m:s = 1:5). (d) Force results
in the proposed method without scaling. (e) Force results in four-channel architecture bilateral control. (f) Force results in the proposed method with

scaling (m:s = 1:1).

TABLE I
RooT MEAN SQUARE OF ERROR

Condition Index Value
Bilateral control position [rad] ~ 0.005035
of the proposed method force [mMN.m] 1.38
Bilateral control position [rad] 0.00737
of 4ch architecture force [mN.m] 0.72
Micro/macro bilateral control  position [rad] 1.03425
of the proposed method force [mN.m] 0.46

the proposed method, position tracking between the master and
the slave is improved.

VIIl. CONCLUSION

In this paper, a transfer-function-based approach for de-
signing bilateral control systems is presented. The controller
is parametrized by the complementary sensitivity function @,
which is determined from the conditions derived from internal
stability of the system and convergence criteria of the control
target of the bilateral system. Through experiments, we con-
firmed that the proposed control realizes higher performance
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