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ABSTRACT

This study focuses on the control
system design and control performance
of a power-assisted lifting device. The
device consists of several electric
chain-blocks, each controlled by force
sensors and a CPU. The mechanism is
as follows: (1) Force sensors detect any
chain tension changes (by human force),
(2) The CPU calculates the required
output, (3) Electric chain-blocks move
the object in the intended direction.
The feature of this device is that it does
not require any information related to
the suspension points of the electric
chain-blocks. The controller was
designed using the H method, which

considers disturbances and aims to
provide robust stability under the
operation conditions of construction

sites. The control performance was
verified through experiments using a
700 kg steel dummy mass (control
object) suspended by four electric
chain-blocks. In the experiments, the
controller, which was designed using the
H method, was compared to the PI

controller method, and the effectiveness
of the H controller was proven. A

control object could be moved,
translated, and rotated by human force
(of less than 10 kg). Positioning
performance errors were suppressed to
less than 0.5 mm, and operation time
was reduced by about 50%.
This device will improve working

efficiency and rationalize lifting
operations in nuclear power plants.
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1. Introduction

In the construction industry, as workers
become older and the number of
workers decrease, the demand for the
automation of physical tasks is strong. In
response, a variety of robots have been
proposed for automated construction.
However, in confined plant construction
sites such as for nuclear power plants, it
is difficult to use existing robots for
automated construction because the
main units are too heavy and require
considerable space for installation.

Focusing on the automation of plant
construction sites, one of the most
laborious tasks is positioning pipes,
valves, and accessories. Specifically,
this work contains operations of lifting
the object to be installed via multiple
manual winches (called chain-blocks),
moving the object to the specified
location, and positioning it at the defined
point.

To automate this task, a parallel link
mechanism can be applied, in which
multiple actuators (chain-blocks) are
simultaneously operated to move pipes
and valves. The parallel link mechanism
has been widely used as a motion
platform in fields such as flight
simulators (1), shakers, and amusement
equipment. Recently, the mechanism is
actively being applied to materials
handling and machine tools because of
its responsive and rigid qualities (2). A
parallel wire-driven robot system is
considered to be the most promising
technobgy for providing lighter, simpler,
and faster equipment (3"4).

Unlike standard link mechanisms, wires
are not rigid and thus do not allow the
number of degrees-of-freedom to be
increased in serial connection.
Accordingly, parallel positioning is
required to achieve a multi-DOF
mechanism in a wire-driven method.
Parallel positioning is advantageous in
narrow construction sites for plants
because it allows a device to be divided
and to be lighter. This study discusses
the feasibility of a positioning system
using the power-assisted parallel link
mechanism, which detects a human
force applied to the suspended load, i.e.,
the control object, and which moves the
suspended load by operating multiple
electric chain-blocks (actuators)
according to the detected force.

Unlike for robots using the standard
serial link mechanism, it is difficult to
regard robots using the parallel link
mechanism in terms of kinematics, by
which the position and posture of the
end effectors are determined from the
control vector of the actuators.
Therefore, inverse kinematics, by which
the control vectors of the actuators are
determined from the position and
posture of the end effector, is generally
used for robots using the parallel link
mechanism (7). When using the parallel
link mechanism to compose a trajectory
control system, the semi-closed loop
method is generally used, in which the
position and posture of the actuators are
not directly used as feedback. Inverse
kinematics and a Jacobian matrix are
used to determine the motions of each
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actuator for the desired output link
motions (position/speed), and each
actuator is controlled according to the
calculated motion.

Unlike the above control methods, this
study investigates the feasibility of a
power-assisted lifting device that directly
detects the applied human force using
load sensors in the actuators, without
using inverse kinematics or a Jacobian
matrix, and that operates the actuators
according to the detected force. The
influence of tension changes due to
movement of the control object and the
isolation from such influence are
identified through simulation. Then,
instability caused by elasticity vibrations
during system operation is stabilized
using the H control method and the

modified mixed-sensitivity problem. After
investigating these factors, the
performance and effectiveness of the
device are verified in experiments using
a full-size model.

2. Wire-Driven Mechanism and
Feasibility
2.1 Wire-Driven Mechanism
The parallel-wire driven mechanism,
which generates a force only when the
tension is positive, has the same
characteristics as the multi-fingered
hand. The relationship between the
parallel-wire driven mechanism and
vector closure, which is an accurate
model used for the multi-fingered hand,
can be clarified by first defining the wire
vector Wi as

Fig.1 A model of parallel wire driven
system

{ P. }

(1)

where Pj and n are both vectors, as
shown in figure 1; Pj is a unit direction
vector of the wire, and n is the vector
from the center of gravity of the object
and the point at which the wire is
installed. The symbol ~ represents the
vector product. It is assumed that the
position and posture of the object are
controlled with 6-DOF. In this case, the
relationship between the force vector f
(6 -1), applied to the center of gravity of
the object by m number of wires and
6 (m ~ 1), the tension vector of each wire,

is expressed as follows:
/ = AT

12)

As the tension of all the wires must be
positive to enable forces to be
generated in any desired direction, the
following conditions to achieve 6-DOF
for both force and torque must be
satisfied (5) :

(1) In the six-dimensional space
obtained by translating and rotating the
coordinate system of the center of
gravity of the object, a total of seven
wires should be present including six
wires that have a linearly independent
tension direction.
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(2) Wi, the vector of each wire, satisfied

the relation
7

mnk(W) = 6 (6)

, = <) (a>0) (3)

Condition (1) can be inferred by analogy
from the fact that two wires are
necessary to achieve 1-DOF, and
condition (2) can be easily understood if
Wj is considered to be the tension of
each wire. Here, the length of six of the
seven wires can be determined as
desired, and the seventh wire can be
considered to have been introduced in
order to satisfy the condition that the
tension should be zero or greater.
Therefore, if the gravity of the object is
considered as the seventh wire, the
suspension parallel-wire driven
mechanism can be controlled with
6-DOF by adjusting the length of the six
wires of the actuators (11). The vector of
the seventh wire due to the gravity is
expressed as follows

^ = [ 0 0 - 1 0 0 Of (4)

Hence, the relation between the force
vector f (6 ~ 1) and each wire's tension
vector o(6~1) is expressed as follows,
where W is a wire matrix and mo is
mass.

f = WT + mffgio7\

w - r' i
Here, the second term in equation (4) is
substituted for the force vector f
because it is a constant. The necessary
conditions of the suspension system for
the parallel-wire driven mechanism are
then investigated. From condition (1),
the wire matrix that ensures the linear
independence of the six wires is:

From condition (2), the condition that
makes the tension of the six wires
positive can be found as follows:

- W ~1to 7< 0 (7)

2.2 Device Feasibility
As described in the preceding section,
the parallel-wire driven mechanism,
which generates active force only in a
single direction, must satisfy the vector
closure condition within a movable
range. First, on the assumption that the
mechanism is within the movable range,
a lifting device model of 3-DOF (two
translations and one rotation), as shown
in figure 2, in which mass m is
suspended using three wires, is
examined. Here, the wire vector is u
and the wire tension vector is T. The
equation of equilibrium for the
suspension system, which uses gravity,
when the system is in the static state
can be expressed as

0

mg

0

(8)

(100,100)

(100,20)

Fig.2 3-DOF Model
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The equation of equilibrium when the
force vector f is applied to this model,
causing the suspended load to move, is
then written as

fx

(9)

When the suspended load moves only a
little and wire matrix W changes
negligibly, subtracting equation (8) from
equation (9), gives

hi
(10)

From equation (6), the parallel-wire
driven mechanism has an inverse matrix
w 1 if the mechanism is within a
movable range. Therefore, equation (10)
can be rewritten as

ST^w-'f (11)

Equation (10) indicates that varying the
tension applies force vector f to the
center of gravity, thus changing the
position and posture, and equation (11)
indicates that the load being applied to
the suspended load can be detected
through changes in tension. This means
that the suspended load can be moved
if tension changes applied to each wire
are detected by the load sensors with
direct response between the applied
human force and the suspended load.
The force is controlled by winding each
wire (chain) onto the winch according to
the tension changes. The feasibility of
this power-assisted lifting device is
investigated using the plane model
shown in figure 2. In this case, force
vector f, which is applied to the center of

gravity of the control object, is detected
as wire tension T, and wire speed vector
v is controlled according to the detection
signal. As the position of the control
object is determined by the changes of
the wire length in the simulation,
kinematics must be used, in which the
wire length is first, followed by the
determination of the position of the
control object. As it is difficult to regard
the parallel link mechanism in terms of
kinematics, the geometrical relations are
described below to allow the use of
kinematics.

The length of each wire is h, b, I3, and
the position of each actuator is (x(i), y(i)).
From the cosine theorem, the angle a
between wire number 2 and the y-axis is
expressed as follows:

/ •, I*+(yCl)-yC$))2-I] /-i21
COSi, <Z) — — ;—; — — \ l£ml

Therefore, the coordinate position of
wire-restricted point B in the control
object is expressed as

XB=x(2)-l2Mn(a)
Ys=y(2')-Lco$(a)

Angle b, formed between point B and
the y-axis, is expressed as follows:

COSt'ff) " ' * r™: (*\ A\

When the length of the control object is
L, angle q between l1( wire number 1,
and point B (see the figure 2), is
expressed as follows, from the cosine
theorem.
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7
No update case

movement.

(19)

0 1 2 3 4 5
Fig.3 Simulation Results of 3-DOF
Model

Therefore, the coordinates of restricted
point A can be expressed as follows,
from figure 3.

A. .( — X\ 1/+ ij $IH{ ff U) MC\
I I D )

YA = y(l)-llcos(/3-d)
As the positions of points A and B, i.e.,
the control objects, are identified, the
center of gravity and their arrangement
can be found, thus enabling the
sequential calculation of wire matrix W.
The tension Ti before moving can be
found from the following equation of
force equilibrium using the initial wire
matrix Wj.

' 0
(17)

Next, if the human force vector to be
applied to the center of gravity is f, the
tension while moving is expressed as
follows.

(18)
M

The speed vector v of each wire is
expressed as follows, as each wire is
operated according to the difference
between the tensions before and during

where kp is the proportional gain.
The wire length vector I after Dt from the
start of control is obtained from the wine
speed from equation (19), and the wire
length before moving. If the positions of
points A and B during movement are
repeatedly calculated using equations
(12) to (19), the behavior (locus) of the
control object when force is applied to
the center of gravity can be derived.
The solid line in figure 3 shows the locus
of the center of gravity when a 10 kg
horizontal force is applied. Although
minor vertical modifications are required,
it is seen that a worker can move the
load in the intended direction with
reasonable accuracy. However, it is also
seen that the speed of movement
decreases with time even if the same
force is applied continuously.
Now, the case in which changes in the
wire matrix W are large is examined. In
this case, because the wire matrix W
changes, the wire matrix after the
change is assumed to be as follows.

W' = W+ §W (20)
Therefore, the force vector f after
working can be expressed as follows,
from equation (10).

f=wsr+swr (21)
As indicated by equation (21), force
vector f is influenced by the tension after
the change and the changes in the wire
matrix. This makes it difficult to detect
the human force applied to the load from
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dT, i.e., changes in the tension alone,
thus the load is not moved. A possible
solution to this problem is that the
worker temporarily halts the device so
that the device can re-detect the wire
tension of each wire each time the
worker feels the device is beginning to
slow down. Simulation is performed to
verify the effectiveness of this solution.
In figure 3, a dotted line shows the
calculation results when horizontal force
is applied and tension Ti is . The figure
shows that the load moves at relatively
constant speed, thus proving that this
method, in which the device is operated
with regular re-detection periods for wire
tension, is effective.

3. Experimental Device and Device
Operation
3.1 Experimental Device
The schematic diagram and signal flow
of the experimental device is shown in
figure 4. A pipe (weight: 80 kg, length: 1
meter, diameter: 300A) is held at its
ends by four motorized chain-blocks. A
load sensor is placed on each
chain-block for tension detection.
Comprised of four motored chain-blocks,
this device has 4-DOF; y, z, qy, and qz,
as shown in figure 4. The load sensor
signal, which detects the applied force
while working, is sent to the CPU via the
dynamic strain amplifier. The optimum
control vector for wire winding is
calculated, and the appropriate speed
control voltage is sent to the motor every
10 ms.

Load
Signal

Speed
Control

• Voltage

Fig.4 Schematic View of Experimental
Setup

3.2 Device Operation
As described in section 2, if the control

object moves a significant distance, the
wire matrix W changes, thus making it
difficult for this device to detect the
applied human force. Therefore, it is
necessary for a worker to temporarily
halt the device to re-obtain the tension
each time the worker senses a
slowdown in movement. This can be
achieved using a hand-held switch. The
switch functions such that the device
can be operated only while the switch is
depressed and is halted while the switch
is released, at which time the
re-detection operation is initiated.

4. Investigating the Control System
4.1 Modeling

The dynamic model of this device in a
1-DOF system is shown in figure 5. The
steel frame for fixing the entire device is
represented by springs and dampers.
This dynamic model is examined in a
1 -DOF system below.
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Loadcell

Lifting
Object IT

Servo Motor

Tension T

Lifting Power F

Fig.5 1-DOF Plant model

The equation of motion for the
suspended load is expressed as follows:

mx = F-T + mg (22)
where the direction of gravity is
considered positive, m is mass, T is
tension, and F is the applied human
force.
The balance with tension T is then
expressed

T~kx + cx (23)
where k is the spring constant is and c is
the damping constant.
Next, the relation between the load
detected by the sensor load f and
tension T is expressed as follows, as the
load sensor can electrically cancel
self-weight.

f = T-mg (24)
From the above relations, the transfer
function from human force F to the
sensor load f can be expressed as
follows.

G_z, as + k
(25)

F rrns" •+ cs-v k $" + 2y»a.s +

In the above equation, x represents the

dumping ratio and wn represents the

natural angular frequency. The sensor

load f when the actuators are operated
using control vector u to move the load
can be expressed as follows, as control
vector u can be substituted by human
force F.

(26)
s" + &' + w;

The control system is defined by finding
suitable parameters from experiments.

4.2 Identification Experiments

In identification, where a 680 kg mass is
used, impulse control vector u is input to
the system to operate the actuators, and
the time history response of the load
sensors are then obtained. The
identification results are shown in figure
6. Note that equation (26) is multiplied
by a conversion factor (d) because the
input and output for the experimental
values are voltages. From the
calculation results, d = 490, x = 0.05,
and wn = 2p 6.5 .

4.3 Controller Design

The control system detects the load to
be applied to the suspended load as
sensor load f, then operates the
actuators at speed v according to the
detected load and moves the
suspended load. The identification

1 2 3
Time[sec]

Fig.6 Identification Results
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results show that the control plant P)
has a small damping ratio and large
residual vibration. The natural angular
frequency depends on the mass of the
suspended load. Therefore, the
requirements for this control system are:
(1) Control vector u must be only
minimally affected by the elasticity
vibration @) that acts on the observed
sensor load f.

(2) Control vector u must follow the
human force F and increase rapidly,
irrespective of mass changes of the
suspended load.
To satisfy these requirements, the H

method is used, as proposed by Doyle,
Wall, and Stein(2), and which can handle
both disturbance isolation and robust
stability.
The flow of the H method for the

modified mixed-sensitivity problem is
shown in figure 7, where the H norm
from virtual disturbance w to controlled
variables zi and z& is less than 1. The
transfer function of the virtual
disturbance, w to z-i, is expressed as
follows:

— = wsS (27)
w

The transfer function of the virtual
disturbance w to 7% which evaluates the
robustness of the plant fluctuation, is
expressed as follows:

—*- = wTT
w

(28)

The complementary sensitivity function
T is expressed as follows:

r c
WT

5i> p

wN

i I +

Ws

A

Fig.7 Block Diagram of the H Controller

T = PC/(1 + PC) (30)

Controller C is determined such that it

satisfies equation

(31)
wTT

<1

where ws and WT are weighting

functions.

The weighting functions and plant
transfer functions are shown in figure 8.
Using these functions, controller C can

be obtained as follows:

c = ( 3 2 )

5. Experimental Results
5.1 Control System Verification

To verify the stability of the proposed
controller, the influence of vibration is
examined in the 1-DOF experiments. In
the experiment, the suspended load of

Frequency [Hz]

Fig.8 Plant transfer function
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680 kg was raised and lowered. The
human force to be applied to the load,
tension (load sensors), and the amount
of movement (displacement) were
measured and the operations were
verified. This controller is compared with
a standard proportional controller
infigure 9. Although the load sensor
signal varies due to the influence of
elasticity vibration, the H controller

provides stable movement of the load.

5.2 Experiment for Verifying 2-DOF
Operations

The experiment on this device was
performed using two actuators and a
280 kg boiler panel. A photo of the
device being applied to the panel is
shown in figure 10. As this panel needs
to be installed at an angle, the controller

Time [sec]
Using H controller

displacement

requires 2-DOF, i.e., vertical motion and
rotation. Specifically, the panel is first
moved vertically and then rotated and
positioned in the desired location. This
operation previously required three
workers, however, it was proven in this
experiment that it requires only one
worker to finish the same operation
within almost the same time if this
device is used. This shows the potential
of this device in field applications.

5.3 Investigation of Multi -DOF
Operations

This experiment involved aligning an 80
kg horizontal pipe using four actuators.

The experimental device is shown in
figure 4, and a photo of the device in
action is shown in figure 11. The pipe,

Applied in the boiler panel setting

Time [sec]

Using proportional controller

Fig.9 Experimental Results

Applied in the base plate of electric generator

setting

Fig. 10 Examples of proof experiment
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Fig.11 Applied in pipe positioning

which had been placed parallel with
existing pipes before alignment, was
moved horizontally and then vertically.
The position of the pipe was
fine-adjusted and finally aligned in the
plane of the existing pipes.
The periodic inspection of a turbine
using this device is shown in figure 12.
The turbine casing is divided into many
sections by small blocks called
diaphragms that weigh less than 1 ton.
In periodic inspection, one block is
removed at a time, the blade is
inspected, and the block is replaced.
This sequence is repeated the requisite
number of times. A 2-DOF
power-assisted device is expected to be
effective for reducing the time required
for such operations, and will be actively
used in the field in the future.

Fig.12 Applied in turbine diaphragm
setting

6. Conclusion

To save labor for simple operations
using chain-blocks of less than 1 ton, of
which 50% of all lifting operations can
be classed, a power-assisted lifting
device was studied and developed. The
system detected the applied human
force as wire tension, and operated the
motorized chain-blocks (actuators)
according to the detected force. The
following conclusions were reached:

(1) A method of directly detecting the
force to be applied to the load (human
force) as the wire tension was proposed,
in which the actuators are operated
according to the detected force. The
possibility and inherent problems of the
method were clarified through analysis.

(2) As the detection of human force
becomes difficult due to wire tension
changes caused by load movement, an
operating procedure by which the device
is halted using a control switch to allow
the sensors to re-detect the wire tension
as required was proposed.
(3) The H control method, which is

robust and stable in terms of
disturbances, was introduced. The
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resultant system is not affected by
vibrations caused by load movement or
mass changes of the suspended load,
allowing the actuators to rapidly operate
according to the human force. The
effectiveness of the device was proven
through the experiment.
(4) In the experiment using this device, a
280 kg boiler panel was successfully
positioned. The experiment shows that
with this device, only one worker is
required to carry out the specific
operation, which previously required two
workers. The effectiveness of this device
was proven, showing that this device
has potential in practical applications.

7. References
1) D. Stewart: A Platform with Six Degrees of

Freedom, Proc. Inst. Mech. Eng., (196S66)

180-1-15,371

2) R. Clavel: DELTA, A Fast Robot with Parallel

Geometry, Proc. Int. Symp. Industrial Robots, (1988)

91.

3) S. Kawamura: A New Type of MasterbBte for

Teleoperation Using A Radial Wire Driven System,

Proc. of IROS'93, vol.1, pp.KED, 1993

4) R. Kurts: Dexterity Measure for Tendon Actuated

Parallel Mechanism, Proc. of 1991 IEEE int. Conf.

on Advanced Robot, pp.11-4146, 1991

5) S. Kawamura: A Eteign of Parallel Wire Driven

Robust for Ultrahigh Speed Motion Based on

Stiffness Analysis, Proc. of the 1996 JaftiuSA

Symposium on Flexible Automation pp. -11fflS,1996

6) J. C. Doyle, J. E. Wall and G. Stein: Performance

and Robustness Analysis fdruSture Uncertainty.

Proc. IEEE Conf. on Decision and Control, Orlando,

FL. December 1982


