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ABSTRACT This study aimed to optimize the rope winch of a fagade-cleaning robot, a system that travels
vertically using the friction between ropes and pulleys. However, position errors can be caused by various
factors during locomotion. This adversely affects the robot’s position accuracy. To solve this problem,
an experiment was conducted to secure the repeatability of the robot position by optimizing it using the
Taguchi method. Subsequently, an error compensation was designed by predicting slip errors of the rope,
and accordingly the positional accuracy was determined through feedforward and feedforward + PI control.
The experimental optimization confirmed that optimal repeatability can be obtained using a pressure module
with the force of 45 N and an axial groove pitch angle of 6° of a pulley. The position accuracy was improved
using an error prediction model based on weights, travel distances, and controllers. For a travel distance
of 3.0 m, the position error could be reduced to 55%—-81% and 72%—-89% through feedforward control and
feedforward + PI control, respectively, compared with that of the open-loop. The observations of this study
could facilitate the control of the position of fagade-cleaning robots and aid in the improvement of position
accuracy.

INDEX TERMS Rope winch, position accuracy, position repeatability, rope position error modeling,
differential gear mechanism.

NOMENCLATURE T(s) Tension in the rope at position s

] Rope mass flow rate (kg/s) Tref Reference tension (N)

P Mass per unit volume (kg/m?>) k Stiffness of rope (N)

A(s) Area of the rope at position s (mm?) £ (s) Strain of rope at position s

v(s)  Velocity of the rope at position s (m/s) Vref Reference velocity (m/s)

T Tension of the rope (N) Tiefs Tension of left pulley (N)

ar Differential Tension (N) Tright Tension of right pulley (N)

f Projections of the force per unit length from the M otor Motor torque (Nm)
pulley on the rope in the tangential T, Tension of right pulley after slip zone (N)
diregtions (N/m) T Tension of the mid part (N)

r R‘f‘dlus Ofl pulley (mm) T3 Tension of left pulley before slip zone (N)

do Differential angle (rad) . T .

. . . Jascend left Projections of the friction force per unit
ds Differential location (m) length on the left pulley while ascending
dv Differential velocity (m/s) (N/m)

n Projections of the force per unit length from

Jascend righs  Projections of the friction force per unit

the pulley on the rope in the normal ) )
length on the right pulley while

directions (N/m)

ascending (N/m)
The associate editor coordinating the review of this manuscript and Wieft Angular velocity of left pulley (rad/s)
approving it for publication was Agustin Leobardo Herrera-May . Wright Angular VC]OCity of I‘ight pulley (rad/s)
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7 Friction coefficient between rope and
pulley

Slip angle of the left pulley while
ascending (rad)

Slip angle of the right pulley while
ascending (rad)

Slip angle of the left pulley while
descending (rad)

Slip angle of the right pulley while
descending (rad)

eslip, left,ascend
Qslip, right ,ascend
eslip, left,descend

Qslip, right descend

e Strain of the rope

E Elasticity of the rope (N/mm?)

A Area of the rope (mm?)

ddgip Differential rope deformation length at
slip zone (m)

siip Rope deformation length at slip
zone (m)

Rope deformation length at slip zone
while ascending (m)

Rope deformation length at slip zone
while descending (m)

aslip, ascend

6Slip, descend

I. INTRODUCTION

Skyscrapers with a height of over 150 m exist worldwide [1].
These buildings are typically managed by human workers
using a single rope or a building gondola. This can endan-
ger the workers and even result in fatal injuries or death.
According to the International Window Cleaning Associa-
tion, at least one high-rise window cleaner died each year
between 2010 and 2014 [2].

Many researchers have introduced and exploited different
types of fagcade-cleaning robots (FCRs) to replace human
workers in such cases. The TITO500, SIRIUSc, and CAFE
robots can shift upward and downward using a crane located
at the top of the building [3]-[5]. The building fagade main-
tenance robot (BFMR) system requires the installation of a
built-in rail on a building, and this can be used by the robots to
climb up and down [6]. In addition, temporary equipment for
climbing robots has been developed. KITE and SkyScraper-I
utilize a gantry that is pinned on a building vertex [7], [8].
However, the installation of an additional gantry outside the
building is a challenging and time-consuming process.

FCR Module 1 (FCR-M1) moves back and forth utilizing a
building gondola; this platform can be used only if gondolas
exist on the building [9].

Mobile-type cable-driven robots have also been developed.
These have built-in winches and cables. Wall robots can shift
upward and downward using a built-in winch and steel cable
connected to the top of the roof [10]. However, the built-
in winch system increases the weight of the robots, which,
in turn, results in higher power consumption.

The Integrated Professional Cleaning Eagle Corporation
(IPC Eagle) developed a free-end-type winch-steel cable sys-
tem [11], in which, because the cable bundle is installed
outside the robot, its payload is not influenced by the building
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height. However, the taller the skyscraper, the heavier is the
steel cable. This hinders the installation of a rope bundle.
In addition, the steel cable can damage the building’s win-
dows or columns because of the weight of the cable.

A single pulley-type winch was developed in a previous
study to conveniently install devices on various types of
buildings. It requires only one synthetic fiber rope, which is
fixed at the top of the building. The winch was installed on
the robotic platform of the wall-cleaning robot (ROPE RIDE)
in a previous study [12]. However, the position accuracy was
inadequate because of the slip and lift weights were limited
by the low payload capacity.

A double traction winch is a system that utilizes two drums.
Each drum has grooves to prevent the rope from slipping [13].
However, because the load is not distributed, the force is
concentrated on the drums. Furthermore, the production cost
increases because precision machining is required for the
drum.

The cable traction control unit (CTCU) is a multipulley-
type winch with a synthetic fiber rope and is employed for
installing deep-sea structures. This system divides the load
between pulleys to prevent their breakage. In addition, slip
caused by rope elongation can be compensated for by control-
ling the speed of the pulleys [14]. Although this system may
appear as an effective FCR rope winch, a number of motors
are needed to control each pulley, resulting in a complex
system.

A multi-wound differential pulley winch (MWDPW) has
been proposed to improve position accuracy (Fig. 1, (b)) [15].
In this system, two pulleys and a differential gear module are
installed at the center. The differential gear module uniformly
distributes the torque applied on the pulleys, thereby prevent-
ing force concentration. In addition, because the MWDPW
requires only a rope that is fixed on the roof, it can be installed
conveniently on buildings.

Because MWDPW is driven by the friction between the
pulley and rope, errors are caused by various factors, such as
rope elasticity, loss of friction between rope and pulley, and
backlash when the movement direction varies.

The length of the rope was utilized to estimate the posi-
tion. Reduced position accuracy would hinder the accurate
measurement of rope length, thereby causing difficulties in
controlling the robot [16]. In addition, the application of a
force higher than that intended on a building wall, owing
to the position deviation, could damage weak wall materials
such as glass panels [17].

Therefore, in this study, the Taguchi method was used
to optimize position repeatability and secure the position
accuracy of MWDPW by using error compensation. Optimal
design parameters were determined by the experiments and
the sensitivity analysis. Based on the optimal design parame-
ters, the position error prediction model was applied through
feedforward and feedforward 4 PI controller to minimize
position errors.

The remainder of this paper is organized as follows.
An error prediction model is introduced in Section 2.
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In Section 3, test benches are introduced, and experiments
are performed using the Taguchi method to secure position
repeatability. Section 4 presents the experiments used to
measure the rope modulus of elasticity and backlash as well
as those conducted to verify that the position accuracy is
improved using an error prediction model. The conclusions
are presented in Section 5.

Il. POSITION ERROR PREDICTION MODELING

A. ROPE AND PULLEY MECHANICS

A free body diagram of the rope and pulley was developed as
shown in Fig. 2. It shows a portion of the rope of length ds
at the location s and subtending an angle of d6. The Eulerian
formulation was adopted to assume that the conditions at s
are independent of time. Symbol p represents the mass per
unit volume of the rope, A(s) indicates the cross-sectional
area of the rope, and v (s) denotes the velocity of the rope’s
movement. The mass flow rate of the rope is assumed to be
constant [18].

m = pA (s) v (s) = constant €))]

Multi-wound differential pulley winch

FIGURE 1. Schematics of the prototype of the facade-cleaning
robot (a), Multi-wound differential pulley winch (b).

The directions of friction force f (s) and normal direction
force n (s) (see Fig. 2) were set as positive counterclockwise
and outward, respectively. The conservation of momentum
projected in the tangential and normal directions is as follows:

do do
—Tcos <7> + (T + dT) cos <7> — frdo,
= mdvcosd6 2
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Synthetic
n(s)  Fiber Rope

Pulley Surface

FIGURE 2. Free body diagram of a section of rope on a pulley.

—Tsin (?) — (T 4+ dT) sin (?) + nds
= —rmwsin (%) — m(v + dv)sin (?) . 3)

Assuming that d6 < 1, cos (d8/2) = 1, and sin (d6/2) =
d6/2, (2) and (3) are reduced to

dT — fds = mdv, 4
T — v
= . )

n—=

The rope is deformed because of the variation in its tension.

Therefore, an additional equation is required for the tension

and tensile force. The rope is assumed to be linearly elastic
and that the rope tension at any point s is as follows:

T (s) =Trr + ke (s), (6)

where k represents the stiffness (N) and T,.r denotes the
tension at the reference point. Furthermore, strain ¢ (s) at any
point is associated with the velocity of the rope. The velocity
of the rope in the reference state is expressed as follows:

V(s) = vrr (1 +€(s)) . (N

The tension can be expressed as a function of the rope
speed. Assuming 7T,r = 0 and combining (6) and (7),

T (s) =k <Vv(“;) — 1) (8)

A slip zone is developed when differences in tension occur
between the entry and exit ends of the rope. The slip zone pro-
duced on both the pulleys is presented in Fig. 3. Furthermore,
the tension is assumed to be constant otherwise. The rope
deforms owing to differences in tension within the slip zone.
This, in turn, causes positioning error of the robot [15], [19].

r

B. TENSION ACTING ON THE PULLEY WHILE ASCENDING
It is assumed that the torque transferred to the pulley is
distributed equally owing to the differential gear mechanism.
Therefore, the motor torque distributed to both the pulleys can
be expressed as follows:
Mmotor

2r

Tiepy = —(Tz —Ty), 9
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T, Slip | | Rope T Slip | - .< Rope
zone Position | zone Position

Fixed Left  Mid  Right Free Fixed Left Mid Right Free
ontop Pulley part Pulley end ontop Pulley part Pulley end

Rope Tension (N)
Rope Tension (N)

<Slip zone while descend>

<Slip zone while ascend>

FIGURE 3. Schematic of rope winch slip zone.

M motor

2r
Combining (8) with (9) and (10)

Tright = — (T, =T). (10)

M,
T (s) = Tleft _ Mmotor (T3 —Ty) = k < FWieft 1) ’
2r Vref
(11)
Myoror I'Wright
T (5) = Toiony = Ty —Ty) = k [ Z2rieh_y
(s) right 2 (T» 1) < Vref )7
(12)
T Wieft
Vet =k , (13)
ref (Mmotor (T3 T2) + k)
I Wright
Vit = k (14)
" (M— (T, — Ty) +k)

By combining (11)—(14)
T (S) — ( v (S) < motor
FWiefy 2r

T (s) = ( v (s) <Mmotor

¥ Wright 2r

— (T3 —Ty) +k) - k) , (15

— (T2 —T1)+k> —k>' (16)

1) NON-SLIP ZONE OF LEFT PULLEY

The tension of the rope and velocity in the nonslip zone were
assumed to be constant.

dT =dv=0, f(s)=0 (17)
Mmo or
T(s) = Tigp = —5 - — (T3 = T) (18)

Tiefy — Mrwjef;

V(s) = rwep, n(s) = (19)

2) SLIP ZONE OF LEFT PULLEY
The direction of the friction force while ascending was

assumed to be counterclockwise. The equations are summa-
rized as follows based on (1)—(5):

fascend,left = un, (20)
dT — md
E 0 = e, @)
T —mv
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The integration of (21) over the entire slip zone yields

1 T (s) — mv (s)
eslip,leﬁ,ascend =—In <— s (22)
2 Tiefy — Mrwief;

Mmotor .
—— — (T3 —T») —
( > (Ts — 1) mrwzeﬁ>

X el‘«e.vlijhleﬁ,ascend , (23)

T (s) — rw (s)

where Oyip lefr ascend 15 defined as the division of the distance
of the slip zone and the radius of the pulley. By combin-
ing (15) with (23) and assuming X = M'"""” — (T3 —Ty) —
T Weft

n'zra)lef,X (s/)
TG =|X+—"—|e"Y +
© [ X +k) }

mrojepk

X1h (24)

3) NONSLIP ZONE OF THE RIGHT PULLEY
Similar to the case of the left pulley, the tension of the rope
and the velocity within the nonslip zone remained constant.

dT=dv=0, f(s)=0 (25)
Mmo or
T (5) = Tyight = 2r’ — (T, —T) (26)

rzght ’hrwright

27)

V($) = rwyign, n(s) =

4) SLIP ZONE OF THE RIGHT PULLEY
The equations are developed similar to the previous case.

fascend,righl = un (28)
1 (T (s) — mv (s))
Gslip,right,ascend = —In < " (29)
1% Tright — MrWright
Myotor .
T(s)—Gv(s) = ( P (T, =T — mrwright)

X el/veslip, right ,ascend (30)

By combining (16) with (30) and assuming ¥ = %’” —
(T, — T1) — 1r wyign, tension can be formulated as

mrwright Y (s/r)
TG =Y+ ——— " +
© [ (Y +k) }

mr wyightk

Y +k) 1)

C. TENSION ACTING ON THE PULLEY WHILE
DESCENDING

The torque transferred to both the pulleys reverses the direc-
tion of the motor, thereby yielding the following equations:

M
Tip = =5 + (T3 = T), (32)
M,
Trigh = —a2" + (T = T1) . (33)
2
Combining (8) with (32) and (33)
M row,
Tleft _ Mmotor F(T5—T) =k left 1 (34)
2r Vref
M .
Tright = —2 4 (T — Ty =k [ 8" 1) 35)
2r Vref
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Vrof = X _ rWieft (36)
Myoor (T3 — Ty) +k

P Y - (37)
Myoor 4 (T, —Ty) + k

T (s) = ( v ) (M’””"” Y (Ts—Ty) + k> - k) (38)

FWleft 2r
Mm() or
T (s) = ( 1A (—’ Ty —T1)+k> —k) (39)
T Wright 2r

Similar to the previous ascending case, the final tension
formula for the slip zone while descending is developed as
follows.

1) SLIP ZONE OF THE LEFT PULLEY
Assuming Z = Yaeer 4 (T3 — Ty) — tiirayep,

T (s) = [Z + —leef’z} e B L
(Z +k) (Z + k)
2) SLIP ZONE OF THE RIGHT PULLEY
Assuming W = % + (Tr — T1) — mrwyigh,
T (s) = [W + —mm”'g’”w} emnts/r) g Mgtk
(W + k) (W + k)

D. ROPE DEFORMATION ACCORDING TO SLIP

The slip error can be obtained using Hooke’s Law and the
tension formula:

_ “2)
&= —,
EA
1 s
ddyip = erdf = a/o T (s)ds, (43)
8slip = aslip,ascend + (Sslip,descend' (44)

Because the rope is deformed by the tension difference
in the slip zone, the position error due to the slip can be
calculated by integrating the tension formula and the slip
zone distance obtained above. This enables us to predict the
position error during ascent and descent, respectively.

IIl. ROBUST EXPERIMENT DESIGN USING TAGUCHI
METHOD

A. PROBLEM DEFINITION

The study aimed to increase the position accuracy of an
FCR. In the previous section, the position error was pre-
dicted using several equations. However, the position accu-
racy could decrease if the position error compensation is
performed without securing position repeatability. Therefore,
position repeatability should be ensured first.

Position repeatability optimization of a rope winch was
conducted using the Taguchi method. It is an experimental
optimization technique.

The Taguchi method is a technique for improving product
quality and designing products that are robust to noise fac-
tors that cannot be controlled. The Taguchi method involves
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system design, parameter design, and tolerance design pro-
cedures. The key is parameter design, which is a product
engineering method that focuses on determining parameters
and achieving the best quality characteristics with minimal
variation. Unlike design of experiment, the Taguchi method
can be utilized conveniently by users with limited knowledge
of statistics.

Taguchi defined the S/N ratio as a quality characteristic of
choice. It is used as a measurable value rather than a standard
deviation. Its characteristics are divided into three categories:

nominal-the-best characteristic:

S/N = 10log <12>
Sy

smaller-the-better characteristics:

S/N = —IOIOg% (Zﬁ)

larger-the-better characteristics:

1 1
S/N = —10log — — ),
/ ey (2 3)

Y

where y is the average of the observed data, sg is the variance
of y, n is the number of observations, and y is the observed
data. For each type of characteristic, with the above S/N
ratio transformation, the higher the S/N ratio, the better is the
result [20], [21].

The Taguchi method is an experimental design using a
special design of orthogonal arrays. It can study entire cases
with a reduced number of experiments. The method has three
main advantages: it can dramatically reduce the number of
experiments, increase R&D productivity, and be applied to
various fields.

The experiment was performed by the following steps:
(Step 1) Select the objective function to be optimized. (Step 2)
Identify the user condition and design parameters that affect
the objective function, and select the levels of these factors.
(Step 3) Select the orthogonal array. (Step 4) Assign design
variables to the columns of the array. (Step 5) Perform experi-
ments. (Step 6) Carry out S/N analysis on the results. (Step 7)
Determine the optimal design parameters [22].

B. DEFINITION OF OBJECTIVE FUNCTION, DESIGN
PARAMETERS, USER CONDITIONS, AND S/N RATIO
The position error (x;;) at a point is defined as follows:

xl-szij—Pi (45)

where P;; represents the actual position and P; represents the
target position. Because this experiment aimed to minimize
the positioning error of the rope winch, the objective func-
tion (y) was defined as the position error standard deviation.

1 3 (i — ) (46)

J=1

y= n—1

where X; represents the average of the position error at each
target point and n represents the experiment cycle.
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The experiments were performed under the following
user conditions (Table 1) and design parameters (Table 2).
Because the weight, motor velocity, and acceleration were
difficult to control for robot operation, these were selected
as the user conditions and divided into two levels: Lev-
els 1 and 2 were classified as favorable and unfavorable
conditions, respectively, for operation.

The pressure module force is important for producing a
sufficient frictional force between the synthetic fiber rope
and pulley. The problem is that although this force can help
exert adequate frictional forces, it can also act as a resistance
force owing to the radial elasticity of the rope [15]. Therefore,
the number of pressure modules and the pressure module
force were selected as design parameters because these could
affect the position repeatability of the rope winch owing to
the rope’s characteristics.

TABLE 1. User conditions of the rope winch.

Level 1 Level 2
User
Condition N, N, N N
Weight 60 kg 60 kg 10 kg 10 kg
Motor 2,000rpm | 2,000rpm | 5,000rpm | 5,000 rpm
Velocity N Ip s Ip s 1p B P!
Motor
Acceleration 1,000 rpm/s | 1,000 rpm/s | 6,000 rpm/s | 6,000 rpm/s
Direction Ascending | Descending | Ascending | Descending

TABLE 2. Design parameters of first experiment.

Symbol Design Parameters Le;lel Le;/el Le;fel
X Number of Pressure Modules 1 )
! (Ea.)
X Axial Direction Gzoove Pitch Angle 4 5 6
©
X3 Pressure Module Force (N) 30 45 60

In addition, in the previous research, the authors verified
that the friction coefficient varies depending on the axial
direction groove pitch angle of the pulley [16]. However,
it was necessary to extend examination to the range left unex-
plored in the previous study, to verify whether the optimal
friction coefficient exists in this range or not. Therefore,
the axial direction groove pitch angle of the pulley was set
as a design parameter.

Thus, the number of pressure modules (Fig. 4), axial direc-
tion groove pitch angle of the pulley (Fig. 5), and pressure
module force (Fig. 6) were selected as the design parameters.

The number of pressure modules was set to one and two
because the number of pulleys in the rope winch is designed
for dual pulley and the pressure module can be mounted on
each pulley.

VOLUME 9, 2021

The pressure module force was selected through prelim-
inary experiments. It yielded insufficient frictional force in
the range below 30 N (resulting in spin without traction) and
limited rope movement in the range above 60 N. Therefore,
30 and 60 N were selected as the upper and lower values,
respectively, and 45 N was selected as the middle value.

A previous study utilized groove pitch angles of 6°, 10°,
and 18° [16]. The angle of 4°, 5°, and 6° were investigated in
the first robust optimal design experiment and 6°, 8°, and 9°
in the second experiment.

Because a two-level design parameter (number of pres-
sure modules) and two three-level design parameters (axial
direction groove pitch angle and pressure module force) were
defined, the L;g (2! x 37) Taguchi orthogonal array was
selected.

Furthermore, the position error standard deviation was
aimed to be minimized and the smaller-the-better S/N ratio
was chosen as follows:

. ODF+ 022+ + )2

S/N ratio = —101o (47)
n
FIGURE 4. Pressure module location.
4 degree
5 degree
6 degree
8 degree
9 degree

FIGURE 5. Pulleys with various axial groove pitch angles.

C. TEST BENCH AND EXPERIMENTAL METHOD
The experiment was conducted on a test bench, which com-
prises a mechanism identical to that of the rope winch
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FIGURE 6. (Left) Pressure module and (Right) representation of the force.

mounted on the robot. It consists of three sections: the
weight module, rope winch module, and test bench, as shown
in Fig.7. In the rope winch module, a DC servo motor
(Maxon, RE50, 200 W) was employed to deliver power to
the differential gear module. The differential gear distributes
power equally to both the pulleys. In addition, weight can be
added to the weight module, and it moves upward and down-
ward along the two linear guides on the test bench (Fig.7).
This movement is considered as the robot’s locomotion.

A magnetic linear encoder was installed and attached ver-
tically to the test bench (resolution: 0.02 mm) to accurately
measure the position of the weight module (Fig.8). Interna-
tional Organization for Standardization (ISO) specifications
were employed to measure position repeatability as shown
in Fig. 9 [23]. Furthermore, the travel distance to 3.0 m,
0.5 m per session was set because the height of a floor of
the buildings is assumed to be 3.0m and to check the position
error when the robot moves to one floor [24]. The position
errors at five designated locations were measured, and each
experiment was conducted five times. A synthetic fiber rope
(nylon, diameter = 6 mm) was used for locomotion in this
experiment. It is widely used in daily life.

D. TEST RESULTS OF THE FIRST EXPERIMENT

The results of the first experiment are summarized in Table 3.
The position error standard deviation (position repeatabil-
ity) and S/N ratio were calculated using (46) and (47),
respectively.

The larger the S/N ratio, the more robust it is to variations
in design parameters. This implies that the larger the S/N
ratio, the better is the position repeatability. Furthermore,
the variation in position repeatability is marginal even with
variations in design parameters.

As shown in Table 3, Experiment 8 (one pressure module,
an axial direction groove pitch of 6°, and a pressure module
force of 45 N) is optimal for position repeatability because
the S/N ratio is the highest.

The sensitivity analysis graph in Fig. 10 shows the highest
S/N ratio for one pressure module, an axial direction groove
pitch angle of 6°, and a pressure module force of 45 N.

143398

Motor

Differential
gear

Pulley

FIGURE 7. (Top) 3D model of the test bench and (Bottom) the actual test
bench.

Weight module

K\_\‘,";

i\

=

==

Magnetic linear
encoder

FIGURE 8. Weight module and magnetic linear encoder on the test bench.

These results show that the combination of design parame-
ters with the highest S/N ratio (Experiment 8) matched that of
design parameters with the highest S/N ratio in the sensitivity
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1 2 3 I 5

Ps=25m ¢
Py=2.0mg¢
P;=15me¢
P,=10mg
Py =0.5m ¢ & @ &-Q 0
Reset initial
position
for each cycle

00— OO~

oo 690
-0 400
0 b0 b Qb o9
Q% b 00
oo b.0-8

FIGURE 9. Method for measuring position repeatability (refer to 1SO
specification).

analysis. Thus, experiment 8 presents the best parameter
combination for position repeatability tentatively.

TABLE 3. Test results of the first experiment.

Design Repeatability under User
Parameter Conditions S/N
Exp. Level Ny, Ny, N3, and N, :
Number Ratio
[dB]
Xy | X2 | X3 YN, YN, YN, YN,
1 1 1 1 | 0319 | 0.507 | 0.358 | 0.480 | 7.46
2 1 1 2 | 0273 | 0.352 | 0.362 | 0.418 | 9.00
3 1 1 3 (0211 | 0417 | 0.360 | 0.381 | 9.09
4 1 2 1 | 0362 | 0.535 | 0.426 | 0.478 | 6.84
5 1 2 | 2 | 0152 | 0407 | 0.267 | 0.351 | 10.18
6 1 2 | 3 | 0362|0453 | 0241 | 0386 | 8.67
7 1 3 1 10229 | 0.273 | 0.263 | 0.320 | 11.27
8 1 3 2 | 0.085 | 0.102 | 0.224 | 0.290 | 14.21
9 1 3 3 | 0.116 | 0.078 | 0.509 | 0.760 | 6.69
10 2 1 1 | 0469 | 0.742 | 0.751 | 0.842 | 2.92
11 2 1 2 | 0246 | 0413 | 0.283 | 0416 | 9.18
12 2 1 3 0.098 | 0.121 | 0.439 | 0.501 9.32
13 2|2 1 | 0.112 | 0.133 | 0.439 | 0.646 | 7.95
14 2 2| 20329 0619 | 0.336 | 0.404 | 7.17
15 2 | 2| 3 |0258 0290 | 0.440 | 0.497 | 8.30
16 213 1 | 0.141 | 0310 | 0.626 | 0.641 | 6.39
17 213 2 | 0279 | 0.347 | 0.323 | 0.430 | 9.14
18 2 |3 3 10319 | 0.358 | 0.408 | 0.392 | 8.63

As is evident from the sensitivity analysis results,
the peripheral values of the design parameters could be inves-
tigated further because the S/N ratio may be higher at the
peripheral values. Because the number of pressure modules
installed is according to the number of pulleys, it could not
be varied. Therefore, only one unit was utilized. Because the
S/N ratio of the axial direction groove pitch angle increases
with the angle, further investigations at higher pitch angles
of 6°, 8°, and 9° were conducted. In addition, because the
force of the pressure module is the highest point at 45 N,
the peripheral values could be verified further. The values
selected were 37.5, 45, and 52.5 N.
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FIGURE 10. Sensitivity analysis of the first experiment.

E. TEST RESULTS OF THE SECOND EXPERIMENT

The newly determined design parameters are summarized
in Table 4, and the results of the second experiment are shown
in Table 5.

The experiment displayed the highest S/N ratio at a groove
pitch angle of 6° and pressure module force of 45 N (Experi-
ment 2 in Table 5). The above combination also had the high-
est S/N ratio in the results of both experiment and sensitivity
analysis (see Fig. 11).

TABLE 4. Design parameters of second experiment.

Symbol Design Parameters Level 1 Level 2 | Level 3
, Axial Direction Groove
%1 Pitch Angle (°) 6 8 ?
%' Pressure l\gil);iule Force 375 45 525

Therefore, it was concluded that a pressure module,
an axial groove pitch angle of 6°, and a pressure module
force of 45 N resulted in the best position repeatability. The
position error can be compensated for with high precision
using these rope winch design parameter values (which yield
optimal position repeatability).

IV. POSITION ERROR COMPENSATION

A. POSITION ERROR COMPENSATION EXPERIMENTS
This chapter describes experiments that were conducted to
verify the accuracy of the position error prediction model
illustrated in Section II.

Feedforward control was used to evaluate the performance
of the error prediction model for various weight ranges and
travel distances because it can compensate for the error
rapidly. PI controller was adopted to compensate for the
additional position errors because it is one of the widely used
and verified. For the synthetic fiber rope that because it has
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TABLE 5. Test results of the second experiment.

Design e
. Parameter Be?peatablllty under User S/N
Xp. Conditions Ny, N,, N3, and N, Rati
Level atio
Number [dB]
x| % lel YNZI YNSI YN4’
1 1 1 0.274 | 0.268 | 0.418 | 0.426 9.01
2 1 2 0.140 | 0.076 | 0.139 | 0.246 15.79
3 1 3 0.187 | 0.186 | 0.257 | 0.335 12.07
4 2 1 0.377 | 0.556 | 0.327 | 0.379 7.56
5 2 2 0.231 | 0.204 | 0.258 | 0.195 13.02
6 2 3 0.268 | 0.330 | 0.373 | 0.478 8.63
7 3 1 0.562 | 0.894 | 0.724 | 0.846 2.30
8 3 2 0.484 | 0425 | 0.233 | 0.341 8.35
9 3 3 0.299 | 0.707 | 0.219 | 0.268 7.52
15 T T T
w—— 1St EXp.
==+==2nd Exp.
m \
2 /
3 /
v 5f

1 2 4° 5° 6° 8° 9° 30N 37.5N 45N 52.5N 60N

Number of Axial direction Pressure
pressure groove pitch module
module angle force

FIGURE 11. Sensitivity analysis of first and second experiments.

a low modulus of elasticity, sufficient time is required to
reflect the motor’s input in the robot’s position. If the motor
responds rapidly, unforeseen vibrations may occur while con-
trolling the robot’s position. Therefore, the derivative control
for improving a rapidly varying response, such as overshoot,
is not effective [24].

Similar test bench and methods were used for the position
error compensation experiment (Figs. 8 and 9). The position
error was measured at five locations. A DC servo motor
(Maxon, RE50, 200 W) was used for the locomotion, and a
motor driver (EPOS70/10) was used to control it. In addition,
the experiment was conducted at Level 1 of Table 1 (motor
velocity = 2000 rpm, motor acceleration = 1000 rpm/s),
which is classified as a favorable condition.

The position input of the motor was measured using the
rotary encoder attached to the motor. The actual position was
measured using the magnetic linear encoder attached to the
test bench.

B. POSITION ERROR DEFINITION
Position error is defined as 1) the deformation of the rope at
the slip zone and 2) the backlash at the direction turnover.

143400

The tension of the rope and slip zone deformation error were
predicted in the previous section. Therefore, the position error
(Xerror) 1s defined as the sum of the slip zone deformation
error (J4p) and backlash term (Spackiash)-

Xerror = 6slip + Spacklash (48)

C. ROPE MODULUS OF ELASTICITY MEASUREMENT

The rope modulus of elasticity should be predicted to cal-
culate the slip error. A device to measure rope modulus of
elasticity was designed and fabricated. Furthermore, a defor-
mation test was performed as shown in Fig. 12.

FIGURE 12. Device for measuring rope modulus of elasticity.
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FIGURE 13. Elongation of the synthetic fiber rope.

The rope was fixed to the top of the test bench, and
weights were added to the side of the device. The defor-
mation was measured by a magnetic linear encoder (resolu-
tion = 0.02 mm).

The initial position of the device was fixed at the reference
position, and weights ranging from 5 to 35 kg were added.
The deformation results are presented in Fig. 13 and Table 6.
As shown in Fig. 13, the rope modulus of elasticity appears
to be linear and is calculated using the measured figures.

It should be noted that the elongation length was measured
during 60 s of loading because the synthetic fiber rope was
influenced by time. The modulus of elasticity of the rope was
calculated as 4.0 x 108 Pa using Hooke’s law:

TL
E=—"_ (49)

selongationA
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TABLE 6. Rope elongation measurement results.

TABLE 7. Backlash measurement results.

. . . Modulus of Exp. Backlash
P P P

Al | Eone Elasticity Number : : : (m)
(Pax 10%) 1 0.509 0.011 -0.507 0.019

5 10.5 43
2 0.509 0.011 20.507 0.020

8 17.6 4.1
T 248 20 3 0.509 0.010 -0.507 0.019
13 30.5 3.8 4 0.508 0.011 -0.507 0.021
15 375 3.6 5 0.508 0.011 -0.508 0.021
18 414 39 6 0.508 0.010 -0.509 0.020

20 4.7 42
25 3535 20 7 0.507 0.009 20.510 0.020
28 63.2 4.0 8 0.508 0.009 20.510 0.021
30 69.9 3.9 9 0.508 0.009 -0.509 0.020
35 80.6 39 10 0.508 0.009 20.510 0.020

D. BACKLASH MEASUREMENT

Backlash occurs when the movement direction varies from
ascent to descent, and vice versa. The backlash was measured
experimentally. The top three points were selected, and the
movement distance was measured when turnover occurred as
in Fig. 14. The backlash formula is as follows:

Spackiash = (P5 — Pa) — (Pg — Ps) (50)
ééplg@gé$é'
? éQ <‘5 o R e - S S
R e e S .
Q €‘> Q é\5‘“<’>‘""~<;>~~;Q
Q$Q©Q©Q©\
e © © © ©

FIGURE 14. Schematics of backlash measurement.

The backlash was determined to be 0.02 m (mean value
of 10 measurements).

E. CONTROL STRUCTURE OF POSITION ERROR
COMPENSATION
The position error was compensated through open-loop, feed-
forward, and feedforward + PI control (Fig. 15). The experi-
ments were performed with loads of 60, 70, and 80 kg on the
rope winch, and travel distances of 1.5, 3.0, and 4.5 m. The
ramp profile (which moves 1.5 m at 0.25 m intervals, 3.0 m
at 0.5 m intervals, and 4.5 m at 0.75 m intervals) was entered
as the desired position input (xz).

Only x; was input into the motor driver for open-loop.
In the case of feedforward control, the error values were
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entered using the error prediction model, and the backlash
values were entered while switching directions at the highest
point. The feedforward input is Xy = Xerror = S1ip + Sbackiash-
Here, 8y, is defined as z; [y T(s)ds in Eq. (43). The T (s)
during ascent is as illustrated in (24) and (31), and that during
descent is as illustrated in (40) and (41).

(a)

L e Winc , m
. [ . RopeWineh ]—-I Rope Winch l—‘
Desired |_Position Controller

Position
Input

Position Error
(b) Prediction Model
+ Backlash

x;

Teedforward

Input
Rope Winch s Xn
Position Controller Rope Winch

Xa
Desired
Position
Input

—s

(©)

* e Wincl Xm
Xa PI Controller < o Rope Winch Rope Winch
Desied ~ [ £, L | Comnol Position Controller
M

Position Position feasured
Input Input Position

Position Error
Prediction Model
+ Backlash

(d

Feedforward

Input
Rope Winch . Xm
ope
Position Controller Rope Winch
Measured
Position

FIGURE 15. Block diagrams of open-loop (a), feedforward control (b),
PI control (c), and feedforward + PI (d) control plans.

Xa

Xe
PI Controller
Desied ~ | Ep Control
Position Position
Tnput Input

The backlash and modulus of elasticity of the rope were
measured experimentally as described in the previous chapter
and applied to feedforward. It is infeasible to accurately
predict the slip zone length because it is challenging to detect
using sensors. Therefore, the optimal value of the slip zone
was determined through experiments.

When PI and feedforward + PI control were conducted,
the position difference between the actual and desired posi-
tions was measured by the linear encoder and reflected in the
feedback loop.
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F. POSITION ERROR COMPENSATION RESULT AND
DISCUSSION
The position trajectories of rope winch and position
error compensation results are shown in Figl6-18 and
Tables 8-10. In the case of feedforward control results for
a travel distance of 3.0 m (Fig. 16, Table 8), the use of an
error prediction model can reduce the positioning error of
rope winch to 56%-81% in terms of the mean of absolute
value and 55%—-76% based on the RMS value. The position
errors of mean absolute values were 10—16 mm and the RMS
values were 15-20 mm; these accounted for 0.3%—0.5% and
0.5%—0.7% of the values, respectively. Meanwhile, in the
absence of compensation, the mean absolute value was
25-53 mm, and the RMS value was 38-63 mm. These
accounted for 0.8%—1.8% and 1.3%-2.1% respectively.
Experiments on PI control and feedforward + PI control
were also performed. PI controller can reduce position error
of rope winch to 56%—79% in terms of the mean of absolute
value and 55%-70% in terms of the RMS value. The position
error of mean absolute values was 11-12mm and the RMS
values were 17-19mm out of 3.0m and these accounted for
0.4% and 0.6% respectively.

Weight 60kg, Travel distance 3.0m Weight 60kg, Travel distance 3.0m

Feedforward | | Feedforward+PI |
| PI

Position (mm)

0 50 100 150 200 0 50 100 150 200 250
Time (s) Time (s)
Weight 70kg, Travel distance 3.0m Weight 70kg, Travel distance 3.0m

\
p

Feedlorward+PI |
|

3000 -
= H\“w

0 50 100 150 [ 50 100 150 200 250
Time (s) Time (s)
Weight 80kg, Travel distance 3.0m Weight 80kg, Travel distance 3.0m

Position (mm)
N
8
8
Position (mm)
3
8

3
8

"—Fnemmareavﬂ
1000 1000 /J—f \—\—\_\
0 0 - - -

0 50 100

o 50 100 150 150 200 250
Time (s) Time (s)

3000

2000

Position (mm)
N
8
8
Position (mm)

FIGURE 16. Position trajectories of rope winch with weights and
controllers for travel distance 3.0m at 0.5m interval.

Feedforward + PI controller can reduce the positioning
error of a rope winch to 72%-89% in terms of the mean
of absolute value and 74%—86% based on RMS value. The
position errors of mean absolute values were 6—7 mm and the
RMS values were 9—10 mm. These accounted for 0.2% and
0.3% respectively.

Whether it is open-loop or PI control, the position error
is further reduced when feedforward control is added. These
outcomes show that employing feedforward help to reduce
position error and explain why the feedforward control
method is essential for robot locomotion.

Because robot positions in scenarios where the robot
moves vertically were focused, comparative experiments
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TABLE 8. Position error comparison among Open-loop, Feedforward, PI,
and Feedforward + PI controller for travel distance 3.0m at 0.5m interval.

Position Error (mm)
Weight Mean of absolute value — .
Open-loop | Feedforward PI ce +(;rlwar
11 11 7
ke » (1 56%) (1 56%) (1 72%)
16 12 6
e * (1 64%) (173%) (1 86%)
10 11 6
ke > (181%) (1 79%) (1 89%)
Position Error (mm)
Weight RMS Value
Open-loop | Feedforward PI Feecifr;rlward
17 17 10
e ” (4 55%) (155%) (1 74%)
20 19 9
ke > (4 64%) (4 65%) (1 84%)
15 19 9
ke o (176%) (170%) (1 86%)

were conducted on the various distances to resolve the uncer-
tainty over these distances.

Weight 60kg, Travel distance 1.5m Weight 60kg, Travel distance 1.5m

Foodforward+P1| ‘
Pl

Feedtorward

Position (mm)

3 @

8 8
5

Position (mm

0 50 100 150 0 50 100 150 200
Time (s) Time (s)
Weight 70kg, Travel distance 1.5m Weight 70kg, Travel distance 1.5m
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Pl

g g 150 L
= <
§ § 1000 -
g \.
o o 500 \/‘\
0 " L L
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2000 E - - 2000
==
= = 1500 Li 14
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FIGURE 17. Position trajectories of rope winch with weights and
controllers for travel distance 1.5m at 0.25m interval.

In the case of feedforward control results for a travel
distance of 1.5 m (Fig.17, Table 9), the use of an error
prediction model can reduce the positioning error of rope
winch to 36%—-70% in terms of the mean of absolute value and
23%-70% based on the RMS value. The position errors of
mean absolute values were 6—8 mm and the RMS values were
9—-10 mm,; these accounted for 0.4%—-0.5% and 0.6%—0.7%
respectively. Meanwhile, in the absence of compensation,
the mean absolute value was 11-27 mm, and the RMS
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value was 13-30 mm. These accounted for 0.7%—-1.8% and
0.9%-2.0% respectively.

TABLE 10. Position error comparison among Open-loop, Feedforward, Pl,
and Feedforward + PI controller for travel distance 4.5m at 0.75m interval.

Position Error (mm)
TABLE 9. Position error comparison among Open-loop, Feedforwa_rd, Pl, . Mean of absolute value
and Feedforward + PI controller for travel distance 1.5m at 0.25m interval. Weight
Feedforward
Open-loop | Feedforward PI P
Position Error (mm) 20 18 12
Weight Mean of absolute value 60kg 31 (135%) (1 42%) (161%)
Feedforward
Open-loop | Feedforward PI 4Pl . 19 17 10
7 5 7 7ok % (Le6%) | (170%) | (182%)
60ke H (136%) | (155%) | (464%) “or o 27 25 19
6 5 3 £ (161%) | (L64%) | (172%)
70kg 13 (154%) (1 62%) (1 77%) Position Error (mm)
3 5 7 Weight RMS Value — _
eedforwar
80kg 27 (170%) (167%) (1 74%) Open-loop Feedforward PI Pl
Position Error (mm) 60k 19 29 25 17
Weight RMS Value § (a1 | (e | (Lesw)
Open-loop | Feedforward PI Feedfopr;;v g 0k 75 28 25 15
m 5 s & (163%) (167%) (180%)
60k 13
¢ (123%) | (e | (61w 80kg g5 32 3 -
5 7 7y (162%) (159%) (4 73%)
70k 17
§ Garey | sow) | (76
9 13 8
80kg 30
(1 70%) (157%) (174%)

PI controller can reduce position error of rope winch
to 55%—-67% in terms of the mean of absolute value and
31%-59% in terms of the RMS value. The position error
of mean absolute values was 5-9mm and RMS values were
7-13mm and these accounted for 0.3%-0.6% and 0.5%-0.9%
respectively.

Weight 60kg, Travel distance 4.5m Weight 60kg, Travel distance 4.5m

5000 | [ mm.w.ﬂ 1 5000 | [ Feedforward+P1| |
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FIGURE 18. Position trajectories of rope winch with weights and
controllers for travel distance 4.5m at 0.75m interval.

Feedforward + PI controller can reduce the positioning
error of a rope winch to 64%—77% in terms of the mean
of absolute value and 61%—76% based on RMS value. The
position errors of mean absolute values were 3—7 mm and the
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RMS values were 4-8 mm. These accounted for 0.2-0.5% and
0.3-0.5% respectively.

In the case of feedforward control results for a travel
distance of 4.5 m (Fig. 18, Table 10), the use of an error
prediction model can reduce the positioning error of rope
winch to 35%—-66% in terms of the mean of absolute value
and 41%—-63% based on the RMS value. The position errors
of mean absolute values were 19-27 mm and the RMS val-
ues were 28-32 mm; these accounted for 0.4%—0.6% and
0.6%—0.7% respectively. Meanwhile, in the absence of com-
pensation, the mean absolute value was 31-69 mm, and the
RMS value was 49—-85 mm. These accounted for 0.7%—1.5%
and 1.1%—-1.9% respectively.

PI controller can reduce position error of rope winch to
42-70% in terms of the mean of absolute value and
49-67% in terms of the RMS value. The position error of
mean absolute values was 17-25mm and the RMS values
were 25-35mm and these accounted for 0.4%-0.6% and
0.6%-0.8% respectively.

Feedforward 4 PI controller can reduce the positioning
error of a rope winch to 61%—-82% in terms of the mean
of absolute value and 65%—-80% based on RMS value. The
position errors of mean absolute values were 10-19 mm
and the RMS values were 15-23 mm. These accounted for
0.2%-0.4% and 0.3%-0.5% respectively.

Thus, an error compensation model is effective even when
the travel distance is increased or decreased. The overall
results show that the position accuracy was the highest when
the feedforward + PI controller was used, from among the
three control plans.

It is noteworthy that using only PI control is worse than
using feedforward control at the load of 80kg. This is because
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when using PI control, additional backlash errors might be
caused by repeated rise and fall of the rope winch during
convergence, and additional slipping might be caused due to
lack of friction force as the weight increases.

The additional experiments were also showed that employ-
ing a feedforward controller help to reduce position error
significantly and explain why the feedforward control method
is essential for robot whether the travel distance increases or
decreases.

Position errors are dominant during descent rather than
ascent. Thus, higher compensation is required during the
former. It is noteworthy that the error tends to be compensated
well as the weight increases. This is because the elasticity of
the rope could affect the position. Other error factors may
include the fact that the dynamic characteristics were not
considered because the vibration of the rope was observed
during the experiment. Although the elastic modulus of the
rope was assumed to be linear, the tensile values of the rope
varied over time. These must be considered in future research.

In the previous research, the rope elongation property is
assumed to be non-linear and the error prediction modeling
is complicated [19]. However, the rope property was assumed
to be linear and the error modeling is relatively simple in
this research, resulting in similar or even better position error
compensation results. In addition, the position accuracy was
much more improved by using feedforward + PI controller
than using feedforward controller (Table 11).

TABLE 11. Position error percentage comparison OL: Open-Loop,
FF: Feedforward.

Travel distance of
10m at 2.0m interval
[19]

Travel distance of

Error | Controller 3.0m at 0.5m interval

88N | 121N | 154N | 60kg | 70kg | 80kg

OL 15% | 1.7% | 2.0% | 1.3% | 1.8% | 2.1%

RMS FF 04% | 0.4% | 0.8% | 0.6% | 0.7% | 0.5%
FF+PI N/A 03% | 0.3% | 0.3%

V. CONCLUSION

This study aimed to improve the position accuracy of an
MWDPW. Theoretical modeling for position error predic-
tion was performed with this objective. The rope and pulley
mechanics were verified using a free body diagram of the
rope and pulleys. The rope was assumed to be elastic, and an
equation for rope tension was derived. The slip zone was then
predicted to verify the difference in tension of the rope wound
around the pulleys, which can result in rope deformation and
position errors.

To adequately compensate for the positional errors, posi-
tion repeatability must be ensured. Therefore, empirical opti-
mization was conducted using the Taguchi method, and the
optimal position repeatability was verified through experi-
ments. The case with a pressure module, an axial groove pitch
angle of 6°, and pressure module force of 45 N exhibited the
best position repeatability.
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Because the position repeatability was secured, position
error compensation was performed through feedforward and
feedforward + PI control using error prediction model. The
backlash and rope modulus of elasticity were measured
experimentally. Using the above results, the position accura-
cies for 60, 70, and 80 kg and travel distances of 1.5, 3.0, and
4.5 m were verified experimentally, and the position errors
before and after compensation were compared. The error in
position improved by over 55%-81% through feedforward
control and 72%-89% through feedforward + PI control,
which corresponds to deviations of 0.3%—0.5% and 0.2-0.3%,
respectively, of the overall 3.0 m movement. In the previous
research, the rope deformation is assumed to be non-linear
and the error modeling is complicated. However, the rope was
assumed to be linear and the error modeling is relatively sim-
ple in this research, resulting in similar or even better position
error compensation results. Therefore, this study contributes
to the position error prediction and accuracy improvement of
FCRs.
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