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Aiming at improving the handling efciency and acquiring the satisfactory antivibration efect and damping performance, a quad-
bundle spacer damper of 500 kV extra high voltage transmission lines was designed and developed based on a new rubber
structure. Firstly, a mathematical vibration model of the spacer damper was constructed, and the structures of the defect-prone
parts of the spacer damper were analyzed. Ten, the structure was optimized based on the defect analysis, the clamp with fast
installation as well as removal and the damper joint with superior performance were designed. On this basis, a new quad-bundle
spacer damper was developed. Last but not least, the handling efciency of the new quad-bundle spacer damper was evaluated, and
performance tests were conducted according to the IEC standards. Te evaluation and test results show that the handling
efciency, antivibration efect, and damping performance of the new quad-bundle spacer damper are signifcantly improved
compared with those of the regular quad-bundle spacer damper, which provides a guarantee for the safe operation of 500 kV extra
high voltage transmission lines.

1. Introduction

As an important part of the transregional electric energy
transmission network in China, the safe operation of
500 kV extra high voltage transmission lines is of great
signifcance to energy delivery [1]. Te mutual whipping of
bundle conductors caused by high winds and icing is one of
the main threats [2], and the most common and efective
way to deal with it is the installation of the quad-bundle
spacer. Te quad-bundle spacer inhibits the mutual
whipping of bundle conductors by controlling the distance
between them, which has a certain damping efect on
breeze vibration and subspan oscillation [3–5]. However, as
the operating time grows, some problems such as func-
tional failure, dislodgement, and fracture [6] also emerge in
its components. Besides, the installation and replacement
of the quad-bundle spacer are carried out at high altitude,
which makes the operation difcult and the handling

efciency quite low. Terefore, the analysis and optimi-
zation on the mechanical structure and installation layout
of the quad-bundle spacer [7–15] have become an area of
research focus.

Currently, numerous studies have focused on the fnite
element analysis and numerical simulation of spacer
structures and layouts. Kubelwa et al. [7] proposed a sen-
sitivity assessment method for damping characteristics
based on the tests of frequency and force displacement
response of a multiclass spacer damper, which compensates
for the defciencies of the relevant IEC standards in fre-
quency response analysis. Fu et al. [8] proposed a new
spacer damper structure and constructed a fnite element
model of the transmission line-spacer system to analyze the
wind load response, and the results showed that the new
structure can efectively control the conductor span vi-
bration. Hanneman et al. [9] compared the bending strains
of the diferent arms of the spacer damper in aeolian
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vibration tests and subspan oscillation tests, and the results
showed that the bending strains were concentrated at the
joints of the clamps and damper joints. Kubelwa et al. [10]
developed a mathematical model for the aeolian vibration
of the quad-bundle spacer based on the Euler–Lagrange
formalism and evaluated the performance of the model in
wind energy consumption by conducting a test. Xu et al.
[11] developed a new viscoelastic damper, and the nu-
merical analysis results showed that it has high damping
characteristics, good energy dissipation ability, and an
antitilt efect. Mou et al. [12] investigated the arrangement
scheme of the octuple bundle ice-covered spacer damper by
aerodynamic simulation and fnite element analysis and
proposed an optimal installation scheme to control the line
fyover. However, a lot of idealized assumptions were made
in modelling and calculating when using the fnite element
analysis and numerical simulation, which makes the ob-
tained results hard to be confrmed and applied in realistic
scenarios.

Some studies have focused on the analysis of the failure
mechanism of the quad-bundle spacer. Wu et al. [13] found
that the quad-bundle spacer has the problems of bulky
installation tools, a complicated installation process, and low
installation efciency. Tey proposed the design idea of
quad-bundle spacer installation robot based on the existing
installation tools. Zhao et al. found that the failure of the
damping structure is an important factor leading to the
defects of the quad-bundle spacer and line oscillation. Based
on this, they put forward the governance measure of
shortening the spacer bar arrangement spacing in [14]. Zhu
[15] analyzed the phenomenon of spacer clamp falling of
and the transmission line wear, and the results showed that
the poor antivibration efect of the spacer was the main
reason. Based on this, they proposed to improve the clamp
rubber structure. In the research study given above, scholars
have analyzed and explored the defects existing in quad-
bundle spacers. In general, the quad-bundle spacers have
three obvious defciencies caused by the structural design.
First, the complicated structure of the clamp leads to tedious
installation. Second, the failure of the damping structure
causes clamp of and line oscillation. Tird, the line wear
caused by the insufcient antivibration efect is also worthy
of attention.

It is an important means to enhance the service life of the
spacer and improve the safety level of the transmission line
operation by digging deeper into the spacer failure mech-
anism and structural defciencies and optimizing the design.
At present, most of the studies are inclined towards nu-
merical simulation and fnite element analysis. Tere are few
studies on the analysis and optimization of specifc de-
fciencies of the quad-bundle spacer, and fewer relevant tests
can be found. From the perspective of engineering practice,
the function and performance of the quad-bundle spacer still
have great room for improvement.

Based on the existing research, we aimed to improve the
handling efciency, antivibration efect, and damping
performance of the quad-bundle spacer damper. A vi-
bration mathematical model of the spacer damper was
built, and the spacer operation and maintenance data were

utilized and combined to analyze the defciencies of the
clamps and damper joints of the regular quad-bundle
spacer damper so as to optimize the design of the clamp,
damper joint, and frame plate. A new quad-bundle spacer
damper was developed, and the handling efciency, anti-
vibration efect, and damping performance were evaluated
and tested.

2. Mathematical Model and Structural Analysis

2.1. Mathematical Model of Quad-Bundle Spacer Damper.
As shown in Figure 1(a), when the bundle conductor vi-
brates, the vibration is transferred to the clamp. Te
damping joint at the end of the clamp absorbs and consumes
the vibration energy through the relative motion between
the rubber damping components and the frame plate, so the
ability of the spacer damper to suppress the vibration of the
conductor is related to its vibrational energy consumption in
a single vibration cycle [16]. Like most of motion modelling
methods of [17, 18], a single bundle conductor, a single
clamp, and a frame plate are selected as a vibration system to
establish the spacer equation, assuming that the frame plate
is rigidly clamped and ignoring the torsional stifness of the
bundle conductor itself. Te simplifed model is shown in
Figure 1(b), where xc is the instantaneous amplitude of the
clamp, xf is the instantaneous amplitude of the frame plate, kt
is the dynamic torsional stifness of the vibration system
damping structure, and ht is the dynamic damping constant
of the damping structure.

Te motion equation of the vibration system is shown
in equation (1), where m is the total mass of the vibrating
system, the second-order and frst-order derivatives of xf

with respect to time are denoted as the instantaneous ac-
celeration and instantaneous velocity of the frame plate,
and the frst-order derivatives of xc is the instantaneous
velocity of the clamp.Tis equation of motion characterizes
the vibration system shown in Figure 1(a), where there is
relative motion between the clamp and the rigid frame
plate.

m
d2xf

dt
2 + ht

dxf

dt
−
dxc

dt
  + kt xf − xc  � 0. (1)

First, the simple case that both the clamp and the frame
plate are in sinusoidal vibration is considered, as shown in
equation (2). Here, Af and Ac are the peak displacements, w

is the vibration angular frequency, and ejθ denotes the
displacement decay factor after the damper joint.

xf � Afe
jwt

e
jθ

,

xc � Ace
jwt

.

⎧⎪⎨

⎪⎩
(2)

By substituting equation (2) into (1) and simplifying, the
frame plate displacement xf can be transformed into

xf �
kt + jhtw

kt − mrw
2

+ jhtw
xc, (3)

where F�ma, and the combined force F acting on the system
is obtained, as shown in equation (4).
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Te energy is expressed by equation (5), where V is the
instantaneous velocity of the clamp.Te angle between force
and velocity can be deduced from F, so the system energy
dissipation E in a single vibration cycle is expressed by
equation (6).
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0
F · Vdt, (5)
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When the spacer damper-bundle conductor system is in
stable vibration, the vibration amplitude is small, the vi-
bration frequency is high, the individual vibration cycle is
short, and the diferences between the vibration amplitudes
and the vibration frequencies of the adjacent clamps are
small. Terefore, when estimating the overall energy con-
sumption of the spacer within a single vibration cycle, the
peak amplitude of vibration of all clamps Ac and the angular
frequency of vibration w are approximately equal. Te
overall energy consumption of the spacer is the product of
the aforementioned system energy consumption and the
number of clamps. In actual scenarios, the composite clamp
vibration equation can be characterized in a vector sum
form, which consists of multiple vibration equations with
diferent directions, diferent frequencies w, and diferent
peak amplitudes Ac. Similarly, the frame vibration equation
can be characterized into a vector sum form, consisting of
multiple clamp composite vibrations under the action of
diferent displacement attenuation factors. Te multiple
clamp composite vibration equations and the frame com-
posite vibration equations can then be substituted into the
above model in turn to estimate the overall energy con-
sumption of the spacer. In a single vibration cycle, the more
vibration energy of the bundle conductor the spacer con-
sumes, the smaller the overall vibration amplitude of the

spacer damper-bundle conductor system. To sum up, the
antivibration efect can be characterized by the vibration
energy consumed by the spacer in a single vibration cycle.

2.2. Damper Spacer Structural Analysis. Based on the sta-
tistical data of spacer faults on 500 kV lines and above in
a province in eastern China [15], the spacer damage dis-
tribution is listed in Table 1. It can be seen that the fault types
that occur during the spacer operation are mainly missing
bolts or cotter pins and fracture and breakage, of which
fracture and breakage are serious faults that can easily cause
line breakage and other accidents. In terms of the spacer
structure, the faults are mainly concentrated in the clamp
and the damper joint.

As shown in Figure 2(a), the clamp of a regular quad-
bundle spacer damper consists of a clamp gland, clamp body,
and rubber pad. Te body of the clamp is provided with
assembly holes, and the pin provides pressure on the clamp
gland to hold the bundle conductor within the rubber pads.

Figure 2(b) shows the fxed structure of the clamp. Te
cotter pin connects to the pin body through the pin end of
the small hole, and the pin head is often installed with one or
two pieces of shims to increase the force area and reduce the
contact force so as to prevent the pin from coming of.Tere
are two defciencies in the operation of this clamp structure.
One is that the service life of the cotter pin is much shorter
than that of the pin spindle, and its protection efect is not
obvious. Since the cotter pin itself has a low load carrying
capacity and is exposed to the outside of the clamp, it is easy
for the cotter pin to corrode and fall of under long-term
vibration or humid environment.Te other is that the clamp
handling efciency is not satisfactory. In fact, the spacer
installation as well as removal in transmission line main-
tenance is generally an overhead live-line operation, and the
maintenance personnel need to complete the cotter pin
removal and pin spindle extraction operations through the

② Clamp

④ Frame plate

① Bundle conductor

③ Damper joint kt ht

xc

xfm

(a) (b)

Figure 1: Schematic diagram of vibration transfer and vibration system equivalence model: (a) vibration transfer process and (b) vibration
system equivalence model.
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alternate use of multiple tools. Due to the small working
space, it is difcult to alternately use tools, and the disas-
sembly and replacement of spacers take a long time. In
addition, there exists installation irregularities due to the
installation difculty, personnel operation level, and other
factors that lead to cotter pin installation irregularities and
a reduction in the service life of the clamp.

As shown in Figure 3(a), the damper joint of regular
quad-bundle spacer damper is located at the end of the clamp
and consists of damping blocks, star-shaped shaft, bolt as-
sembly hole, and damping joint enclosure. Te damping
blocks are viscoelastic, and their elasticity is available to the
spacer to restrain the stifness of the bundle conductor, while
their viscosity is used to consume the damping of the vi-
bration energy. Te star-shaped shaft with damping joint
enclosure acts as a rigid restraint to avoid excessive amplitude
conductor vibration. Te assembly holes are bolted to the
clamp and frame plate, maintaining the overall stability.

Figure 3(b) shows the fxed structure of the damper joint.
Te shaft projection and the frame plate recess cooperate with
each other, and the fastening bolt passes through the assembly
hole with the spacer and nut connecting the frame plate to the
clamp. Tis damper joint structure has two drawbacks in
operation. One is that the connection between the star-shaped
shaft and the frame plate is a rigid metal contact, which has
poor wear resistance. In the event of signifcant bundle
conductor vibration, the star shaft projection and the frame
plate groove collide directly with the rigid metal, causing
groove rupture and wear. Secondly, the vibration energy in
the linear direction cannot be absorbed by the damping
blocks. In this damper joint structure, the star shaft is directly
connected to the frame plate recess without a movement
margin in the parallelogram direction, leading to the accu-
mulation of vibration energy in this direction and the wear of
the star shaft and the frame plate recess.

3. New Quad-Bundle Spacer Damper

Te new quad-bundle spacer damper is designed based on the
structure of the abovementioned spacer damper. To improve
the damping performance, antivibration efect, and in-
stallation efciency of the spacer, from optimization angle of
the three major components, i.e., clamp, damping joint, and
frame plate, the design was then carried out. Te structure of
the new quad-bundle spacer damper is shown in Figure 4. It
mainly consists of a self-locking clamp, damper joint, and
frame plate. Te self-locking clamp uses a spring-loaded latch
plate to achieve rapid installation as well as removal of the
spacer damper. Te damping joint improves the ability to
withstand bundle conductor movement through the com-
bination of an energy-absorbing rubber sleeve and telescopic
rod.Te frame plate uses a composite plate and antiloosening
bolts to ensure the overall stability of the spacer damper.

3.1. ClampDesign. Te clamp has the function of holding the
bundle conductor, which is the basis for the spacer to play the
role of vibration and energy dissipation.Tey need to provide
a stable and continuous tightening force to the bundle
conductor, provided that the conductor is not damaged.

Te optimized structure of the quad-bundle spacer
damper clamp is shown in Figure 5(a). Te overall structure
of the clamp is still composed of the clamp gland, body of the
clamp body, and rubber pad. Te clamp fxing structure is
optimized in order to shorten the clamp operation time and
improve the handling efciency.

As shown in Figure 5(b), the clamp fxing structure
consists of a clamp gland, a latch, a limit slot, and a spring.
When the clamp is not installed, the clamp gland is on top of
the latch and the spring is in a no-load state.When the clamp
is installed, the clamp gland is pressed down by an

Table 1: Statistical data of the damage of spacer damper.

Fault type Number Percentage
Missing bolt or missing cotter pin 340 57.14
Fracture and breakage 145 24.3
Loose rubber pads 46 7.7
Dislodged clamps 28 4.7
Displacement 25 4.2
Others 11 2.2

② Rubber pads

① Clamp gland

③ Clamp body ⑤ Pin
spindle

④ Cotter pin

(a) (b)

Figure 2: Structure of the regular spacer damper clamp: (a) clamp component composition and (b) structure composition of the clamp
installation part.
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installation tool, as shown in Figure 6, thereby driving the
latch down into the limit slot. During this process, the spring
changes from a nonload state to a load state, and the elastic
deformation of the spring causes the latch to press against
the outer projection of the limit slot. It allows the latch to
exert inward pressure on the gland of the clamp, thus re-
alizing the function of fastening the bundle conductor.
When the clamp is dismantled, as the limit slot is on the
sloping surface of the clamp gland, the inner side of the limit

slot is lower than the outer side. Using the disassembly tool,
shown in Figure 6, to push the tongue inwards into the limit
slot, the clamp gland can be popped out, and the clamp is
restored to an uninstalled state.

In addition, as shown in Figure 5(c), the new quad-
bundle spacer damper clamp has been structurally opti-
mized with a new cylindrical projection at the bottom of the
rubber pad and a new limit slot in the clamp plate to prevent
the rubber pad from falling of.

(a) (b)

② Bolt assembly hole

①Damping blocks

③Star-shaped shaf

⑤ Frame plate recess
⑥ Cotter pin
⑦ Bolt

⑧ Nut

⑨ Shaf projection

④Damping joint enclosure

Figure 3: Damper joint structure of the regular spacer damper: (a) damper joint component composition and (b) structure composition of
damper joint fxation part.

②Damping joint

①Self-locking clamp

③Frame plate

Figure 4: Structure of the new type of the quad-bundle spacer damper.

(a)

(c)

(b)

② Clamp gland

①Rubber pads

③ Clamp body

④ Rubber thread bump

⑤ Spring

⑥ Latch
⑦ Limit slot

Figure 5: Clamp structure of the new quad-bundle spacer damper: (a) clamp component composition, (b) structure composition of clamp
fxation part, and (c) rubber mat structure cross section.
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3.2.Damper JointDesign. Tedamper joint is the connecting
structure between the spacer damper clamp and the frame
plate, whose performance is determined by the mechanical
structure of the joint and the viscoelastic properties of the
damping rubber parts. It not only needs good damping and
energy dissipation characteristics but also needs to provide
sufcient movement margin for the clamps to suppress small
amplitude breeze vibrations and subgrade oscillations and
prevent the damage to the bundle conductors from large
amplitude oscillations.

Te optimized structural design of the damper joint of the
new quad-bundle spacer damper is shown in Figure 7(a). In
response to themain defciencies of regular damper joints, the
new quad-bundle spacer damper is designed with a new
damping rubber structure so as to improve the damping
performance of the spacer bar and the activity margin in all
directions. Te damper joint consists of the energy-absorbing
rubber sleeves, a retractor bracket, and a retractor ejector.
Figure 7(b) shows the structure of the energy-absorbing
rubber sleeve, designed as a hollow rubber ring. It consists
of two parts. Te outer rubber sleeve is fxed to the retractor
holder and ends in the retractor ejector, while the inner
rubber sleeve is embedded inside the damping joint and is
fexibly connected to the retractor ejector.

When the bundle conductor is blown by the wind, the
vibration is transferred from the clamp to the retractor
ejector of the damping joint, and then the relative movement
among the retractor ejector, energy-absorbing rubber sleeve,
and frame plate absorbs and consumes the vibration energy.
According to the spacer test standard [19], the relative
motion of the bundle conductor with the addition of the
spacer damper can be decomposed into horizontal relative
motion, vertical relative motion, longitudinal relative mo-
tion, and conical relative motion around the connection
point. For the horizontal relative motion, the internal
structure changes of the damping joint are shown in
Figure 8(a), and the retractor ejector dissipates the vibration
by squeezing the inner and outer rubber sleeves back and
forth in parallel. For the vertical relative motion, the internal
structure changes of the damping joint are shown in
Figure 8(b), and the retractor ejector dissipates the vibration
by squeezing the upper and lower sides of the internal and
external rubber sleeves back and forth. For the longitudinal
relative motion, the internal structure changes of the
damping joint are shown in Figure 8(c), where the retractor
ejector dissipates the vibration by squeezing the internal

rubber sleeve and the left and right sides of the external
rubber sleeves back and forth. For the conical relative
motion around the connection point, the retractor head is
embedded in the damping joint, which does not restrict the
movement of the clamp and allows for 360 degrees of un-
obstructed conical motion and a certain angle of circum-
ferential twisting of the entire clamp. As a result, the damper
joint allows for sufcient movement in any direction in
relation to the clamp, which is signifcantly better in all
directions than a regular damper joint. In addition, the
double sleeve design avoids direct rigid contact between the
damper joint and the frame plate so as to increase the service
life of the internal parts of the damper joint.

3.3. Frame Plate Design. Te frame plate maintains the
overall stability of the spacer by fxing the damper joints.Te
transmission and suppression of vibration by the damper
joints make the mechanical load of the frame plate more
concentrated, so the frame plate must have good mechanical
strength.

As shown in Figure 9(a), the frame plate of the new
quad-bundle spacer damper is designed with reference to the
regular spacer damper using a composite double plate
structure.Te damping joint fxing structure is optimized on
the basis of the original frame plate. It consists of a fastening
bolt and two round the hole nuts. Te fastening bolt is left
with a forward coarse thread and a reverse fne thread, the
coarse round the hole nut with the bolt provides fastening
force for the upper and lower two frame plates, and the fne
round the hole nut with the bolt blocks the coarse. Com-
pared to the regular spacer, the fne nut has better corrosion
resistance and load-bearing properties than the cotter pin.

In addition, as shown in Figure 9(a), the new quad-
bundle spacer damper moves the fastening bolts from the
center of the damper joint to the four corners, and it
provides an active cavity to isolate the damping components
from the external environment. In this way, the sealing
property of the damping rubber parts is ensured, which can
prevent the aging of the damping rubber components caused
by the complex external environment. It can increase the
fexibility of the damper joint and prolong the service life of
the damping rubber components and maintain the damper
efciency during long-term operation.

4. Performance Analysis

Trough extensively investigating the material and di-
mensional parameters of regular quad-bundle spacers
damper, the new quad-bundle spacer damper was manu-
factured. Te clamp and frame plate are made of aluminum
alloy, the energy-absorbing rubber sleeve is made of syn-
thetic silicone rubber, and the rest are made of hot-
platedlead-zinc. Te overall weight is slightly lighter than
the regular quad-bundle spacer damper, and the
manufacturing cost is comparable to the regular one. Te
physical diagram of the new quad-bundle spacer damper is
shown in Figure 10(a), the dimensional diagram is shown in
Figure 10(b), and the main parameters are listed in Table 2.

②Disassembly tools

①Installation Tools

Figure 6: Sketch of installation and disassembly tool.
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4.1.Handling EfciencyAnalysis. To verify the improvement
in handling efciency, the installation process of the new
quad-bundle spacer damper clamp is given in Figure 11(a).

Te installation of the self-locking cable clamp only requires
an installation tool to press the cable clamp gland in the
direction of the red arrow so that the latch can enter the limit

(a) (b) (c)

Figure 8: Schematic diagram of structural changes inside the damping joint when the relative motion of the bundle conductor occurs:
(a) horizontal relative motion, (b) vertical relative motion, and (c) longitudinal relative motion.

(a) (b)

②Laminate

①Anti-loosening bolts

③Fine threads

④Coarse threads

Figure 9: Frame plate structure of the new quad-bundle spacer damper: (a) frame plate component composition and (b) antiloosening bolt
structure.

(a) (b)

②Energy-absorbing rubber cover

①Retractor bracket

③ Retractor ejector

Figure 7: Damping joint structure of the new quad-bundle spacer damper: (a) damping joint component composition and (b) energy-
absorbing rubber sleeve structure.
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slot. In contrast, the traditional clamp requires three steps,
that is, pretightening the clamp gland and the bundle
conductor, threading the pin through the assembly hole, and
installing the cotter pin or tightening the nut during in-
stallation. Te one-step operation improvement of new
quad-bundle spacer damper clamp saves much
installation time.

In Figure 11(b), the disassembly process of the new
quad-bundle spacer damper is demonstrated. During the
disassembly, the putty knife is inserted diagonally inward
into the limit slot, then the latch is pushed out of the limit
slot, and the putty knife is pulled out to complete the dis-
assembly. Te traditional clamp requires three steps to

remove the cotter pin or the fastening bolt, that is, the pin
removal, the clamp gland separation, and the bundle con-
ductor splitting. Te new quad-bundle spacer damper saves
these operations and optimizes the operation process, im-
proving the uninstallation efciency to a certain extent.

4.2. Analysis of Damping and Antivibration Properties. In
order to verify the antivibration efect and the improvement
of the damping performance of the new quad-bundle spacer
damper, several performance tests of the new quad-bundle
spacer damper were carried out according to the IEC
standard [19].

(a)

L

l

L

S

(b)

Figure 10: Te new quad-bundle spacer damper physical and dimensional diagram: (a) physical diagram and (b) dimensional diagram.

Table 2: Parameters of the new type of quad-bundle spacer damper.

Parameters Parameter description Values
S Applicable wire diameter 23.0mm–24.5mm
L Bundle spacing 450mm
L Clamp length 160mm
M Weight 6.905 kg

② Limit slot

①Installation tool

③ Latch
④ Spring

(a)

② Limit slot
①Disassembly tool

③ Latch
④ Spring

(b)

Figure 11: Installation and disassembly process of the new quad-bundle spacer damper clamp: (a) installation process and (b) disassembly
process.
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According to the IEC standard “Overhead lines re-
quirements and tests for spacers” [19], the damping method
was used for the characterization of elastic and damping
properties of spacer. Te test was performed at room tem-
perature (20 ± 5°C), and the specimens were placed at room
temperature for at least three hours before the test.Te spacer
frame was fxed, and a weight was hung on one of the clamps
so that the natural swaying frequency was between 1Hz and
2Hz. Ten, the clamps were shifted at a certain angle and the
pressure was suddenly released after one minute. Te free
decaying waveform of the clamp was recorded, and the
amplitudes Y0, Y1, Y2, and Y3 in four decay periods were
measured. Te logarithmic decay rate δi was calculated by
equation (7). Te average value of the logarithmic decay rate
δi is taken as the fnal result of several tests.

δi � ln
1
2

Y0

Y2
+

Y1

Y3
  . (7)

Te displacement decay curve of the spacer damper
clamp is shown in Figure 12. Te initial amplitude Y0 was
116.00mm, which decayed to approximately 75.80mm after
the frst decay period, 42.54mm after the second period, and
36.02mm after the third period. Te average logarithmic
decay rate δi was approximately 0.88 after several test
measurements.

Based on the stifness-damping method for the char-
acterization of the elastic and damping properties of spacers
in the IEC standard “Overhead lines requirements and tests
for spacers” [19], the tests were performed at room tem-
perature (20 ± 5°C) and the specimen was placed at room
temperature for at least three hours before the test. Te
frame of the spacer damper was fxed, and a sinusoidal
excitation was applied to the clamp along the vertical clamp
direction so that its instantaneous defection angle φ could
satisfy the sinusoidal distribution shown in equation (8).
Here, Φ is the peak defection angle selected for the current
measurement.

φ � Φ sinwt. (8)

In the process of measuring the angle Φ, the peak value
of the oscillating force Fm was measured and the phase
angle between the force and the defection angle was cal-
culated from the closed hysteresis line formed by the de-
fection angle of the force and the force arm, as shown in
equation (9). Here, l is the length of the force arm and E is
the vibration energy consumed in a single sinusoidal vi-
bration cycle.

α � arcsin
E

πlFmΦ
. (9)

Te torsional stifness Kt and the damping constant Ht
can be derived from the peak force Fm and the phase angle, as
shown in the following equations:

Kt �
Fml cos α
Φ

, (10)

Ht � Kt tan α. (11)

In order to reduce the test error, three stifness-damping
tests were conducted according to the aforementioned
process, and the average values of torsional stifness and
damping constant were taken as the fnal result.Te test data
of the new quad-bundle spacer damper are listed in Table 3.
After three measurements and averaging of the results, the
torsional stifness Kt of the new quad-bundle spacer damper
was 239.56 N∗m/rad and the damping constant Ht was
54.8 N∗m/rad.

In order to comprehensively evaluate the damping
performance and antivibration efect of the new quad-
bundle spacer damper, the stifness-damping method was
utilized in the tests. Te test results of a variety of regular
quad-bundle spacer dampers [20] and the new quad-bundle
spacer damper were selected for cross-contrast analysis.
Specifcally, the damping performance of the new quad-
bundle spacer damper was evaluated by comparing their
damping constant and their torsional stifness, and the
antivibration efect of the new quad-bundle spacer damper
was assessed by comparing the vibration energy dissipation
in a single cycle.Te comparison results of torsional stifness
and damping constant measurements are shown in
Figure 13(a). From the visualization of the results, it can be
seen that the new quad-bundle spacer damper has a signif-
icant increase in both metrics over the regular quad-bundle
spacer damper. Compared with the average level of the
regular quad-bundle spacer, the torsional stifness and
damping constant of the new quad-bundle spacer damper
were improved by about 25.6% and 36.5%. Tis indicates
that the new quad-bundle spacer damper can provide more
activity margins than regular ones, and its damping per-
formance is also better.

Te comparative results of energy consumption within
a single vibration cycle are shown in Figure 13(b). Te
energy dissipation of a single clamp in a single vibration
cycle was about 4.284 J, while the highest energy dissipation
of a single clamp in a single vibration cycle was about 3.76 J
in a variety of regular quad-bundle spacer dampers. In
a single vibration cycle, the energy consumed by the new
quad-bundle spacer damper was 1.8 times that of the average
level. Terefore, it is more competitive than a regular spacer
in terms of its antivibration efect.
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Figure 12: Displacement decay curve of the spacer damper clamp.
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5. Conclusions

In this paper, the structural defciencies of regular spacer
dampers were analyzed according to spacer operation and
maintenance data, and a new quad-bundle spacer damper was
developed by optimizing the design of the clamp fxing
structure and damping structure.Te efectiveness of the clamp
structure and damping structure was proven by the evaluation
of the installation as well as removal processes of the clamps
and by testing the damping performance according to the IEC
standards. Conclusions are drawn as follows:

(1) Te clamp structure adopted in this paper greatly
simplifes the installation as well as removal process,
thus signifcantly improving its handling efciency
compared to that of the regular quad-bundle spacer
damper.

(2) Compared with the average level of damping
structure of the regular quad-bundle spacer, the
torsional stifness and damping constant of the
damping structure adopted in this paper were im-
proved by about 25.6% and 36.5%. Its energy dis-
sipation was 1.8 times of the average level, showing
better damping performance and antivibration
efect.
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