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Abstract

This paper presents some results on the development and testing of a molded composite insulator cross-arm
assembly (MICA) for the 230 kV system voltage level resulting from a Eletrobras R&D program developed
in Brazil.

It’s a part of the worldwide efforts to develop this new tower design technic that has on continuous growth
on last years.

Although composite insulator use is now spread everywhere on all HV, EHV and UHV applications, with
huge knowledge and consistent design & testing standards, the use of such insulators on tower cross-arm
constructions still be a challenging, imposing the need for a better understanding on their behavior as a
mechanical tower component together with their initial insulating purposes.

At the time of this publication, working groups in IEC and CIGRE [1, 2] are conducting a major worldwide
study to stablish suitable design and testing procedures applicable to this new appliance on polymer
insulators for TL projects - this work intend to be a part on this challenging effort, just another drop of water
on this endless sea that are been opening in front of all of us.

Key words: Line compaction, Line uprating, Tower design, Insulated cross-arm, Molded Insulator Cross-arm
Assembly, composite insulator cross-arm

Background

Insulated cross-arm assemblies with composite insulators have been used on the HV transmission systems
worldwide for decades. We consider on this affirmation mainly the use of Line post insulators as per IEC
61952 std. [3] and braced post solutions based in line-post supported by tension insulators; both used as
per application guides like IEEE 1572 [4].

The application of line-post and braced post solutions has limitations related to the low longitudinal forces
withstand capabilities, and such applications are dominant on dense urban areas, where the establishment
of ROW paths became challenging for the growth on the power supply needs at large cities.

Due to these mechanical limitations, it’'s more usual to find such applications at voltage levels up to 230 kV,
with a few exceptions.

The use of three or more composite insulators to design an insulating cross-arm able to withstand
longitudinal forces like the metallic ones present on the regular lattice towers is a more recent development
that is now becoming a disruption on the tower and lines design, with a clear impact on the line compaction
and uprating possibilities to existing towers on TL [5].

This renewed interest in this old idea [6] is related to the growth on experience and knowledge of
composite insulators.

The resultant insulated cross-arm on this design can withstand the tri-axis forces on lines above 230 kV up
to UHV appliances [20].
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Figure 1 - Comparison between standard double-circuit suspension type tower and a
MICA design for the same voltage level - adapted from [5]

This insulating cross-arm application is now starting to be studied on the power community [1,2,7] to
generate deeper knowledge on the design concept, relevant electro/mechanical considerations, and
adequate testing procedures that cover all new exigencies from such technology and their impact on
TL design.

In this paper will be presented some development, construction and testing conducted in Brazil on a
230 kV tower and their 230 kV MICA.
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Construction

For this project, based on a design of a typical 230 kV single circuit line stablished by Eletrobras [8],
Balestro Hubbell have designed a double V MICA able to withstand both electrical and mechanical
requirements assigned for the line structures, and the tower manufacturer SAE Towers have designed a 230
kV single circuit lattice tower in triangular configuration to be fitted with the 230 kV MICA and withstand
the worst case conditions mechanical performance on the line project, as per the applicable standards [9,10].

(b)

Figure 02 - First 230 kV MICA prototype (a) and a 3D render of the 230 kV tower (b)
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Mechanical Testing

Eletrobras CEPEL have conducted characterization testing on the line-post insulator rods to verify elastic
properties and compression at an eccentric loaded rod, one of the key features related to the assessment of
Euler buckling load for a MICA design related to the combined loads and to their increase on the longitudinal
force withstand when compared to the braced-post solution.

(a) (b)

Figure 03 - Mechanical characterization - Measuring elastic properties at coupon
test (a) and the eccentrically axially loaded behavior on a full-length rod (b)

The most relevant element on MICA design related to the growth on the longitudinal mechanical behavior
is the line-post insulator in the base triangle working at compression forces. Due to the orthotropic nature
of the FRP rods, the mechanic and elastic response of such insulator is related to the force direction, and
according to Euler’s critical buckling load expression [11], the buckling capacity are related to the axis
symmetry of this force and the kind of freedom in the movement at the end points of the compressed rod,
basically by:

_m EI
= KLy M

Where:
PCR = Critical axial force for flexural buckling of the rod, N,

E = Elasticity modulus, MPa,

(d®
64
K = Effective length factor, that is related to the rod end degree of freedom (can vary between 0.5 and 2.0,

from none to full freedom - for this case their value is 1.0),

| = Inertia moment of the rod cross-section area, | = , d is the rod diameter, mm,

L = The effective length (unsupported) of the rod, mm.
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Mechanical Testing

This expression only applies to high slenderness ratio, as in case of long rod line-post insulator.

The conducted testing presents a good agreement on theoretical to practical behavior, as shown in figure
04 below. The results according to a geometrically non-linear spatial beam finite element analysis [12] are
compared to the experimental data for the long rod.

A good correlation was found for small displacements, scattering gradually for greater displacements,

leading to conservative elastic properties for Euler buckling load calculation in MICA design, which leads to a

safe approach.
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Figure 04 - Compression axial force x displacement on both axial and transverse directions - Calculated (SAD) x
measured (EXP) for a 2.5” rod with 2.48m long, applied force eccentrical 15mm on both sides from rod axis (intentional)

The full tower for this project was mechanically tested at SAE Towers test station for the worst-case
scenarios [8] for the mechanical 3 axis forces expected on the field [13]. From the MICA point of view, the
most relevant mechanical loads were applied on the cases at table O1.

Table 01 - Applied loads to the MICA 230 kV at tower testing

Applied forces on the most stressed MICA 230 kV

One #AAAC 1120 838 kcmil conductor, mid span 500m, max span 600 m

Case: Vertical Load (kN) Transverse Load (kN Longitudinal Load (kN)
Extreme Wind @ 15° 8,07 21,32 1,96

Extreme Crosswind 8,07 22,29 0,00

Cable laying 25,00 1,87 1,88

Broken phase conductor 3,03 1,02 13,70

Cascade restraint 8,07 0,30 6,85

For this project in those cases the applied forces had shown to be below the expected maximum combined
loading for the MICA itself, and a large trial test on a reaction wall is already planned to find the ultimate

strength on this design.
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(@ (b)

Figure 05 - Tower erection (a) and mechanical testing at SAE Towers test station (b)

The full-tower tests, although mandatory, showed a result influenced by the tower movement, and no visible
buckling in the MICA line-posts insulators at compression conditions. The future work on the CIGRE and IEC
WG [1,2] and the recent publication of IEEE [7] should address some more specific mechanical testing for
the insulating cross-arm and both designers and users will be involved in their improvement.
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Electrical Testing

All electrical testing was performed at CEPEL Labs, in Rio de Janeiro [14, 15]. It’s important to point out that
this lab is almost at sea level, what means that in some testing the correction factors at applied voltages can
move to lower than applied voltages, and of course all shown results are corrected ones according to [16,17],
with correct factor k in some cases higher than 1.0.

This design of a MICA that is adequate to 230 kV system voltage level requires the below withstand voltages
according to IEC standards [17-18]

Dry and wet power frequency withstand voltage level: 460 kV_,
Lightning impulse withstand voltage (BIL): 1050 kVPK both polarities
RIV measurement @ 1Mhz [19] and 156 kVRMS: maximum 500 uV
Minimum positive corona extinction voltage: 156 kVRMS

Power arcs withstand capability: 30 kKARMS

Additionally, as a research program, some other testing was performed:

e Critical lightning impulse flashover voltage determination (up-and-down method)

e Critical wet switching impulse flashover voltage determination (same method)

¢ Withstand impulse voltages by statistics approach (V
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High Voltage Power Frequency Testing

For the electric tests in this case a section of the real tower with two 230 kV MICA and the ground wire
metallic cross-arm were mounted in the HV Lab, with tubes simulating all the wires of the real tower
(including the ground wire). The bottom phase tube was erected to 6.0 m above the HV lab ground.

We can see in table 02 that the upper phase has a small reduction on the minimum arc distance due to the
metallic ground wire cross-arm, and this plays a hole on the testing numbers.

(a) (b)

Figure 06 - Tower mounted at HV LAB for impulse (a) and power frequency (b) voltage tests [14]
This is an innovative way to test this tower, as the differences in height to the ground from both MICA and

the presence of all wiring reflect some differences in test results. The phase tube that is not being tested was
kept grounded as well as the tower and ground wire.

Table 02 - Electrical Testing Results on MICA 230 kV Setup

Test: Bottom MICA Upper MICA
RIV, step cycles between 56 and 160 kV (uV) 8 to 10 8to 10
Corona with Daycor UV camera (kV,)

Positive corona inception voltage 214 to 218 198 to 200
Positive corona extinction voltage 194 to 206 186 to 199
Lightning impulse withstand voltage (kV,,)

Positive polarity, 15 impulses, no flashover 1090 1079
Negative polarity, 15 impulses, no flashover 1090 1079
Critical Lightning impulse flashover voltage (kV,,)

. Vo, POsItive polarity 1250 169

. V..., Negative polarity 1515 1463

. V.o, POsitive polarity n72 1069

. V.o, Negative polarity 1438 1365
Critical wet switching impulse flashover voltage (kV,,)

. Vo, POSItiVe polarity - 861

. V..., Negative polarity - 1080

. V.o, POsitive polarity - 794

. V. . negative polarity - 995

10%

Dry and wet power frequency withstand voltage, 60s (kV

- 460

RMS)

Note: measured minimum arc distance on the setup structure results:
Upper MICA = 1,870 mm, bottom MICA = 2,060 mm
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High Voltage Power Frequency Testing

For RIV and corona effects the design approach was conservative, considering the complex geometry on the
“live” nose of the MICA and the design rings shown an efficiency above than needed, as per the measured
RIV values near to background noise.

The corona inception and extinction voltages also surpass the values established for the MICA voltage class
(UM = 245 kV - Test voltage = 245/Vv3 * 1.1 = 156 kV). In fact, it's possible to see by the figure 07 below that
the nose and insulator rings have no ionized point on a higher than established test voltage, with the corona
inception starting at 214/198 kV (bottom/top cross-arm values) from the cable protecting armature.

Figure 07 - Positive corona at inception voltage starts in the borders of the cable protection armature hardware.

Figure 08 - Generalized corona effect forced by much higher voltage - Only the most extreme parts on the
insulator rings and the external point on the nose protection ring shows ionized activity in this extreme
condition above voltage class level.

The wet power frequency withstand voltage was also performed using this same circuit arrangement (as per
figure 06 (b)) and have no remarks (see table 2). CEPEL doesn’t perform the power frequency disruptive
testing for safety reasons on the testing transformers.
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High Voltage Impulse Testing

Moving to impulse voltage testing, the effects on tower position, impacts on actual arc distances of the
MICA assembly and the complex geometry produces expected deviations on the voltage numbers (see
table 2), the influence on the design of the MICA components can play a hole on such behavior and mut be
considered by both MICA and tower manufacturers.

On this testing campaign, the balance found in different disruptive points showed that both MICA and tower
manufacturers had taken care to avoid “hot spot” weak points, and the expected withstand voltages where

full meet.

@ (b)

Figure 09 - Impulse flashover behavior on bottom 230 kV MICA - The balance between the disruptive discharges on different points of
the MICA showed a well distributed design. Dry switching surge (a) and lightning surge (b)
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Power Arc Testing

One 230 MICA was assembled on a fraction of the tower in the HP laboratory of CEPEL to be tested for
power arcs. The arrangement on the test circuit was agreed by the research team to be equivalent to the real
case tower and fulfill as many as possible with the power arc test standard [23].

The constructed testing circuit is like the design C on this standard, with a balanced supply of the SC current
by the line cables and unbalanced return on the tower section. A vertical mechanical load was applied on the
connecting point on the MICA nose.

.
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Figure 10 - Power arc setup diagram and mounted test circuit picture [15]

The testing was performed with effective current of 30 kA by 0.1 s, as defined as minimum requirement for a
230 kV insulator on the Brazilian power system [24], the arc current applied twice on tension and line-post
insulators, with good result and no remarkable damage. The final mechanical verification was applied only to
tension insulators with no remarks.

(@ (b)

Figure 11 - Power arc pictures on HS camera images at tension insulator (a) and line-post insulator (b) [15]

It’s important to notice that the insulators used on this project (long rod tension insulator and line-post)
have already been tested to power arc withstand up to 50 KARMS on individual applications.
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Discussion and Conclusions

It was verified by other authors [20] that the complex geometry of the MICA design plays a hole in the
discharge paths on the impulse up-and-down and disruptive discharge in power frequency voltage testing,
as we also can observe when testing line-post installations, that have a different behavior than the usual

insulating chain for standard tower construction.

Figure 12 - Wet power frequency flashover voltage on a 230 kV 12° angle upside tilted line-post insulator -
The arc voltage path is different than a suspension chain

Figure 13 - Same condition of previous picture a few moments before disruption -
note that the voltage streamers seem to be going up, attracted by the tower body more than from the insulator base
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Discussion and Conclusions

For the MICA manufacturer a deep understanding of the effects of geometry on electrical behavior of
insulating cross-arm assemblies are a mandatory requirement.

In case of line upgrading/uprating on existing towers, this is a very sensitive parameter to the MICA designer
to take care of, the face elements at the tower on the MICA position must be evaluated to consider their
impact on to the disruption phenomena.

The confluency of the four insulators in the live point of the MICA at the nose demands careful design of
insulators protection rings for their proximity, and an EF simulation shown to be a useful tool to visualize and
adjust their design to prevent electric damage to the insulating material due to concentrated electric fields
on this confluency point.

In this work CEPEL have handled such EF simulating using COMSOL® software.

Figure 14 - Preliminary EF simulation on the 230 kV MICA using COMSOL" software

The simulating results show a very protected HV live parts and the highest concentrated fields at outer
ring parts, with a stable and well distributed EF on the insulating surface, as required in the state-of-the-art
on the use of polymer insulators [21, 22], the field concentration at the hardware agrees with figure 08 on
corona effect.

On power arc testing the applied peak current shown that the actual power arc capability on this MICA 230
kV design can be higher than tested. The IEC standard test method [23] may need to be reconsidered for
the insulated cross-arm testing.

The appliance on some combined loading during the test can be considered by the WG’s on research and
standard boards. This can demand on the HP labs to have a proper reacting wall to support the testing setup
and involved mechanical charges and can be carefully discussed - and can be very costly.

The current return circuit will always be the unbalanced one.

The arc current application can be distributed in between both tension and line-post insulators, as they
reacts in different ways to the power arc, but the number of applications can reach up to 6 times, and the
effects of this total number of power arc applications must to be considered for al elements and need to be
researched, together with the combined loading that the authors propose.

The last published IEEE document on MICA application and testing [7] is proposing some promising testing,
especially in both static and dynamic mechanical testing that will promote further discussions and research
activities worldwide. This document where being written at the time this research work was being done.

The authors would like to point out that the mechanical behavior of the MICA during the time must be also
evaluated. The ageing on mechanical performance can consider that such devices must stand huge enough
within 30 years of life, as per from the Brazilian utility’s expectancy. Proper design predictions must take
care of this, and some additional mechanical testing on both new and pre-aged/stressed MICA will be useful,
and still to be studied/developed.
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