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ABSTRACT

This paper describes the feasibility of using a quadrupole mass spectrometer-based gas analyzer
to predict malfunctions in high-voltage oil-filled power transformers using the analysis of
dissolved gases in oil technique. A vacuum system for the quadrupole analyzer and the gas
introduction system is designed and built for this purpose. A method for the extraction of the
dissolved gases in oil is developed and the gas introduction system is described. The spectra of
the thirteen gas species of interest are obtained and the sensitivity factors for each gas are
calculated. The spectra of a standard gas mixture and the dissolved gases in oil from a faulty
transformer oil specimen are obtained. The data reduction procedure is described and is used to
reduce these spectra to the partial pressures of the 13 gas species. Finally, the concentration of
each gas is calculated and methods for fault assessments are presented.

INTRODUCTION

Gas analysis is one of the best available techniques for transformer fault prediction and
diagnosis. Scientists have found several decades ago that a loaded power transformer tends to
evolve gasées® These gases, the result of normal aging processes of the insulating materials,
dissolve in the transformer’s oil. The concentrations of these gases are usually small in normal
operation and depend upon the solubility of each gas in oil and the transformer’s type. When a
fault or a combination of faults exists in a power transformer, however, the concentrations of the
evolved gases are comparatively Idrdewas also realized that the amount of evolved gases and
gas species depend on the nature of the fault. For example, hydrepandtdcetylene ({El,)
are the main gaseous constituents when arcing in oil occurs. Hot spots mostly evolve carbon
oxides (CQ + CO) and light hydrocarbon gases. On the other hand, partial discharges (corona)
produce hydrogen and other light hydrocarbon gases. In addition, slowly developing faults were
found to produce decomposition gds@&y analyzing these dissolved gases, therefore, one can
detect an incipient fault and reveal the operating condition of a power transformer before a costly
and/or catastrophic accident occurs such as interruption of service and explosion.

FAULT DIAGNOSTIC TECHNIQUES

Several diagnostic methods using gas analysis can be used to predict faults in a power
transformet ©
e The Dornenburg Ratio Method uses the following four gas ratios: methane/hydrogen
(CH4/H,), acetylene/ethylene ¢8,/C;H,), ethane/acetylene §8+/C.H,), and
acetylene/methane {8,/CH,). These ratios are calculated from the measured concentrations
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of the dissolved gases then compared with predetermined limits to diagnose arcing, hot spots,
and partial discharg&s.

¢ The Rogers Ratio Method uses the following four gas ratiog/HGHC,Hs/CH,4, C,H4/CoHe,
and GH,/C,H, and compares the values of theses ratios with preset limits. This method gives
more detailed analysis and can determine the operating condition of a power transformer
from twelve different suggested diagndses

e The CIGRE Ratio Method uses the following four gas ratigbiXC,Hg, Ho/CHj,
C,H4/C,Hg, and GH4/C3Hg (ethylene/propylene) to determine the type of fault in ways
similar to the Rogers methdd

e The Duval Method uses a trilinear representation of, CsH,, and GH, to distinguish
between various types of faults. Using these key gases, Duval was able to divide the
triangular diagram into three main regions: partial discharge, arcing, and thermal degradation.
He was also able to define two sub-regions for low energy arcing and for high energl arcing

e The Gas Nomograph Method, developed by Analytical Associates, provides a visual pattern
that indicates the type of transformer’s fault. A series of vertical logarithmic scales of key
gases (Kb CH,, CH,, GH4, CoHe, CO, and CQ) are used in this case. The concentration of
these gases are placed on the scales and lines are drawn between the values on adjacent
scales. The positive or negative slopes of these lines identify the nature of the fault as
indicated by the key at the bottom of the stale

The first two methods are recommended by the ANSI/IEEE gufdesl are the most widely
used in the industry. It should be noted here, however, that several simultaneously occurring
faults can cause ambiguity and the result may imply a “no fault” condition. In addition, an old
fault that is no longer active may still provide data indicating a fault. Recently, several
commercially available software packages that employ fuzzy logic and neural network
implementations of the above methods are tailored for automatic dissolved gas analysis and fluid
quality analysi& *°

GAS CONCENTRATION MEASURMENTS

Several monitoring detectors can provide on-line measurements of four kéy @4seH.,
C,H., and CO), the total combustible {a®r the hydrogen gas concentratibfi*are
commercially available. Although these monitors are useful warning devices, they do not,
however, provide a complete fault assessment.

For a complete gas analysis, therefore, the concentrations of at least thirteen gas species must
be measuréd®. These are: hydrogen {Himethane (Ck), acetylene (gH,), ethylene (GH,),
ethane (@Hg), propylene (GHg), propane (gHs), carbon monoxide (CO), carbon dioxide (1O
oxygen (Q), nitrogen (N), water (HO), and argon (Ar).

Since the concentrations of the evolved gases are normally small, parts per million, a very
sensitive instrument must be used for a complete gas analysis. A gas chromatograph (GC) and/or
a mass spectrometer (MS) are the recommended instruments by the ANSI/IEEE Yiitiese
are, however, several advantages of a mass spectrometer over a gas chromatograph when field
operating conditions and automation requirements are considered. For example, a GC may
require two gas carriers or two columns for a complete gas analysis; the temperature of the
column, inlet port, and the detector must be precisely controlled; and calibration with one or
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more standard mixtures is required daily. Gas Chromatographs are, therefore, considered to be
“laboratory” instruments. In fact, an automated transformer-oil gas analysis system (TOGA) has
been developed for laboratory applications using a static headspace sampler and a capillary gas
chromatograpt.

With recent advancements in spectroscopy and vacuum systems, mass spectrometers have
become increasingly compact, reliable, and senditivé@ey are now simpler to operate and
maintain and can be easily automafed@hey have recently gained wide recognition from the
industry where they are used in process control and elemental dfalysis

THE QUADRUPOLE MASS SPECTROMETER

A mass spectrometer is an instrument that produces a stream of ions from the sample being
analyzed, separates the ions into a spectrum according to their mass-to-charge ratios, and
determines the relative abundance of each type of ion prédeetection of impurities in the
order of a few parts per trillion, in many applications, has made the mass spectrometer an
essential tool in the industrial, environmental, medical, scientific, and law enforcement fields.
Quadrupole mass spectrometer (QMS), in particular, has several advantages over other analyzers
amongst which are the relative low cost, small size, lack of magnetic field, and the large mass
and pressure rang8s

This paper describes gas analysis procedure for power transformer fault prediction and
diagnosis using a QMS. A vacuum system for the quadrupole analyzer and a gas introduction
system were designed and built. A method for the extraction of the dissolved gases in oil was
developed for this purpose. The spectra of the thirteen gas species of interest were obtained and
the sensitivity factors for each gas were calculated. The spectra of a standard gas mixture and the
dissolved gases in oil from a faulty transformer oil specimen were obtained. Finally, the
concentration of each gas species was calculated and a method for fault assessment is presented.

DISSOLVED GASES EXTRACTION SYSTEM

The complete gas analyzer system using a QMS is shown in Figure 1. Oil samples used for gas
analysis need to be drawn from the transformer without any atmospheric contact. A syringe or a
pre-evacuated container should be used for this purpo$ke dissolved gases were extracted
from the oil sample by introducing the oil into a pre-evacuated known volume as recommended
by the ANSI/IEEE guides. The extractor is connected directly to the gas introduction system of
the quadrupole analyzer which simplify sample preparation and reduces analysis time. This
system is well suitable for automation since there is no need to compress the extracted gas
sample and transfer it to the analyzer.

The volume of the extracted gas sample was corrected to the standard temperature and pressure
(STP) using the gas equation:

Po*Veo/ To = lR*VRr/Tr (1)
where

Po is the standard pressure in Torr (1 atm or 760 Torr),
Veo is the volume of the extracted gas sample at STP in ml,
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To is the standard temperaturé (@) in degree Kelvin or 273.1&,
Pr is the absolute pressure in the reservoir in Toor,
Tr is the ambient temperature {25) in degree Kelvin or 298.1&, and

Vg is the volume of the total extraction space (3375 ml) minus the volume of
the oil sample (V) in ml.

Therefore
Vo= 1.205X10° * (3375 - k) * Pr (2)

The residual dissolved gases remained in the oil sample after extraction depend strongly on the
partial pressure of each gas in the reservoir, the solubility of that gas in oil, and the temperature
of the oil sample. In most cases, these residual gases can be ignored; however, they were
considered here for added accuracy. The QMS was calibrated at a reservoir pressure of one Torr.

The volume of the oil sample was, therefore, controlled until the pressure in the reservoir was
just over or equal to one Torr.

Quadrupole Gas Extraction
Vacuum System Mass Spectrometer and Introduction System
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Figure 1. A Complete Gas Analyzer System for Transformer Fault Assessment Using a
Quadrupole Mass Spectrometer
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EXPERIMENTAL ARRANGMENT AND DATA AQUIZITION PROCEDURE

An EAIl Quadrupole Residual Gas Analyzer was used throughout the analysis (Fig. 1). A
diffusion pump and a mechanical roughing pump were used to achieve, within an hour, a high
vacuum of 1X10 Torr or better. The high vacuum can be likewise achieved using a Turbo
Molecular pump®. This pump is easier to automate and offers several advantages over a
diffusion pump such as oil free and clean operation, rapid pumping, and no warm-up time. A
pressure of much less than one mTorr can be reached in minutes and ultra high vacuum can be
also achievable. The only significant disadvantage of a turbo molecular pump is that it costs is
more than a comparable diffusion pump.

The test region base pressure was about 8Xr. In order to ignore the background
spectrum, consequently, the test region operating pressure was chosen to b&drX Ithe
reservoir volume was chosen to be 3375 ml including the degassing flask. This volume should be
large enough as compared with the oil sample that can be as much as 100 ml. The reservoir
pressure was chosen to be 1 Torr so it can be maintained constant during at least one full scan.

The sensitivity factors of the QMS for each of the 13 gas species of intgrestqlmeasured
at all possible mass to charge (M/C) numbers by performing the following procedure:

1. The test region was evacuated to its base pressure (abotft 8Xt@r less).

2. The reservoir was evacuated to its base pressure (about T¥tor less).

3. The emission current was set to 0.5 mA, electron energy to 80 eV, ion energy to 25 eV, focus
voltage to 100V, and the electron extractor voltage to 40 V.

4. The background spectrum was recorded before each run using an x-y recorder.

5. The reservoir was filled with a pure gas at one atm, the pressure was then decreased to one
Torr using the mechanical pump.

6. The pure gas was introduced to the test region and its spectra at the three different
sensitivities of the x-y recorder were obtained.

7. The current at each M/C was calculated by subtracting the background spectrum from the
spectrum of the pure gas.

8. The sensitivity factor;tat each M/C was finally calculated from the following equation:

hi = Hi/P (3)
where
h; is the sensitivity factor at M/C number (i) expressed in Ampere/Torr,
H; is the positive ion current at M/C number (i) in Amperes, and
P is the test region pressure (11Dorr).

MOLECULAR FRAGMANTATION PATTERN

lons are usually produced in the QMS ionizer by electron impact. Electrons emitted by a heated
filament are accelerated toward an electron extractor using a positive potential. Interaction
between the electron beam and the gas molecules results in an energy exchange and ionization. If
the gas molecule absorbs an energy in the order of 10 to 20 eV, ionization of the parent molecule
occurs and in many cases dissociation into fragment ions. At higher energy exchange (in the
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order of 70 eV), fragmentation of the sample molecule occurs and fragment ions are produced,

in addition to the parent ion. These ions are then accelerated and focused before injection into the
quadrupole analyzer. In the case of carbon dioxide molecule for example, ions of M/C numbers
corresponding to C9O, CO’, CGQ,"", O', and C are formed with a reproducible pattern of

relative abundance as shown in Figure 2. Different gas species produce different spectral
patterns. Hydrocarbon gases produce a large variety of peaks ranging from nine for methane to

twenty nine for propane. Peak overlapping in addition to the large number of peaks complicate
data reduction procedure.

12 16 22 28 44

Figure 2. The Carbon Dioxide Spectrum

The spectra of a standard mixture containing about 0.5%.5%6 CH, 0.5% GH,, 0.5%
CoHe, 2% CO, 4% CQ and 92% N were obtained at different sensitivities and are shown in
Figure 3. This standard mixture was used for calibration and confirmation of data reduction
procedure.

A dissolved gas sample extracted from an oil specimen of a faulty transformer provided by
TVA were also analyzed and obtained at different sensitivities and are shown in Figure 4.

PARTIAL PRESSURE MEASUREMNTS AND DATA REDUCTION PROCEDURE
Partial pressure measurements using a mass spectrometer depend in large on the linear

relationship between the positive ion current of a gas and its partial pressure in the ion source.
This linearity can be expressed by:
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Figure 3. A. Standard Mixture Spectrum at a Sensitivity of 0.uA/cm.
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Figure 3. B. Standard Mixture Spectrum at a Sensitivity of 0.00pA/cm.
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Figure 4. A. Extracted Gas Mixture Spectrum at a Sensitivity of 0.pA/cm.
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Figure 4. B. Extracted Gas Mixture Spectrum at a Sensitivity of 0.00pA/cm.
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hi *p=H 1<i<m (4)

where
h; is the sensitivity factor at M/C number (i) expressed in Ampere/Torr,
p is the partial pressure of the pure gas in Torr,
H; is the positive ion current at M/C number (i) in Amperes, and
m Is the largest M/C number in the spectrum of the pure gas.

It should be noted here that the partial pressure of the pure gas, p, is equal to the absolute
pressure of the test region, P, when the background pressure is insignificant as compared with
that of the pure gas. In this case, equation 3 and 4 become identical. Furthermore, the sensitivity
factor, h, is a characteristic of the mass spectrometer and need to be determined for each pure gas
at all possible M/C numbers. The factar,depends on several parameters such as electron
energy, ion energy, emission current, and electron multiplier voltage. These were set to their
specified values mentioned above during each run.

If a mixture of n gas species is introduced into the analyzer, however, the resulting spectrum is
a linear sum of the spectrum of each gas independent of the presence of other gases according to
the following set of equations:

hiipr+ hopa + oo, +hnpn=Hp
ho1p1 + hpopa + oo + Bpnpn = He
hmipr + hnapz + ... + BanPn = Hm 5)
where
m is the largest M/C number in the mixture,
n is the number of gas species in the mixture,
hj (1<i<mand XX | <n)is the sensitivity factor at M/C number i and for
gas j in Ampere/Torr,
P is the absolute partial pressure of gas (j) in Toor, and
H; is the total positive ion current at mass number | in Ampere.

In general, & m, that is the number of peaks in the mixture spectrum is larger than the number

of gas species due to the fragmentation of gas mixture molecules. For a successful analysis,
therefore, the careful selection of n peaks is of great importance. The n equations resulted should
include all n species of the gas mixture. Several factors should be considered here:
e Parent or major peaks are preferable for best detection of a trace amount of gas.
e Overlapped peaks should be avoided to reduce the effect of measurement errors.
e The relationship betweer bf different gas species at a specific M/C number.

The above set of equations can be expressed in matrix form as:

[h]lp] = [H] (6)

In the first attempt, the partial pressure of each gas in the standard mixture was calculated
from:
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where [h]! is the inverse matrix of [h].

[p] = [N]™* [H]

(7)

The above method produces unsatisfactory results because of the negative partial pressures of
trace gases due to uncertainties in measurements. As a result, another computer program was
written in order to solve the above set of equations by employing the method of substitution to
repeatedly reduce the order of the equations until all 13 partial pressures were calculated. If the
calculated partial pressure of a gas at any time is found to be negative, the partial pressure of that
gas is set to zero. This eliminates the “domino” effect on other partial pressures. Additional

peaks were also used to improve accuracy and the concentrations of the 13 gases were
recalculated repeatedly until stable results were obt&inBue results from the data reduction

program of the standard mixture spectrum is shown in Table 1.

Table 1. Actual and Measured Gas Concentrations of the Standard Mixture.

Gas Actual Concentration % Calculated Concentration %

Ho 0.488 0.491
CH, 0.496 0.482
CoH4 0.529 0.543
CoHe 0.494 0.495
CO 2.02 1.996
CO; 3.99 3.926

N, 91.983 92.067

The spectrum of the extracted gases from the transformer oil was also successfully reduced to
the partial pressure of each gas using the data reduction program. The Rogers ratios were also
calculated and the transformer was found to have arcing in oil. The results are shown in table 2.

Table 2. Measured Gas Concentrations and Gas Ratios From a Faulty Transformer Oil.

Gas Concentration (ppm) Gas Concentration (ppm)

H 137.7 CcO 471.6

CH, 129.4 CQ 3226.6

CH, 86.3 HO 3334.2

CH4 408.5 Ar 7714

CoHe 87.6 Q 14088.6

CsHe 108.4 N 42981.7

CsHs 1231.5 TCG 2661.0

CHyH, =0.94 GHg/CH, = 0.68 GH4/C,Hg = 4.66 @H,/CH, = 0.21
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CONCLUSIONS

Gas analysis for transformer fault diagnosis using a quadrupole mass spectrometer offers
several advantages over other techniques. Some of which are high sensitivity, complete analysis,
reliability, ease of operation, and most importantly, the possibility of a complete system
automation for an on-line monitoring analyzer.
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