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ABSTRACT

The newly revised standard, IEEE Std 929-2000, has
significant positive implications for those designing
inverters for utility-interconnected PV systems and for
designers and installers of such systems. A working
group of roughly 20 people, including PV systems
designers/installers, PV inverter manufacturers and utility
engineers spent close to 3 years developing a standard
that would be useful and beneficial to all.

1. Introduction
IEEE standards are required to be reviewed every 5 years
and either reaffmed or revised. The previous IEEE
PV/utility interconnection standard, IEEE Std 929-1988,
was originally approved in 1988 and reaffrmed in 1991.
In 1996,at the time of the next 5-year review, it was
determined that a massive revision would best serve the
interests of both the utility and PV communities. This
decision was based on the fact that a growing number of
utility-interconnected PV systems were being installed,
and there was significant disparity between the
interconnection requirements of many interconnecting
utilities. It was felt that a single, widely accepted
interconnection standard would result in consistent
interconnection requirements across much of the country,
which would allow PV inverter and PV system designers
to standardize their designs.

Such standardization benefits PV system buyers by
eliminating the expense associated with customized
hardware for each installation. It benefits the PV system
installer and the PV hardware manufacturer by allowing
manufacture of one product that will fill a specific need
in all locations. Standardization benefits the utility, the
installer and the buyer by providing components that
have been built and tested to a standard, thus reducing the
probability of defective hardware.

It was also felt that this standardization would lead to
cost savings. These savings would result from aHowing
inverter manufacturers to standardize on a single design,
rather than having different designs for individual utility
requirements. Also, a standardized interconnection
requirement will eliminate the “soft” costs associated
with the sometimes confiming and labor-intensive process

of negotiating individual interconnection agreements with
individual utilities. Finally, there would cease to be
“surprises” when it came time to make the utility
interconnection after the PV system is already installed.

It was recognized by the 929 working group that
standardization may increase the cost of inverters in some
cases, but the potential savings on the items listed above
would far out weigh any additional costs associated with the
inverter.

2. The Target Standard
At the beginning of the process several goals were
established. Foremost was that the standard should be
beneficial to both the PV and utility industries. All other
goals followed from this one. These other goals included
assuring that the PV system will not interfere with utility
operation, and providing both the interconnecting utility and
the PV system purchaser with a means to be certain that the
PV system would be acceptable to the interconnecting utility
before the system was installed.

The fwst of these goals, assuring that the PV system doesn’t
interfere with utility operation, includes requirements for
power quality and safety. The most significant of the safety
issues was the definition of a non-islanding inverter, and
development of a technique to manufacture, and identifi, a
non-islanding inverter. A brief discussion of the non-
islanding inverter development follows later in this paper.

The second of these goals, providing a method to be certain
that the PV system would be acceptable to the interconnecting
utility before the system was installed, was realized by a most
fortuitous piece of cooperation with Underwriters
Laboratories (UL). At the same time that IEEE 929 was
being developed, UL took on the task of updating and
finalizing UL 1741, the UL test procedure for PV inverters
and charge controllers. UL agreed to include all the
requirements of the revised IEEE 929 in the test regime for
UL 1741. Thus a customer, or a utility, can check to see that
the inverter for a PV system meets the requirements of the
latest version (May 1999) of UL 1741, and be assured that it
then meets the requirements of IEEE 929.

UL allows 18 months between when a new test standard is
approved and when it Ut be used when testing a particular
piece of hardware. Thus there is the possibility, until
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# November 2000, that an inverter can be designated as
having passed UL 1741 when it has actually passed an
earlier version of 1741 that doesn’t include all the
requirements of IEEE 929-2000. If there is some
uncertainty regarding which version of UL 1741 an
inverter has been tested to, one may contact UL directly
to confm which version of UL 1741 a particular inverter
was tested to.1

3. What is Needed to Meet the Requirements of IEEE
929?
IEEE 929 sets requirements for the utility-interface
device. That is, the energy source, the PV array, is not a
factor in the standard. The only device that the standard
impacts is that device where the utility-interface
protection fimctions are accomplished – the inverter.
Thus, the only requirement for meeting IEEE 929 is to
use an inverter that is compliant with IEEE 929. Since
UL 1741 tests for IEEE 929 compliant inverters, then use
of a UL 1741 (May 1999 issue) listed inverter is the only
requirement to assure 929 compliance.

Interestingly, since IEEE 929 does not impact the PV
array, it is easy to envision that the energy source could
be any of a number of other devices such as batteries or
fuel cells, and the requirements of IEEE 929 wouldn’t
change. Thus IEEE 929 can be used as a model for
utility interconnection of other energy sources in addition
to Pv.

4. A Complete Package
A PV system should be installed in a manner that assures
the owner and the interconnecting utility that it is a safe
system in all respects. This is particularly important in
today’s litigious society, and when homeowner’s
insurance is involved. The combination of IEEE 929, UL
1741, and the National Electrical Code (particularly
Article 690) provides a complete package that allows safe
and efficient installation of all aspects of utility
interconnected PV systems. Furthermore, this package of
standards will meet all interconnection requirements in
those jurisdictions that have adopted IEEE 929. The list
of states that are adopting IEEE 929 as the
interconnection standard for PV systems is large and
continues to grow.2

5. The Non-Islanding Inverter
One of the main concerns of utilities regarding
distributed generation is islanding, or the inadvertent
energization of a power line that should be de-energized.
Islanding can be a significant safety concern, both for the
utility line workers and for the public. In addhion,
islanding cart interfere with the utility’s normal
procedures for bringing their system back into service
following an outage. A more complete discussion of
islanding and its implications can be found in [1].

To address the issue of islanding, a separate “Anti-Islanding
Working Group” was formed at Sandia National Laboratories.
This Working Group was composed mostly of representatives
of inverter manufacturers, and tackled the development of an
anti-iskmding scheme that could be applied to any inverter
manufacturer’s product. The result of the work of this group
was development of an active anti-iskmding scheme that will
result in multiple inverters all working in harmony to detect
and de-energize au island.

The Non-Islandinz Inverter Test
A key part of the work of the Anti-Ishmding Working Group
was development of a test procedure that will allow testing of
a single inverter to determine if that inverter employs an
adequate anti-islanding technique. Such a test was developed,
using an RLC load tuned to 60 Hz as the key part of the test.
This test, as well as the anti-islanding scheme, is thoroughly
discussed in [1].

6. Additional Testing
While IEEE 929-2000 was being developed, there was
significant activity in various states regarding interconnection
standards. One of the most active was New York. (Two
utility engineers from New York volunteered to serve on the
929 working group because of the high level of activity and
these engineers desire to have 929 be a standard that could be
adopted in New York.) As a result of the New York activity,
some specific testing was done at the request of several of the
utility engineers in New York. A set of waveforms that was
measured during testing of distributed generators in New
York during the late 1980’s was used for testing. Because of
the presence of these unusual waveforms, some conventional
protective relays were unable to detect that the utility was
experiencing abnormal conditions, and the relays did not
remove the distributed generation fkom the lines. This
experience resulted in a requirement in New York that all
protective devices be tested to assure that they would perform
as required in the presence of these waveforms. Several PV
inverters were tested with these waveforms at Sandia National
Laboratories, and they had no problem recognizing when
there was an abnormal utility condition and disconnecting the
inverter.
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ABSTRACT
Mixed-conducting Sr-Fe-Co oxides have potential applications in dense ceramic

membrmes for high-purity oxygen sepamtion and/or methane conversion to
produce syngas (CO + Hz), because of their combined high electronic/ionic
conductivity and significant oxygen permeability. SrFeCoO~OYhas been synthesized
by the solid-state reaction method. Conductivities were measured at elevated
temperatures in various gas environments and rose with increasing temperature and
increasing oxygen partial pressure (pO,) in the surrounding environment. Neutron
powder diffraction experiments revealed that in a high pOz environment the
SrFeCoo,~O, material consists of three different phases. The relative concentration
of each component phase is dependent on temperature and pOz in the surrounding
environment. In air, Sr.(Fe,Co)lOv (236 phase) is the majolity phase and consists of
>75wt.7u of the total, w-bile the pei-ovskite and rocksalt phases account for =20wt. %
and <5 wt.70, respectively. However, in a reducing environment, the 236 phase
decomposes and converts to perovskite and rocksalt phase at high temperature. In an
environment of pO, < 10”’ZZatm, the 236 phase is completely converted into
perovskite (brownrnillelite) and rocksalt phases.
Keywords: Neutron diffraction, Mixed conductor, Ceramic membrane, Oxygen
permeation, Sr-Fe-Co oxide.

INTRODUCTION
Oxides with mixed electronic and oxygen ionic conductivities have been widely

studied for use as components in high-temperature electrochemical devices such as
solid-oxide fuel cells, oxygen sensors, oxygen pumps, batteries, and catalysts for
oxygen-permeable membranes [1-5]. The SrFeCoO,jOYnot only has high combined
electronic and oxygen ionic conductivities but also appreciable oxygen permeability
[6-8]. It holds particular promise for use in ceramic membranes designed to separate
oxygen from air, being impervious to other gaseous constituents. SrFeCotJ50v can
be used to produce syngas (CO + I-Q by direct conversion of methane and other
basic hydrocarbon gm.es, such as coal gas, without external electrical circuitry [6].
The oxygen permeation flux through this type of membrane could be considered
commercially feasible [9- 12].

The intense interest in developing materials with high oxygen ionic conductivity
has recently focused on perovskite and/or perovskite-related oxygen-deficient
structures, for example, the brownrnillerite structure [ 13]. Although the idealized
perovskite structure does not contain oxygen vacancies, its structure is extremely
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versatile. Oxygen ionic conciuction can be induced by incorporating OXygCII
vactincics in lo [hc slruclu]”c. ‘1’he brownmi [!el”ite sh”udurc is rciatd to ttlc pcxwvskite
slructurc but contains orckrcd oxygen vwatwies [hat rcsull in significwtt oxide ionic
conduction (normally due to the existence of oxygen vacancies). [n those materials,
oxygen vacancies are the pritmary charge carriers for oxygen ionic conduction.
Activation energies of these materials are normally g-eater than 1 eV, and the oxygen
surface exchange rate is low. Unlike the brownmi IIerite and similar materials,
SrFeCoO,~Ov(SFC) utilizes interstitial oxide ions and holes as the predominant
chw-ge carriers in an oxygen-rich environment [7,14], and its oxygen surface
exchunge mte is sufficiently high that the oxygen transport is primarily bulk-
control led [15]. The oxygen ionic conductivity and oxygen permeability of SFC are
superior to these of other mixed-conducting materials. These unique oxygen
transport properties make the SFC a technologically important material.

In this paper, we focus on the relationships between structure and transport
properties of’the SFC materials. We report neutron powder diffraction results and
temperature- and oxygen-partial-pressure (p02)-dependent electrical conductivity.
Based on our experimental results, we attempt to build a coherent picture to correlate
the structure, oxygen transpoll properties, and thermodynamics of the SFC system.

EXPERIMENTAL
SFC powder was made by the solid-state reaction method. Details were reported

earlier in Ref. 7. Pellets were made by pressing uniaxia]ly with a 120-MPa load,
followed by sintering in air at = 1200°C for 5 h. The true density of SFC, measured
on powder by AccuPyc 1330 pycnometry, agrees with the theoretical density
obtained from the X-ray diffraction pattern. Bulk density of the sintered pellets was
measured by the Archimedes method and found to be =95?10of the theoretical value.
Scanning electron microscopy and electron-dispersive X-ray anal ysis revealed good
homogeneity and phase integrity.

Electrical conductivity of the sample was determined by !he conventional four-
probe method on bar specimens cut from the sintet-ed pellets. Details of the
experimental setup for high-tetnperature measurement were repelled earlier [7].
Premixed gases (AGA Gas, Cleveland, OH) were used for the controlled-gas
environments.

Neutron powder diffraction measurements were carried out on the General
Purpose Powder Diffractometer (GPPD) at Argonne’s Intense Pulsed Neutron
Source (IPNS). Measurements of the variable-temperature and sut~ounding gas
environment were performed in a “Mi Iler” furnace with an ytuium-stabi Iized
zirconia electrolyte oxygen sensor (Ceramic Oxide Fabricators SIR02). Several
g;lscs were used in varying combin:ltions to achieve the desired range of partial
pressures of oxygen: air (<10 ppm H~O), argon (>99.996%), 5. 12% Oz/bal. Ar, 1’%
CO/bul. Ar, and COj. The Iurnace was heated/coolecl at 240°C/h with u 20-min
equilibration period at the testing tempemture. Gas flows were controlled with
Brooks Series 5820 mass flow controllers before they entered J mixing loop and
wet-c delivered to the furnace. Data were collected on the 90° bank, and Rietveld [16]
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analysis wus performed with GSAS [171. Details of data analysis are reported in
Ref. 18.

RESULTS AND DISCUSSION
Using the conventional four-probe and electron-blocking four-probe methods,

we measured the total and ionic conductivities of SFC. The ionic transference
number can be determined from ionic conductivity di vialed by total conductivity. The
total, electronic, and ionic conductivities and the ionic transference number of SFC
in air are plotted in Fig. 1 as a function of temperature. Conducti vities increase with
increasing temperature, whereas the ionic transference number is almost independent
of tempemture. At 800”C in air, the total conductivity and oxygen ionic conductivity
are =17 and 7 S“cm-L,respectively, which leads to an ionic transference number of
=0.4. This result indicates that the electronic and ionic conductivities of the SFC
materials are comparable in value, i.e., their ratio is close to unity. This makes the
SFC materials unique among other mixed conductors, in which electronic
transference numbers are much greater than ionic transference numbers, or vice
versa.
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Fig. 1. Total, electronic, and ionic conductivities, and ionic transference
number of SrFeCoO~OY material as a function of temperature.

Figure 2 shows log(T”cr) as a function of reciprocal temperature for an SFC
sample in wuious oxygen environments. The log(T.cT) vs. reciprocal temperature
curves have good linear dependence; therefore, activation energy can be derived from
slopes of these curves. Conductivity, a, at 950”C and the activation energy, E,l,of
SFC in various pOz environments are listed in Table 1. Conductivity increases with
increasing pO,. In high-pO, environments, activation energy of SFC samples was
low (=0.35 eV-). It increased with decreasing pOl in a reducing environment.
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Fig. 2. Arrhenius plot of conductivity of SrFeCoO,~O,in various surrounding
environments.

Table 1. Conductivity at 950°C and activation energy of SFC in various
oxygen atmospheres.

Atmosphere log(po2) 0 (S”cm-~) E. (eV)

100% o~ o 23.21 0.35
Air -0.678 20.91 0.35

0.4’?loOz/Ar .2.373 18.68 0.34
1% co/co2 -11.5 1.05 0.63
8% H21Hz0 -18.2 0.86 1.31

The structure of Sr4FeGOlJ (cobalt-free 236 phase) as desctibed by Yoshiasa et
al. [19] is not correct in detail. Nor is the structure of the cobalt-doped 236 phase
completely correct as described in recent reports [20-23], although the impe~fections
are less dramatic. Until the correct cell and space groups are correctly determined,
the Iba2 space group remains sufficient for studying the multiphase SFC material,
as demonstrated by Fjellvag et al. [21] and Mitchell et al. [22]. In our study, we used
the Yoshiasa structure as the model to fit the 236 phase in SFC material.

Figure 3 shows neutron powder diffraction patterns obtained for the SFC
material at 900°C under reducing partial pressure, from bottom to top. In air (shown
in the bottom pattern in Fig. 3), three phases (236, perovskite, and rocksait) me
easily identified in the material. Figure 4 shows a three-phase Rietveld profile fitting
to the neutron powder diffraction data of the SFC sample obtained at 900°C in air.
The refinement is acceptably good. Refinement results show that SFC is composed
of >7570236 phase, =20Y0 perovskite phase, and <5% rocksalt phase at 900”C in
air.
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Fig. 3. Neutron powder diffraction patterns obtained on SrFeCo0.50y material at
900°C under decreasing oxygen partial pressure, from bottom to top.
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Fig. 4. Rietveld profile fit to neutron powder diffraction data of SrFeCo0,50Y
sample at 900”C” in air. Reflection markers represent rocksalt, perovskite, and 236
phases from top to bottom, respectively.
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Plo(lcd in Fig. 5 w-c h weight fractions obttiined from [he Rietvekl refinements
performed on the SFC [or dw entire experiment in two different pOz environment,
air (p02, = 10“’)7a(m) and argon (pO: = 10-5J atm). Weight fruction of the
pcrovsk]tc phase increases with increasing temperature. [n air, the 236 phase is
sttiblc below 1050°C. Above this temperature, it begins to convert into perovskite
and rocksa]t phases. At 900”C, in argon, the material consists of >75wt.Yo 236

-? Owt.% perovskite phase and <5wt.90 rocksait phase. This finding agreesphase, --
with the phase trmsition of SFC that we reported earlier [14]. The 236 phase is
completely converted into perovskite (brownmil lerite) and rocksalt phases in highly
reducing environments. Figure 6 shows a two-phase Rietveld fitting to the neutron
powder diffraction data tit 900”C with pO. = 10-’s atm. At 900”C with p02 = 10”lS
utm, SFC consists of >80wt.70 perovskite phase (primarily SrFeO, ~)and <20wt. Yo
rocksalt phase (COO), with no 236 phase observed. Rietveld analy;is showed no
indication of oxygen content dropping below 2.5 in the perovskite phase at 900°C.

CONCLUSIONS
SrFeCoO~O material (SFC) was synthesized by the solid-state reaction method.

fConductivity o SFC was measured at elevated temperature in gas environments of
various p02 levels. Total, electronic, and ionic conductivities all increase with
increasing temperature and increasing pO., while the ionic transference number is
nearly independent of temperature with a ;alue of =0.4. At 800”C in air, the total
conductivity of SFC is =17 S cm-’. Activation energy increases with decreasing pOz
in a reducing environment, while in a high p02 environment, activation energy is
independent of pOZ and has a value of =0.35 eV. Neutron powder diffraction
experiments were conducted on the SFC at high temperature in various pO?
environments. In oxygen-~ich environments, 236 phase is predominant in SFC. At
900°C in air, SFC consists of >75% 236 phase, =20% perovskite phase, and <5910
rocksak phase. However, in a reducing environment, the 236 phase decomposes and
converts to ~erovskite and rocksalt phase at high temperature. In an environment of
pOz < 10-’Z-atm, 236 phase is completely converted into perovskite
(brownmillerite) and rocksalt phases. At 900°C with p03 = 10-’5atm, SFC consists
of >80wt.% perovskite phase (primari 1y SrFeO~,~) and <20wt. 910 rocksa.lt phase
(COO), with no Z36 phase observed.
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