General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



T e sl Bl

JPL Publication 82-63

{NASA-CR-1€9€€4) DISTRIBUTEC EHCTC(VOLTAIC N8 3- l4odo
SYSTEMS: UTILITY INTERFACE ISSUES AND THEIR
ERESENT STATUS. INTERMEDIATE/THREE-PHASE

SYSTEMS (Jet Propulsion Lake) 196 Uncﬁ:“;as
HC ACO6/MF AC! CSCL 10A G3/44 w2247

Distributed Photovoltaic Systems: -
Jtility Interface Issues and |
Their Present Status

Intermediate/Three-Phase Systems

R. L. Das
J. W. Klein
T. W. Macie

September 15, 1982

Prepared for
U.8. Department of Energy

and ' -
Sandia National Laboratories )

Through an Agreement with
National Aeronautics and Space Administration

by

Jet Propulsion Laboratory
valiforria Institute of Technology
Pasadena, California

L]



JPL Publication 82-63

Distributed Photovoltaic Systems:
Utility Interface Issues and
Their Present Status

Intermediate/Three-Phase Systems

R. L. Das
J. W. Kiein
T. W. Macie

September 15, 1982

Prepared for
U.S. Department of Energy

and
Sandia National Laboratories

Through an Agreement with
National Aeronautics and Space Administration

by
Jet Propulsion Laboratory

California Institute of Tech:iology
Pasadena. California




=

Prepared by the Jet Propulsion Laboratory, California Institute of Technology,
for the U.S. Department of Energy through an agreement with the National
Aecronautics and Space Administration.

This report was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government nor any
agency thereof, nor any of their employees, makes any warrantv, express or
implied, or assumes any legal liability or responsibility for the accuracy, com-
pleteness, or useftiness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately owned rights.

Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or
imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views anJ opinions of authors
expressed herein do not necessarily state or reflect those of the United States
Government or any agency thereof.

Work conducted by the Jet Propuision Laboratory through NASA Task
RD-152, Amendment 325, and was sponsored by the Sandia National
Laboratories, Order No. P.O. 68-4728, for the U.S. Depariment of Energy.




ABSTRACT

This document is a continuation of a previous study funded by the
Department of Energy on the Utility Interface Issues of Category I,
Distributed Photovoltaic Systems, Report No. DOE/ET-20356~3. That
work looked at single-phase, residental PV systems in detail, The
study herein details the interface issues associated with intermediate
(30-kW to i=MW, three-phase) installations.

For ease of reading, this report is a stand-alone document with
abbreviated discussion on those issues covered previously and detailed
discussions on new topice., The asterisks in Table 1-2 derote those
issues where features additional to DOE/ET-20356-3 are discussed in
this report. The section dealing with System Unbalance, covered in
the previous document, is not considered for intermediate
installations since three-phase inverters are used. There is a small
concern ebout the unbalanced voltage condition for the inverter but
the authors assume that this condition will be senced and the PV
source disconnected, if excessive unbalance occurred.

It is anticipated that a follow-on report on the interface issues
for central station PV generators (over 5 MW) will be written shortly.
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FOREWORD

This document is a continuation of a previous study funded by the
Department of Energy on the Utility Interface Issues of Category I,
Distributed Photovoltaic Systems, Report No. DOE/ET-20356-3. That
work looked at single-phase, residentul PV systems in detail. The
study herein details the interface issues associated with intermediate
(30-kW to 1-MW, three-phase) installations.

For ease of reading, this report is a stand-alone document with
abbreviated discussion on those issues covered previously and detailed
discussions on new topics. The asterisks in Table 1-2 denote those
issues where features additional to DOE/ET-20356-3 are discussed in
this report. The section dealing with System Unbalance, covered in
the previous document, 1s not considerei for intermediate
installations since three-phase inverters are used. There is a small
concern about the unbalanced voltage condition for the invertar but
the authors assume that this condition will be sensed and the PV
source disconnected, if excessive unbalance occurred,

It is anticipated that a follow-on report on the interface issues
for central station PV generators (over 5 MW) will be written shortly,

iv



ACKNOWLEDGEMENTS

Tnis wobk was performed under contract to Sandia National
Laboratories, Task Order No. 68-4728 for the U. S. Department of
Energy through an agreement with the National Aeronautics and Space
Administration by the Jet Propulsion Laboratory, California Institute
of Technology, Terrestrial Power Systems Group of the Electrical Power
and Propulsion Section with program management by Elliot P. Framan.

The authors wish to thank Thomas S. Key and Dahwey Chu for their
guidance throughout this work. The authors also wish to thank Stan
Krauthamer and James Graf for their technical advice.

Finally, thanks are due to Kolynn Younger for the typing of this
document.

o



AGC
ANSI
APPA
CFLC
DOE
DSG
DSW
FERC
GIS
HVDC
IEEE
JPL
LLP
kWh
LSP
METAP
MIT/LL
NBS
NEC
NESC
NFPA
ORNL
PCS
PCU
FF
PG&E
PUC
PV
QF
RFP
SCE
SDG&E
SERI
T&D
TNA
TOD
TR
TVA
UL
VAR
VFFC

GLOSSARY

Automatic G-neration Contiol

American National Standards Institute
American Public Power Association
Current Fed Line~Commutated Inverter

U. S. Department of Energy

Dispersed Storage und Generation
Distributed Solar and Wind

Federal Energy Regulatory Commission
Gas Insulated Substation

High Voltage Direct Current

Institute of Electrical and Electronics Engineers
Jet Propulsion Laboratory

Large Local Penetration

Kilowatt hour

Large System Penetration

McCraw-Edison Transient Analysis Program

Massachusetts Institute of Technology/Lincoln Laboratory

Hational Bureau of Standards
National Electrical Code
National Electric Szfety Code
National Fire Protection Association
Oak Ridge National Laboratory
Power Conditioning Subsystem
Power Conditioning Unit

Power Factor

Pacific Gas & Electric

Public Utilities Commission
Photovoltaic

Qualifying Facility

Request for Proposal

Scuthern California Edison
San Diego Gas & Electric

Solar Energy Reseach Institute
Transmission and Distribution
Transient Network Analyzer
Time of Day

Techinology Readiness

Tennessee Valley Authority
Underwriters Laboratory
Volt-Amp Reactive

Voltage Fed Force Commutated Inverter

vi

ks



11,

III.

Iv.

CONTENTS

INTRODUCTION AND SUMMARY

A.
B.
c.
D.
E.
F.

BACKGROUND

POWER CONDITIONING SUBSYSTEM
TASK OBJECTIVES

TASK ARRANGEMENTS
CONCLUSIONS

RECOMMENDATI ONS

PROTECTION

A,
B,

C.

D,
E.
F.
G.
H.

INTRODU CTIO

POWER CONDITIONING SUBSYSTEM PROTECTION AGAINST
INTERNAL FAULTS

POWER CONDITIONING SUBSYSTEM PROTECTION AGaAINST
UTILITY MALFUNCTIONS

UTILITY PROTECTION

REFERENCES

QU IDELINES

CONCLUSIONS

RECOMMENDATIONS

STABILITY

A.
B.
C.
D.
E.
F.
G.
H.

INTRODU CTION

SCUKCE STABILITY
DISTRIBUTION SYSTEM STABILITY
RULK SYSTEM STABILITY

REFEREN CES

STANDARI'S /GUIDELINES
CONCLUSIONS

RECOMMENDATI ONS

VOLTAGE REGULATION AND REACTIVE COMPENSATION

A.
B,
C.
DQ
E.

INTRODU CTION
REFEREN CES
GUIDELINES
CONCLUSIONS
RECOMMENDATI ONS

vii

w o

|
O 00 00 P WA -

W Wwww
|

R
WU -

&

47



V. HARMONI CS

A,
B.
C.
D.
E.

INTRODUCTION
REFERENCES
GUIDELINES /STANDARDS
CONCLUSIONS
RECOMMENDATIONS

VI. SAFETY AND CCDE REQUIREMENTS

A.
B.
C.
D.
E.

INTRODUCTION
REFERENCES
GUIDELINES /STANDARDS
CONCLUSIONS
RECOMMENDATIONS

VII. METERING REQUIREMENTS

A.
B.
C.
D.
E.

INTRODU CTION
REFERENCES
GUIDELINES /STANDARDS
CONCLUSIONS
RECOMMENDATIONS

VIII.OPERATIONS

A.
B.
C.
D.
E.
F.
G.

IX. DISTRIBJTION SYSTEM PLANNING AND DESIGN

A.
B.
C.
D.
E.

INTRODU CTION

UNIT OPERATION
SYSTEM OPERATION
REFERENCES
GUIDELINES /STANDARDS
CONCLUSIONS
RECOMMENDATIONS

INTE.ODU CTION
REFERENCES
GUIDELINES /STANDARDS
CONCLUS IONS
RECOMMENDATIONS

APPENDIXES

A.
B.
C.

REFEREN CES
BIBLIOGRAPHY

ORGANIZATIONS INVOLVED IN UTILITY INTERFACE ACTIVITIES

viii

8-1
8-1
8-3
8-5
8-10
8-12
8-12

O O O WO
I
(CRV RV N o

A-l
B-1
c-1



SECTION 1

INTRODUCTION AND SUMMARY

A.  BACKGROUND

Photovoltaic (PV) power generation has a great potential for
providing a substantial portion of this country's future energy needs.
It Provides an inexhaustible and relatively clean energy souroce. The
technical feasibility of PV power generation has been a demonstrated
fact for many years, but costs of systems currently being produced
have confined their use to small-scale, remote applications. It has
been determined that to achieve significant fuel displacement, the PV
systems must be connected to the utility power system,

However, for the utilities to consider augmenting their
conventional generating capacity with substantial PV generation and
the customers (or utility) to accept it, many customer utility
interface technical issues must be i‘esolved. These issues arise from
the following major differences between PV and conventional
generation:

(1) PV generation is stochastic in nature whil. conventional
generation is deterministic (barring forced outages of
conventional generating units).

(2) Solar cells generate dc power; conventional units gene-ate
ac power.

(3) 1In distributed PV systems, the PV sources will be connected
to the distribution systenm. Thus, the functional
requirements of the distribution system will have to change
with a consequent impact on its design and operation.

So far, limited engineering effort has been expended to identify
and resolve the critical issues related to the satisfactery
integration of PV generation sources into the utility power systen.
This may oe due partly to the fact that, at piresent, the total PV
kilowatt capacity connected to the grid is quite limited, and none of
these operating systems are considered fully developed from the
standpoint of the utility. There is a real possibility that, in the
future, PV systems will have to be integrated into utility systems
with other types of Dispersed Storage and Gereration such as fuel
oells, batteries, and wind generators, This makes the problems of PV
integration even more complex. The guiding principle to be followed
is that the integration should not result in any adverse impact to the
utility, PV owner, or other customers.

1=1
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Three categories of the photovoltaic power generators have been
delined as showr in Table 1-1,

Table 1=1, PCS Categories

Category Loads Povwer Rating Interconnection
Voltage

esidential Residentia’ 2=10 kW 120/240 V, 1=-ph

Interpediate Commercial 30 k¥ 208Y 120
Industrieal to 48017277
Agricultural 1 MW

Central Utility Grid 5 MW minipum 4 kV and above

|

The integration of distributed PV systems in a future utility is
shown in Figure 1-1. The Power Conditioning Subsystem (PCS) consists
of the dc/ac inverter and its controls, filters, protective equipment
and associated switching. The other DSG systems connected to the
distribution system may be fuel cells, batteries, wind generators, and
other PV systems.

Some of the key questions that can arise from such an integration

are:

(1)

(2)

(3)

(4)

(5)

What quality of the power (weveform distortion, power
factor, etc.) produced by PV systems is acceptable to the
utility?

What are the Power Conditioning Subsystem requirements so
that this quality can be achieved economically, safely, and
reliably?

How should the Power Conditioning Subsystem be controlled so
that it operates in a stable mode and ensures optimal power
transfer between the PV arriy and the utility power system?

How should the transmission or the distribution system be
modified to make the parallel operation of the PV generation
sources possible? Can any of the power guality requirements
be achieved by modifying the transmission or distribution
system, rather than by placing uneconomical constraints on
the Power Conditioning Subsystem?

How dc other DSGs connected to the distribution systerx
impact the design of the Power Conditioniag Subsystem?

1=2
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B. POWER CONDITIONINS SUBSYSTEM (PCS)

This document focuses on the interface issues betwean the
intermedis’e~-size PCS and the utility (Table 1-2, page 1-8). A
companion document® detailed equivalent jinterface iszues for
residential .ystems,

For intermediate-s‘ze systems the generated pcwer is 60 Hx,
three-phase power. The interconnection of the Power Conditioning
Subsystem and the utility occurs at the distribution level.

So far, all presently commissioned installations interconnect at
the secondary dJdistribution level, where the three-phase voltages are
208 V, 240 V, or K80 V. They supply power to selected publicly-owned
facilities. The power outputs range from 50 kW to 300 kW. In the
future, the above level may extend into the MW range and the
generation may be used to supply power to industrial, coamercial and
agricultural customers.

Thyristors and transistors are utilized for po .er conversion.
Single or multiple three-phase bridge cont'igurations are employed.

0f the various types of dc to ac conversion alternatives
available, two configurations are commonly used today.

Current Fed Line~Comnmutated (CFLC) inverters switch a dc current
{using utility voltage for commutation) so that the resulting cutput
is analternating waveform. The voltage at the output terminals is
then & function of the driving point impedance looking into the
terminals ¢f the utility. In other words, such & inverter behaves as
a current source,

Voltage Fed Force-Commutated (VFFC) inverters (also known as
self-conmutated inverters) switch a dc voltage (using their internal
'clocks' for timing purposes) so that the output represents an ac
voltage waveform. The current waveform is then a function of the
driving point impedance into the terminals of the utility at the
inverter. Such a inverter behaves as a voltage source,

Solid-State inverter type generators differ from synchronous
generators in two imporiant aspects:

(1) The inverter outpul. is current limited to a level compatible
with ‘he ratings of power semiconductors. The fault
currents drawn may be too small to clear isolated
distribution system faults.

®pistributed Photovoltaic Systems: Utiiity Interface Iasues and Their
Present Status, M. Hassan, J. Klein, September 1981 DOE/ET-20356-3.

1=4
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An additional source of reactive power must be provided if
line commutated inverters are deployed. Reactive power can
be supplied by utility or customer owned synchronous
machines or capacitor banks.

C. TASK OBJECTIVES

There are major issues related to the integration of PV
generation into the utility systems that need resolution. These
issues will bave important bearing on PV systems development and the
utility distribution system desizn. As such, they can seriously
impact the U.S. Department of Erergy's (DOE) long-range cost and
performance goals and thus impact the acceptance and inclusion of PV
generation by the utilities and customers.

The objectives of this study were to:

(1)

(2)

(4)
(5)

Define the various problems related to the integration of
distributed three-phase PV generation into the utility
systems and describe their impacts.

Study all the available literature on the subject including:

(a) Work managed and performed by the various national labs
such as Sandia,

(b) Work sponsored by the DOE Office of Electric Energy
Systems (EES) and other DOE offices on new energy
source integration (i.e., DOE/PV, DOE/WIND, etc.).

(c) IEEE guidelines and/or standards.

(d) EPRI-sponsored research.

(e) European utility guidelines and/or standards.

(f) Research reported in IEEE/IEE journals, etc.

(g) Publications generated by utilities.

Apply the findings of the literature search to the problems

defined above under (1) and determine if satisfactory

solutions exist.

Establish expectations for current studies apd research.

Identify further work required in resolving intermediate

issues based on an ussessment of the current status of the
various issues.
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Th.s task emphasizes technical issues concerning intermediate-
size systems with no decdiceted electrical storage. Although central
station PV systems are not specifically addressed, some of the issues
raised here do apply to them also. However, analysis of such issues
is beyond the scope of the current study. They will be examined in a
future task.

D.  TASK ARRANGEMENTS

The various major issues which were identified during this task
are as follows:

1) Protection,
(2) Stability.
(3) Voltage regulation and reactive power requirements.
(4) Harmonies.
(5) Metering.
(6) Safety and codes.
(7) Operations.
(8) Distribution system planning and design.

As will be explainei later, some of these issues had to be
subdivided still further to better define their impaccs.

In this report, each major issue is discussed in an individual
section, Each issue is assigned a proper definition and the risks
posed to the Photovoltaics Program are described. Also, their scope
and impact are briefly discussed. A brief review of &ll the relevant
references revealed by an exhiustive literature search is presented
for each section. A compilation of these references appears in
Appendix A. Any guidelines or standards available on the various
issues are also discussed. Other references which are only marginally
useful for the present study are listed *n Appendix B. Based on the
literature search, the current and future status of the various issues
are clearly indicated. The projections of future status are based on
the premise that the currently planned or proposed DOE studies take
place as scheduled, Finally, a plan of action for timely resclution
for most of the issues is recommended.

This study also found that many organizations are studying
varicus aspects of interface requirements for dispersed generators. A
list of such organizations is given in Appendix C. It is recognized
that this 1list is not complete. The authors would appreciate
knowledge of other organizations involved in such studies,

1-6
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E.  CONCLUSIONS

A significant amount of information has been derived on the
various issues which may arise from the integration of distributed PV
systems into utility power systems. Although many isolated efforts to
resolve the various issues have been identified, mcst of the issues
remain unresolved. The added uncertainty concerning long-range
Research and Development funding for PV implies that the oconclusions
given in this report on the future status of the various issues may be
overly optimistic.

The literature review yielded facts about the stetus of
identified issues, summarized in Table 1-2. The scele is from ™0" tco
"10," resolved issues being "10" while issues with little informatior
avallable are "0". The uncertainty of the Federal PV budget precludes
any effort to state the future status of these issues. However,
analysis of DOE future activities proposed before the budget revisions
appear in the body of this report. The table also indicates the
impact of each issue on various levels of penetration. These levels
are defined below.

1. Technology Entry (TE)

For the purposes of this study, Technology Entry (TE) is
defined as the successful installation of one PV array connected to &
utility system, i.e., the emergence of the technology rom the
experimental step into operating utility systems.

2. Large Local Penetration (LLP)

This is defined as a level of penetration of FV sources on a
distridbution system feeder when the total PV output is around 10% of
the feeder load (which could possibly be the case of a Category II
installation of moderate size on a =mall feeder).

3. Large System Penetration (LSP)
This is defined as a level of penetration of PV sources on

any utility system when the total PV output is around 10§ of the
3ystem load.
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Table 1-2, Summary of the Present Stetus of the Various Issues for

Category II®

System Operations##

Issue Present Impact
Status
PCS Overvoltage Protection 9
System Overvoltage Protection 5
PCS Overcurrent and Other Protection 8
PCS Other Protection 2
Source Stability®# 2 Technology
Entry
Voltage Regulation 3 (TE)
Harmoni cs %% L
Safety and Code Requirements 3
Metering 3
Harmonics (resonances)#® 3
Utility Syster Overcurrent and Other Protection 3
Large Local
Distribution System Stability®## 0 Penetration
(LLP)
Distribution System Planning 3
Bulk System Stability 3 Large System

Penetration
(LSP)

authors for inclusion in future work

MAlthough every effort was made to uncover all the relevant
literature, it is quite possible that some useful material was
overlooked. If so, any pertinent information may be forwarded to the

h’Im‘!:tcat:es those sections where additional issues, not previously
preseuted in DOE/ET-20356-3, are covered in this document.




ORIGINAL FAGE i8S
OF POOR QUALITY

F.  RECOMMENDATIONS

Detailed recommendations are provided for a timely resolution of
most unresolved issues. In most cases, they involve field
measurements, laboratory testing, model and software development and
extensive simulation. Due to the possibility of having many different
designs of PCSs available for PV applications, the models should be
developed for the various generic types of PCSs, such as line-
conmutated, self-commutated, high-frequency links, etc.

Although it is not specifically described in the recommendations,
the results obtained through simulation and analysis should be
verified ir the field, if possible. The detailed planning for the
full set of activities, including field verification, is beyond the
scope of this study.
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SECTION II
PROTECTION

A.  INTRODUCTION

This section describes protection of the utility system and the
Power (oncitioning Subsystem (PCS) against varic s abnormal system
operating conditions which could originate either in the utility
system or the PV system itself,

Protection of the operating system is commonly achieved by
shutting down the PCS and turning off the main circuit breaker, which
links the PCS and utility. Shutdown can be initiated automatically or
manually.

In some cases, however, such as overloading of the PCS, the
protection is achieved by automatic readjustment of the power flow,
rather than by initiation of a shutdown.

The issue of protection can be further divided into the
categories shown in Figure 2-1.

B. POWER CONDITIONING SUBSYSTEM PROTECTION AGAINST INTERNAL FAULTS

1. Definition

Internal faults within the PCS are caused by failures in the
PCS logic.
2. Risk
PCS logic malfunction can lead to a loss of synchronization,
(see Section II. c. 4). Loss of synchronization could cause
substantial damage to the PCS and possibly to the utility equipment,

3. Discussion

The inverter and utility must run in a synchronous manner,
This means the phase rotation of the PCS and utility voltage must be
the same, the two systems must be in phase, and the level of the PCS
should mateh the utility voltage level. Synchronism is maintained by

means of the PCS logic and failure of the logic may cause loss of
synchronization.

PA Fi
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Protection
PCS Utility Systenm
Internal Faults Utility Malfunction
Figure 2-1. Protection Categories

C. POWER CONDITIONING SUBSYSTEM PROTECTION AGAINST UTILITY
MALFUNCTIONS

) 1. Definition

The PCS must be protected against utility malfunctiors, such

o Transient overvoltages.

o]

Utility failure (complete, pariial or temporary).

o Loss of synchronization (zbnormal phase or frequency).

2. Transient Overvoltages

a. Risk, If voltage surges are allowed to enter the PCS without
suppression, they could damage the components of the subsystem. The
electronic components would be the most susceptible tc damage due o
their lower surge-withstand levels.

b. Discussion, Because the PCS is directly connected to the
utility system, it is exposed to the transient overvoltages {or
surges) occuring from time to time on the utility system. The
transient overvoltages could be either of atmospheric or systemic
origin. A prime examrple of the former is & lightning strike, which
can cause overvoltiges of very short duration (to the order of
microseconds). The magnitude of the overvoltage is dependent upon the
lightning strike, the point of impact, and the system characteristics.
Some examples of transients originating within the system are
switching surges and restrikes in switches and circuit-breakers.

The magnitude of these transient overvoltages, even though a
system dependent parameter, can vary from a few times larger than

2-2
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nominal {(2) per unit® for switching surges to many times larger than
nominal (10) per unit for lightning surges, Electronic components
used in power conditioning systems such as transistors, SCRs, diodes,
ete,, \ill be more susceptible to damege by these voltage surges than
conventional power system components such as transformers, cables,
switchgear, etc. It is not unusual to specify surge-withstand voltage
levels as high as 10 to 20 times the normal voltage rating for these
oonventional components. However, to achieve the same withstand level
for electronic components is not practical. It is imperative,
therefore, to provide proper surge protection so that the exposure
voltage is limited to a safe value.

3. Resonant Overvoltage

a. Bisk. These overvoltages could be of great enough magnitude
to seriously damage power system components such as thyristors
capacitors, etc.

b, Discussion, Overvoltages may be generated by resonances
between the PCS output capacitors that are used for the purpose of
filtering or power factor correction, and utility line inductances.

For the purpose of the analysis here, only ideal sources will be
assumed. However, the ramifications of any impedances associated with
these sources will also be discussed.

Figure 2-2 shows an ideal voltage source (self-commutated
inverter) connected to a power system represented by a lumped
inductance L and shunt capacitance C. The voltage source Vs is
expected to be made up of many harmonic frequencies.

Under steady-state conditions, the voltage across the capacitance
is given by:

vel = |v] —
where
|VS| = magnitude of source voltage
|vc| = magnitude of voltage across capacitance

FMagni.t:\:tde of "x" is "x" in per unit times the rated line-to-line
voltage.

2-3
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Figure 2-2. An Approximate Lumped Representaticn of a Power Systen

inductive reactance

XL

Xe capacitive reactance

for any frequency of interest.

At resonant frequency, XC = X;, and thus the voltage across the
capacitance can theoretically go ko infinity. However, because of
damping associated with the source and system resistances, the voltage
will be finite but possibly large in magnitude. Thus, to predict this
magnitude, it is important to know of this resistance quite
accurately.

Rescnances can also occur if a current source inverter is
employed. In such a case, resonances between parallel elements of the
system will be of concern rather than the series resonances
illustrated above.

Obviously, this is a very simplified analysis of an approximate
representaticn of the power system. Its sole purpose is to give an
insight to the problers of overvoltage which could occur from the
interaction of the PV sources with the utility power system.

4, Utility Failure

a, Bisk, Continued fault feeding by the PV source could cause
the terporary interruptions of service to become permanent, resulting
in prolonged interruption of service to a large part of the system.
Improper coordination of the PCS protection with the rest of the
utility system could result in substantial damage to the PCS.
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b. Discussion., In overhead distribution systems, initially a
large percentage of the system faults are temporary (such as a tree
limb falling on a line, arcing insulators, etc.). According to
available statistics, 50 to §0% of the faults (both bolted and
resistive faults) that occur on a system are temporary. Temporary
faults are cleared by opening a recloser or a reclosing circuit-
breaker to de-energize the circuit for a long enough time to let the
fault clear by itself (such as an arc to extinguish). The recloser
then automatically closes and 1f the fault still persists, it opens
again. This opening and closing sequence is repeated two to three
times, depending upon the application. If the fault is still not
cleared, the recloser is locked out in an open position and
permanently disconnects the circuit until the fault is manually
loceted and removed and the recloser is manually reset. A typical
recloser operating sequence is depicted in Figure 2-3.

“FAST" OPERATIONS “TIME-DELAY* OPERATIONS
(CONTACTS CLOSED) (CONTACTS CLOSED)

—
il

FAULT
CURRENT

RECLOSER
LOCKOUT

(CONTACTS

LOAD CURRENT

(CONTACTS

CLOSED) OPEN)
FAULT
i
INITIATED TIME

RECLOSING INTERVALS (CONTACTS OPEN)

Figure 2=3. A Typical Recloser Operating Sequence

It is also important that the opening of the PV system circuit-
breaker be properly time and current-coordinated with the utility
protective system. The utilities should remain in charge of the
installation of the relays required to achieve such coordination.
Figures 2-4 and 2-5 show the instrumentation of such an interface,
accarding to Ref. 10 (p. 2-10, 11) of the Guideline/Standards Section.
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Figure 2-4. 1Interface Protection for Customer Installation of 200 kVa
or Below, According to Southern California Edison

Figure 2-5. Interface Protection for Above 200 kVA Customer

Installation Accarding to Southern California
Edison

5. Loss of Synchronization

a. Riak, Any interruption of utility service, even very short in
time, may cause loss of synchronization. Loss of synchronization can
cause a substantial damage to the PCS.
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Synchronism between the PCS and the utility is defined as the
matching of PCS voltage magnituda, phase, and frequency with the
utility voltage magnitude, phase, and frejuency. Thus, the loss of
such synchronism involves the cases where voltage magritude, phLase¢, or
frequencies do not match., Under such cases excessive currents can
flow which might cause damage to the PCS, The simplified schematic
below will demonstrate these facts:

b g g
X

Yoy ’:T> ~ ) Vutinity

{

Figure 2-6. Simplified Schematic of a PCS Feeding a Utility

The current that flows is given by the expression:

1t) = Vpy(t) - Vypaagey(t)
X

Thus any substantial changes in VPV or Vytility Will cause excessive
currents. In the case of rotating machines the ‘inertia of the machine
will help in stabilizing the rate of change of voltage magnitude,
pL.ase, and frequency.

b. Discussion. Contrary to rotating machinery, the PCS does not
posess any inertia that could keep the inverter in synchronism with
the utility that is in a transient condition The conventional means
of system protectiion therefore may not be sufficient to avoid PCS
damage. The role of the conventional synchronizing relay is to
saparste the PV generator from the utility, Opening of the
interconnecting cirouit breaker triggered by this really may, however,
not be fast enough Additional electronic protection within the logic
must therefore be provided. Very little is known thus far about the
requirements related to this interface,

2=1
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D. UTILITY SYSTEM PROTECTION (OVERCURRENT AND OTHERS)
1, Definition

Protection of the utility distribution system (with
distributed PV sources cornnected) includes proper protection under
various faulted conditions so that the reliability of service remains
unaffected.

2. Risk

A large number of distributed PV sources connected to the
utility distribution system may adversely impact the time/current
coordination of the various protective devices within the utility's
primary distribution system. This would increase the probabiiity of
outages to the customers connected to the system,

3. Discussion

The overcurrent protection system is instelled to perform
numerous functions in a distribution system. Some of the functions
include isolating permanent faults, minimizing fault location and
clearing times, preventing equipment damage, and minimizing the
probability of distruptive failure and safety hazards to public and
system operating personnel. A typical overcurrent protection system
for a radial distribution system is given in Figure 2-7. This system
shows & three-phase main feeder protected with a three-pole circuit-
breaker or recloser at the distribution substation. The single-phase
lateral circuits are connected to the three-phase main through either
fuses or sectionalizers. Any switching arrangemeants for
sectionalizing or emergency ties to adjacent feeders are not shown
here but do exist jn practice.

C 1}
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Figure 2-7. Simplified Single-Line Diagram of a Distribution Feeder
to Illustrate Locations of Overcurrent Protective
Devices (from Reference 6)
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To maincain a high reliability of electrical service, it is
necessary that only faultud portions of the system be disconnected and
isolated from the rest of the system. This is achieved by properly
selecting protective devices (reclosers, fuses and sectionalizers) and
coordinating them by their time-current churacteristics. To properly
use these characteristicc, the lowest and highest expected values of
the fault current observed by the protective devices must be known,
In present day distribution systems, these values are determined by
simple, ahort-circuit calculations Lecause the only souroe of fault
current is the utility system (ignoring small contributions to fault
currant by motors on the system). Even if the contribution of motors
is included, simplified procedures have been developei to include
their effect. Once the distributed PV sources are connected to the
system, they will start contributing to the fault current, even though
their overall current contribution will be wuch smaller than the
utility system. Besides being a function of insolation (and thus the
time of day), this portion of the fault current willi be a function of
the number of PV sources on the feeder and their location. The fault
current contribution of the PV s-urces may not be great, however, it
might be enough to adversely impact the time-current coordination of
the protective devices on the system. Local tuned circuits might
cause severe overcurrents which can also have adverse impacts on the
coordination., To accurgtely detnrmine fault currents wit' »V sourocs
present, extensive fault studies must be carried out which would be
much more complex than identical studies for present day systers.

E. REFERENCES

A number of references that were quoted and reviewed in the
Report No. TLOE/ET-20356~3% are equally reievant in the case of
intermediate-size subsystems. They are listed below for a matter of
record.

1. PRhotovoltale Dtility/Customer Interface Study, Final Report,
Westinghouss Electric cJorp.,, for Sandia (abs under Contract #13-
2228, December i980.

2. Ximbark, E. W., Lirect Current Iranspissiop, Vol. I, Wiley

Interscience, 1971.

3. Assesspent of Distributey Piotovoltadc Electric Power Systems,
Final Report by JBF Sciceutific for EPRI Project RP 1162-1, July
1680.

4, Study of Distribution Svatem Surge and Hurmonic Characteristics,
Final Report EL-1627, prepared by McGraw-Edison Company for EPRI,
November 1980.

*Ristributed Photovoltaic Systems: Utility Interface Jasues and Iheir
Present Status, M. Hassan, J. Klein, September 1681, DOF/ET-20356-3.
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Application and Coordination of Reclosers, Sectionslizers and
Fuasa, IEEE Tutorial Course #80 EH 0157=8-PWR.

Surge Protection ip Powar Systams, IBEE Tutorial Course #79
EHO144=6=PWR.

Protagtion of Elagirdgc Diatrihuiiepn Systenms nnninininR‘
Dagantralised Generating Devices, RFP PEDS-19, Oak Ridge National
Lab for Department of Energy.

ippagt of Diaparyad Sclar and Mind sysiems on Elegtiric

Diatributiopn Planning and Operations, Final Report, SCI for Oak
Ridge National Lab, Report #ORNL=-SUB-7662-1, February 1981,

GUIDELINES/STANDARDS

The following is a list of articles which apply to intermediate PV

installations and which were previously abstractea in DOE/ET-20356«3,
Following thia list, additional new references are abstracted.

1.

2.

n
.

Standard Yoltage Yalues for Preferred Iransient lnsulatiou Levels,
ANSI C92.1-1971.

Guide for Applicatiopn of Yalve Ivpe Surge Arresters for AQ
Svatems, ANSI C62.2-1978.

Surge Arresters for . Power Circudis, ANSI C62.1-107%,

JEEE Guide for Protectiiye Belavips of Uidlity-Copsumer
Intarconneqtions, ANSI C37.95-1074,

Slandards for Qperating Reliability, California Public Utilities
Commission Draft Report, Chapter 1.

Interconnsction Facilities and Facilities for QOperating Ao
Parallel, American Public Power Association (AFPA), Final Report,
September 12, 1980,

lenpeasee Yalley Authordity EPropoasd Policy opn Lispersed Power
Procuotion and Interinm Progras and Guidelines for lmplementation,
Federal Register, Vol. 45, No. 234, December 3, 1Q80.

Operating, Metering, and Protective Relaving Reauiremepts for
Parallel Qperation by Small Cogenerators and Power Producers, 100
k¥ or Lass, Pacific Gas & Electri- Company, Draft Submitted to
Cal.fornia PUC, September 1980.
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New References:

9.

10.

Sen Diego Gas & Electric Company, Protectiop and QOperation

Guidelines for Cogenerators and Small Power Producers, Preliminary
Draft Submitted to California PUC.

The excerpt from this draft pertaining to the protection of
cogenerators less than 100 kW can be found in the Category I
Document, (DOE/ET-20356-3). Listed below are requirements related
to the intermediate~size systems between 100 kW and 1 MW:

(1) The customer shall install relaying to provide adeqQuate
protection for the fcllowing:

(a) All faults on the customer system involving phase and/or
ground.

(b) Faults on the SDG&E system involvirng phase,

(c) Unbalanced or single-phase conditions on the utility
system,

(d) Prevent backfeed or start-up of the customer's
generator(s) into a dead SDG&E bus.

(2) The customer shall not reconnect his generator after &
protective device trip unless his system is energized fronm
the utility source, or unless he has isolated his system from
the utility.

{3) The above requirements are based on SDG&E's assumption that
there will be a relatively small amount of customer
generation vs. load for any particular line on the utility
system. If a heavy saturation of small power production on
some line(s) does occur in the future, the customer may be
required to provide additional protection at that time,

Guidelines for Operating, Metering, Protective Relaving for Co=-.
generators and Small Power Procedures, Southern California Edison
Company, June 1981.

These guidelines summarize the minimum requirements for safe and
effective operation of customer-owned generation on the Edison
systenm.

Edison insists that certair protective devices (relays, circuit
breakers, etc.), specified by Edison, must be installed at any
location where the customer desires to operate generation in
parallel wiih the Edison system. The purpose of these devices is
to promptly disconnect the customer's generating equipment from
the Edison system whenever a fault or avnormal operation occurs,
Two sets of requirements are outlined: one for power producers
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generating 200 kVA or more, the other for system generating less
than 200 kVA. The protection can be Edison or customer-owned, in
the case of the total customer generation over 200 kVA. Single-
line schematic of the first case indicates type and location of
the protective elements required was shown in Figure 2-2.

G. CONCLUSIONS

There are no intermediate installation unique issues. Therefore,
the conclusions of DOE/ET-20356-3 apply and are reproduced here for
convenience.

(1)

(2)

(3)

(%)

(5)

There is & substantial body of knowledge on the problem of
surge protection for devices and distribution systems. The
undesirable effects of voltage surges on converter equipment
seexr to be welil known. It is thought that proper surge
protection for PV systems can be provided based on the
existing guidelines and standards for the surg: protections
of systems and appliances.

Although the phenomenon of resonant overvoltages is well
known and understood, it is very system-specific. Some
preliminary guidelines are available for avoiding such
resonances, but they are more "rule of thumb®™ than specific
recommencdations.

Some preliminary studies indicate that the distributed PV
system will have very little impact on the coordination of
protective devices on the distribution system. However, the
scope of these studies was very limited., More analysis is
needed to substantiate this point of view.

The protection of the PCS itself is an important issue. 1In
the conceptual design of power conditioners for PV
applications, specifications for protection such as
under/over voltage, under/over frequency, loss of utility,
ete., have been provided. However, it is felt that the
selection of these protective devices should be based on a
thorough system analysis of the cperating environment in an
actual utility interactive mode. The need to coordinate
this protection with the utility is highly important.

Some guidelines are now available from the utilities
regarding protection requirements for dispersed generators.
These guidelines should be reviewed for any installation of
an intermediate PV installation.
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J.  RECOMMENDATIONS

To solve the outstanding issues, a plan of action was recommended
(see DOE/ET-20356-3, Figure 2-6, pg. 2-23). Some efforts have been
made or are currently being made (by organizations such as DOE, EPRI,
etc.) to address the various problem areas outlined within the Figure.
The status of these efforts is summarized in Table 2-1, Column I
describes the probler area. Column II gives the present status with a
letter symbol. It also represents a worst-case future status if none
of the proposed activities ever take place. Column III gives an
optimistic projection of the future status. The future status is
based on the premise that all the currently planned and proposed DOE
(EES & PV) studies take place as scheduled. Column IV cites the
references discussed in the body of the section which are responsible
for any change in the status of the various problem areas.
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Status of Problem Areas

Problem Areas Present Future Reference
Status Status Numbers

Assessment of Distribution B A 8
Protection Practices
Development of Fault Anmalysis c C -
Models for Arrays and Power
Conditioning Subsystem
Development of Software for B A 8
[Fault Analysis of Distribution
System with Dispersed Generation
Determination of the Swing c C -
of Various Operating Variables
During Faults with PV Connected
Determination of the Impact c B 8
on Relay/Fuse Coardination
Selection of Proper Power Condi- o c -
tioning Subsystem Protection
Selection of Proper System Protection c B 8
A  The issue is completely resolved or can be

resolved when based on available knowledge.
fB Much is known or documented, but the issue

is not totally resolved.
C Very little is known or documented.
ID Nothing is known or documented.
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SECTION III

STABILITY

A.  INTRODUCTION

Stability, in the conventional power system sense, refers to the
ability of the system to maintain synchronous operation after a dis-
turbance. In the control theory sense, it refers to the ability of
the control system to direct the system to a new desirec equilibrium
state following a disturbance or any external stimulus. Note here
that these are not rigid definitions, but are used to convey the sense
in which stability is being used. For rigid definitions, please con-
sult Reference 1 listed on page 3-U4 or text books on control theory.

In the context of the present discussion, stability can be
divided as shown in Figure 3-1. Each category is discussed below.

B. SOURCE STABILITY
1. Definition

Source stability is defined as the ability of an individual
PV system, connected to the utility system, to maintain operation
without large fluctuations in voltage, power, etc., such as might
result from imprope:r controls. The assumption here is that the PV
generation power rating is far less than the size of the utility.

2. Risk

Any such fluctuations in output parameters could cause
nuisance tripping of the PV source following a disturbance. In some
cases, it could also cause damage to the PV system.

STABILITY
SOURCE STABILITY SYSTEM STABILITY
DISTRIBUTION SYSTEM BULK SYSTEM
STABILITY STABILITY
~o 7

STEADY STATE ™
AND TRANSTENT)

Figure 5-1, Stability Categories
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2, Discussion

in all PV systems, it is highly desirable to extract all the
aveilable energy out of the array at each instant. This implies that
the array must be operated at its maximum power point (or very near
it) based on its voltage-current characteristiocs. This is achieved by
a sophisticated control scheme that constantly tracks the critical
operating parameters and adjusts the PV system operating point so that
the paximum power transfer is obtained. Besides the maximum power
tracker control loop, other control loops, such as the one for
reactive power control, may be employed within the PV systems.

It is highly important that all these control loops operate in a
stable mode under the wide fluctuations in operating parameters which
can be expected in a utility interaciive operation, These
fluctuations could either be array specific, such as changes in
available insolation, array temperatures, etc; or utility specific,
such as changes in voltage, frequency, etc.; or connection specifie,
such as resonances caused by or changes in the VAR compensation
capacitance, etc.

The transfer functions of various elements of the control loops
would determine the stability of the PV systems under the wide range
of operating parameters described above. If the PV systems are found
to be unstable or marginally stable under certain operating
conditions, it may be necessary to modify the control systems to
achieve stable operation.

At this stage, it should be clear that source stability refers to
the interaction of a single PV generator with the rest of the utility
system and not to the interaction between many PV power producers
and/or the utility.

C. DISTRIBUTION SYSTEM STABILITY (BOTH TRANSIENT AND STEADY STATE)
1. Definition

Distribution system stability is the ability of many
distributed PV generators and other DSGs (such as wind generators,
fuel cells, batteries, etc.), connected to a single distribution
substation, to maintain synchronous operation under the wide range of
disturbancer occurring on the system. (See Reference 1 for a detailed
explanation of transient and steady-state stability.) The main
assumption here is that any disturbance generated (such as tripping of
a lateral or a primary feeder) as a result of any undesirable dynamic
interactions between these various sources is oonfined to a feeder or
& distribution substation and does not impact the bulk system.



2. Risk

Any undesirable interaction between various PV generators and
DSGs connected to the same distribution system could ocause nuisance
tripping at the primary distribution or substation level causing
unnecessary outages to the customers, It could also result in damage
to customer equipment connected to the system.

3. Discussion

Technology is being developed for other DSGs including wind,
fuel cells, batteries, cogeneration, low-head hydro, etc. These
devices are eventually expected to be integrated into the utfility
system. 1In fact, some of these technologies such as low-head hydro,
wind and cogeneration, are probably ahead of PV in terms of technology
and commercial readiness. It is probably safe to assume that a future
electrical distribution system will have a multitude of these sources
connected to the system and, in many cases, to the same distribution
feeder. This study was concerned only with specific problems with PV
integration, However, it is highly important that all the PV
generators operate reliably in conjunction with the other DSGs on the
system.

As the operating characteristics of these different types of
sources differ greatly, it is necessary to evaluate the dynamic
interaction of the various sources with each other and with the
utility system, It is quite possible that some of the undesirable
interactions between these various sources will have a considerable
impact on the design of the PCS.

D. BULK SYSTEM STABILITY (BOTH TRANSIENT AND STEADY STATE)
1. Definition
See Reference 1. The only disturbances of concern are the
ones specifically attributable to the PV systems,
2. Risk
Any concern with bulk system stability could limit the
maximum PV penetration on any given utility system.
3. Discussion
For stable system operation, the many synchronous generators
connected to the system have to operate in mechanical synchronization

Any sudden disturbance on the system can cause one of the following
end effects:
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(1) The system will settle down to & new equilibrium state
characterized by a new set of power flows within the
netwark.

(2) The system will lose synchronization resulting in a chein
reaction of line trippings and eventual system collapse.

The present power systems are so designed and operated that it
would take a severe disturbance (loss of a big generating unit, fault
on a loaded transmission line, etc.) to render the system unstable.
System instability is something dreaded by the utilities. It can
cause total system breakdown before any protective action can be
taken. The historic blackout in New York City is an example.

With PV sources connected to the grid, system stability may not
be a major concern until the PV penetration becomes quite high (5-
10%). At that level of penetration, it would prebably be more of a
concern for large-sczle central station plants than small-scale
distributed systems. The obvious reason is that big plants can
generate & larger disturbance on the system than small-scale units.
An example of a disturbance is a rapidly passing cloud cover, which
can drive the output power of the affected PV sources to a low value
very rapidly. This is analogous to the loss of & generating unit in a
utility with conventional generating sources. The resulting loss of
power, if large enough in magnitude, could cause stability problems.
However, this problem is system-specific and may have to be
investigated on a one-to-one basis,

E. REFERENCES

The following references were abstracted in DOE/ET-20356-3. They
are included here because they relate directly to intermediate
systems.

1. Proposed Terms and Definitions for Power Svstem Stability, IEEE
Task Force on Terms and Definitions, Power Systems Engineering
Committee, Paper #81 WM 082-7, IEEE-PES Winter Meeting, Atlanta,
Georgia, February 1-6, 1981.

This paper is an effort to standardize electric utility industry
terminology in the analysis of power system stability. Although
most of the terms are not new, they have been defined precisely.
In doing so, the historical use of the terminology was considered.

One interesting suggestion presented was to eliminate the term
dynamic stability, which manv refzi,ed to as the stability beyond
the usual 1-second period covering the transient region The new
definition for transient stability is not time constrained.
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Merrill, W. C., et al, Performance and Stability Anaslyvais of a
Rhotovoltaic Powaer Svatem, Report No. DOE/NASA/1022-78/30.

This is a simulation study of the dynamics associated with a 10-kW
PV system interconnected to a utility. A detailed model was
developed of all components in the system including the inverter
and solar arrays. The results indicated that, under good
insolation conditions, stable operation was obtained. However,
under low insolation conditioms (20 mH/cmZ), limited cycle
operation was encountered in the controls of the inverter. Thus,
for iuterconnected operation, careful consideration to control
parameters and feedback design must be shown to prevent
undesirable operation.

Merrill, W. C,, et al, An Inverter/Controller Subsystem Optimized
lor Photovoltaic Applications, Proceedings of the Thirteenth IEEE
PV Specialista Conference, pp. 984-991, 1978.

This study shows the development and analysis for a force-
commutated inverter designed exclusively for a PV/utility
application. The requirements were threefold:

(1) A power system controller that can continuously control the
solar array operating point at the maximum power level based
on variable sclar insolation and cell temperature.

(2) An inverter that can operate at high efficiency at rated
load and yet have low losses at light loading corditions.

(3) An inverter that operates (at a level designated by the
power (system controller) when connected to the utility.

The simulation of the entire system showed good operating
characteristics, Yet, at low insolation values, limit cycle
operation appeared as in the previous study.

It seems that care must be taken in the design of the controllers
used to avoid this unwanted problem.

Beck, et al, A Computer Study of Battery Energy Storage and Power
Lonvers.on, IEEE Transactions on Power Apparatus and Systems,
July,August 1976.

Fairchild, B, T., et al, Hybrdd Simulation of Fuel Cell Power
Lonversion Systems, IEEE Transactions on Power Apparatus and
Systems, pp. 1329=-1336, July/August 1977.

These two papers were combined because they deal with similar

subjects in a similar manner, The studies use the hybrid computer
to program the detailed models of the devices to be analyzed and
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run transient studies. The papers anmalyze force-commutated and
line-commutated inverters,

For foroe commutated inverters, there ’s dc current limitation due
to the inherent characteristics of the inverter. Also, since
there was no power factor control, reactive power compensation is
required. Finally, under ulility disturbances, large dc current
transients vere encountered.

For line-commutated inverters, there was a dc current runaway
condition following ac faults. The study noted the need for a dec
interruption device, and the need for reactive power compensation
However, outside of the fault condition, the line-commutated
inverter was fairly insensitive to utility disturbances. Thus,
the line-commutated inverter was recommended for large dbattery and
energy storage installations.

Jmpact of Storm Fronts on Utdlities with Miod Energy Conversion
Systems (WECS) Arravs, Michigan State University, Report No.
CO0/4450-79/2.

This study is a good step in understanding the difficulties a
utility has with a large penetration of intermittent sources. The
study presents the results from two types of farms; (1) ooastal:
broad, shallow field, usually on.y a couple of rows deep, and (2)
midwestern: a square farm. The coastal farm will have larger
transients during storm fronts because more generators are
affected at any given point in time. The midwestern farm has a
more staircase nature from the fewer number of generators
effected.

Under the conditions studied, the coastal farm caused the
Automatic Generation Control (AGC) System ¢ saturate, thus
&éllowing a large disturbance in the frequency. In all, a 7.5%
change in generation was required within 10 minutes to return the
frequency to within limits

For the midwestern farm, the staircase nature of the WECS output
caused cycling of the nuclear plants. This is a highly
undesirable mode, Because the nuclear units are designed as base
load units and not cycling units, their efficiency falls off as a
cycling plant.

Ewart, Donald N., and Schultz, Richard P., lse of Digital Comvuter

Simulation Lo Amsess Long-Term Power Systew Dvnamic Response, IEEE
Transaction on Power Apparatus and Systems, Vol. PAS-94, No. 3,

May/June 1975,
This paper describes the use of typical long-term dynamic codes to

show the effects of controls. It also shows the benefits of event
simulation: what occurred, when, and why. Such tools are needed
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to study the dynamic interaction between PV systems and the rest
of the utility.

Photovoltaic Iransient Analysis Program, BDM Corporation, KReport
No. SAND 76-7083, Sandia National Lab.

This program allows the uster to specify the type of array and
peripheral equipment to be studied. It has detailed models for
the PV array, allowing for parallel and series connections; for
the solar cells, using the Ebers-Moll model; and for heat transfer
characteristics. Uafortunately, very little detail is provided on
the inverter, its controls, or the other auxiliary equipment on
site.

Once the models have been constructed, the user can perforn
steady-state, transient, and small excursion ac analysis.

Dynamic Simulatdon of Dispersed, Grid-Connected Photovolialc Rowar
Systems, Statement of Work 62-4092, Sandia National Lab, December
198¢C.

The basic objective of this task is to study the dynamic
interaction of distributed PV systems with the electric utility
grid. The primary emphasis of the study is the behavior of PV
systems at the utility interface. The study did not model systenm
disturbances such as lightning and switching surges, nor did it
model electrical dynamics for longer than several seconds

There are four basic tasks ennumerated in the Statement of Work:

(1) ZTask I: PV Svstem Model Devalopment. This task will develop
the appropriate dynamic electrical models for a set of
representative PV systems. The typical sizes of power
conditioning equipment to be modeled are 5 kW, 240 V single-
phase, 10 kW, 240 V single-phase, and up to 250 kW, 480 V
three-phase. These could include self-commutated and line-
commutated as well as advanced control techniques such as
high frequency conversion and ferroresonant transformer
control. An indepth study of the control system for each of
the inverters under consideration be made, If deficient
contrecls are found, new controls will be designed.

(2) ZIask II: Distribution Systum Sigulatiop. After the PV
system models have been developed for Task I, each PV system

will be simulated on representative distrribution systems.
Not only will each PV system be modeled on several
discribution circuits, but several types of PV systems will
be modeled simultsreously on the circuits, The dynaric
simulation wouj. include both low and high PV system
penetrations ‘. the distribution circuit, such as 0-10% at
the feeder, 0-25% &t the primary distribution substation,
and 0-100% at the secondary distribution system.
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(3) ZIask III: Trapsmissiou System Sipulatior. Task III will

involve extrapolation from the individual models described
in Task I and the distribution network simulation performed
in Task II. This will represent the collective effect of
significant penetrations of PV systems on the dynamic
stability of the utility generation and transmission
systens,

(4) Iaak IV: Interpretation of Sipulation. This task will
s.Zmarize the findings from the other tasks and provide a
physical description of the nature of anticipated problems.
It is also intended to provide recommendations for circuit
modification and control system changes to overcome any
problems. Also, it would identify the percentage of PV
penetration where problems begin to appear for various
inverter models in the dynamic interaction with the
electrical utility grid.

There is a major que.tion as to whether the proposed study can
achieve all its objectives within the resources allotted.
However, it is an important step to better understand the dynamic
interaction between the PV system and the utility grid.

10. Interaction Between an QTEC Power Plant and a Power Grid, Ongoing

F.

G.

DOE/EES Contract with ERDI (Energy 3iesearch and Development
International).

This study investigates the interaction of an OTEC power plant
with the Puerto Rico Electric Power ‘uthority electrical power
system. The project would develop suitadble OTEC models for both
steady-state and dynamic analysis and use standard computer codes
to perform the analysis.

STANDARDS/GUIDELINES

None exist on this particular issue.

CONCLUSIONS

No new issues were identified for intermediate systems., The type

of models and issues discussed below now relate to three-phase models
rather than one-phase models,

(1) Although the problem of bulk system stability is well
understood, very little is known about the stability
problems of dispersed PV systems. Some initial studies with
individual PV systems show that stability problems might
develop.

3-8
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(?) Little is known sbout the dynamic in‘eraction of many PV
systems with each other and with the utility system.
Because future distribution systems might also contain other
DSGs, the dynamic interaction of dispersed PV systams and
DSGs also must be determined.

(3) Little knowledge is available on the aggregation of PV
sources and PV sources with other DSGs, As the penetration
increases, the technique must be developed so that effects
on source, bulk system, and distribution stability can be
found.

H. RECOMMENDATIONS
Table 3-1 gives the status of those areas which require further

efforts. The successful completion of each of those efforts should
elirinate most of the problems associated with stability.

Table 3-1. Stability: Status of Problem Areas

Present Future Reference

Problem Areas Status Status Numbers
Dynamic Models of PV Systems c A 9

Dynamic odels of DSGs C B 6,9,10%
Dynamic Aggregation Model of DSGs c C 9
Dynamic Analysis Techniques c A 9
Impact on PV Control System D B 9

8DOE also has many ongoing research activities in the area of wind
system modeling.

A The issue is completely resclved or can be resolved when based on
available knowledge.

B Much is known or documented, but the issue is not totally resolved.
C Very little is known or decumentsd.

D Nothing is known or dorunmented.

3-9
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SECTION IV

VOLTAGE REGULATION AND REACTIVE COMPENSATION

A, INTRODUCTION

1. Definition

The term voltage regulation refers to proper maintenance of
the voltage at the customer's terminals, within an acceptable range
with PV generators connected [2], while also maintaining the flow of
reactive power within limits,

2. Risk

If the utilities are responsible for maintaining proper
voltage at the customer's terminals, inclusion of & PV generation may
necessitate changes of the control system. The costs of such changes
may have to be passed on to the owners of the PV generators.

3. Discussion

When PV generators are connected to the utility distribution
system, the problem of proper veltage regulation is complicated due to
the following reasons:

(1) In the present day distribution systems the flow of
power is inone direction only. It is quite simple to
analyze the one-way power flow on a radial distribution
system and determine the voltage levels and I°R losses
within the system., Wilh distributed PV sources on the
system, such an analysis can become quite complicated
because of the possibility of bidirectional power flow.
In addition, better models will have to be developed for
the PV generators, voltage regulations and loads.

{(2) Line-comanutated inverters operate at lagging power
factors., In other werds, they draw reactive volt
amperes (VARs) frox the system. The utility system must
be in a position to supply the additional VARS needed to
satisfy the load requirements. Because most of the reel
power demand of the Joads is expected to be met by the
PV systems, the utility system is left with supplying
relatively large amounts of reactive power, but very
little reel power during high isclation levels, Thus,
the ratio of VARs to real power (watts), as seen by the
voltage regulator at the distribution substation, could
be fairly high., This, in turn, cculd have an adverse
effect on the voltage regulation of the system besides
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causing somne secohdary cohcerna auch a® higher 1<R
losses, overloading of system components, eto., This
problem cotld be alleviated by uaing power-factor
coarrection capacitors, Unlexx awjtohed capacitors are
exmjployed, which can be switched off during low
inaolation oconditions, overvoltages might be experienced
onh the system, It should alsc be recognired that a
selfecommutated inverter can be operated at a unity
power factor or posaibly even a leading power faotor,
At this stage, however, it ia not clear that a unity
power factor inverter is the anawer because the ratic of
VARS ¢ wattr at the xubstation would atill be rather
high.

{3) For power aystemn operating under zinusoidal conditiona,
there is a relatively =imple carreapondence between the
reactive power flow and voltage regulation, acd voltage
regulation is achieved through reactive power control.
In addition, power factor and reaotive power are clearly
interlinked quantitiex FRecause the inverters deliver
not purely ainusoiszal wavelforms, all these quantitiex
cannot be analyeed, visualired or interpreted as in the
conventional utjlity sense, There iz a need, therefore,
to develop methods of analyzing isauex of power factor
contrel, voltage regulation and reactive power ocontrol
under non-sinusaidal conditionx. The JEEE Std. 510-1981
(nee pr. 4~5) and various other authors (as menhtioned in
DOF "ET=035%0-3) have defined power factor under non-
sinusofidal conditions differently and their implications
have to be atudied.

R.  REFERENCES

The following references were alntracted in DOK/ET-2039%6-3. They
are included here (and shortened) because of their direcot
applicadbility to intermediate aystems,

1. Skudy of Disperaed Small Wind Systems lnilerconpnected with a
Usdlity Diatrilution Syvatem, Interim Report by Systems Control
Inc. for Department of Energy Contract #DE-AC-04-76DPO3IN3I3,

The atudy comcluaion on voltage regulation ia that utilities will
not have serious voltage regulation problems because:

¢ The addition of small wind aystema to a feeder will not
oocur suddenly; rather, wind-turbine generators will bde
tdded in small inorementa throughout the utility's ayatem.
If, by chunce, many are added to a partioculasr feeder, the
voltage profile will change gradually.



ORIGINAL PAGE I8
OF POOR QUALITY

0 Utilities adjust voltage regulation equipment for normal
load growth. Wind-turbine generators added to a feeder will
influence this normal adjustment procedure only slightly.

Based purely on the conclusions of this study, if dispersed wind
systems do not pose a problem for voltage regulation (up to 50%)
penetration on a feeder, it is hard to imagine that PV systems
would behave any differently.

Assesspent of Distributed Photovoltaic Ylectric Powar Svatems,
Final Report by JBF Scientific for EPRI Project RP 1192-1, July
1980.

The initial findings of this study indicate that large backflows
from distributed PV installations would interfere with the
operation of voltage regulators and LTC controls under light
loading conditions. One possible remedy could be to limit PV
penetration to less than 308 for the different cases examined. It
was also found that reactive power requirements from some
distributed PV systems (using line-commutated inverters) tend to
increase voltage drop. The recommendation is to require PV
installations to have power factors in excess of 0.9.

The thrust of the study is more an economic analysis than a
technical analysis. However, it does provide some interesting
insight into the problems that could be expected with Jistributied
PV systems.

Fernandes, Happ, and Wirgau, Qptimal Reactive Power Flow for

lmproved Systems Qperations, Electrical Power and Energy System,
Vol. 2, No. 3, July 1980.

The utilization and coordination of reactive sources and other
voltage control equipment in system operations are discussed. The
reactive sources studied are genersators, synchronous condensers,
switched static capacitors and shunt reactors, as well as
transformers with and without load-tap changing capabilities. The
benefits derived from the method presented include savings in fuel
production costs, unloading of system equipment, improved syxtem
security, and improved voltages over the systen.

Shepperd, W., et al, Power Factor Correction ip Nopn-Sinusoidal
Systems by tbe Use of 8 Capacitance, Applied Physics, Vol. 6, p.
1850, 1973.

The apparent voltamperes of an non-sinusoidal circuit can bdbe
considered as the result of three hypothetical components known as
the active voltamperes SR' the true reactive voltamperes Sy, and
the apparent distortion voltamperes S. In systems with non-
sinusoidal voltages, the active voltamperes SR differs from the
average power P, and the true reactive voltamperes S, differs from
the quantity,
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Q= T E, I, sin ,, frequently quoted in the literature.

The reactive voltamperes of an inductive load can only be
completely compensated by capacitance to give & unity power
factor, when the load impedance is linear and the voltage is
sinusoidal. If the lc¢~d impedance is nonlinear, the load voltage
is non-sinusocidal or both., Some improvement of power factor may
be rezlizable by capacl:ance, but the highest power factor
achievable is less thar uuity.

Equations are developed ‘o give the maximum power factor and the
minimum reactive voitampers achievable =~y capacitance
compensation. The optimim value of capacitance to give maximum
power factor operatiur is defired for the cases of non-sinusoidal
voltage supplying .. nonlinear load, non-sinusoidal voltage
supplying a linear lcad, and sinuscidal voltage supplying a
nonlinear load.

Impagct of niswversed Solar and ¥ind Systems op Elegtric

Distribution Planning and Qperations, Final Repert, SCI for Oak
Ridge National Lab, Report #0RNL-SUB-T7662-1, February 1G81.

This study examined the effects of dispersed solar photovoltaies
and wind systems on distribution system operation. The findings
regarding impacts on voltage regulation are summarizec below.

When dispersed sources produce power, their output changes the
feeder's voltage profile. Voltage source generators (such as
self-commutated inverter systems and synchronous generators)
produne their own reactive power and tend to increase the voltage
at the point of cornection by reducing the load. Current .ources
such as line-commutated inverter systems and induction generators
draw reactive power to produce real power output. They also tend
to increase the voltage, but to a lesser extent than voltage-
source gererators.

In general, as the penetration of dispersed sources increases
along a feeder, the minimum and maximum voltage points on the
feeder increase. This happens irrespective of the generator type,
i.e., voltage sources or voltage-dependert current sources. For
low penetration, 5 and 20%, the increased voltage profile does not
exceed the utility's maximum voltage criteria, However, higher
penetrations cause the maximum voltage criteria to be exceedecd.

In all cases examined, the dispersed generators narrowed the range
between the feeder's minimum and maximum vultage points., This is
caused by the high resistance characteristics of the distribution
feeder, As load is reduced by the output of the dispersed
generators, the real current is reduced, significantly increasing
the voltage. The effect is seen clearly when comparing the
synchronous generator and the induction generator cases. Although
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the induction generator increases the reactive current, there is
very little difference between the two voltage profiles.

The assertion made in the study that distribution feeders exhibit
high resistance characteristics is not totally correct. This may
be true for underground feeders, but is certainly not valid for
overhead distribution feeders, where line reactance predominates
over line resistance.

GUIDELINES/STANDARDS

IEEE Guide for Harmopnic Control and Reactive Compensation for
Static Power Comverters, IEEE Std. 519-1981.

This guide applies to all types of static power converters used in
industrial and commercial power systems. It discusses the
problems, serves as an application guide and recommends limits of
disturbances to the ac power distribution system which affect
other equipments and communications.

Joltage Ratings flor Electric Power Svstem and Equipment (60 Hz),
ANSI CB4.1-1970, inecluding Supplement C84.12-=1973.

This guideline gives standard voltage ratings used in electric
power system and equipment applicaticns.

Tennessee Vallev Authority Proposed Policy op Dispersed Power
Production and Interim Prograp and Guidelines for Implementation,
Federal Register, Vol. 45, No. 234, December 3, 1980.

The guidelines regarding reactive power generation and voltage
regulation are:

o The operation of the production facility shall not produce
excessive reactive power during offpeak conditions nor
consume excessive reactive power during onpeak conditions.

© The owner shall provide necessary voltage regulation
equipment to prevent the production facility from causing
excessive voltage variation on the connecting electric
system. The voltage variation caused by the production
facility must be within ranges capable of being handled by
the voltage regulation facilities used by the connecting
electric system.

The ranges of reactive power consumption/generation and the
voltage variations are not specified at all,

dntercopnectdon Facdlitvy and Facilities for Operating in Parallel,
amsracan 2ublic Power Association (APPA), Final Report, September
12, 1980.
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The characteristics of individual utilities are too varied to
recommend a particular alternative that would be appropriat: for
all utilities. Therefore, each utility should develop its own
power factor standard(s) applicable to qualifying facilities
(QFs). In the process of doing so, each utility should evaluate
its (1) system needs, (2) rates and other provisions developed for
application to the QFs, and (3) assumptions on the number and type
of QFs expected.

Regarding voltage regulation, it is recommended that each QF
applying for service be required to provide a reasonable estimate
of its load without generation, and the capacity, type, and
operating characteristics of the QF.

Should the maximum utility voltage limits be violated, then the QF
should be disconnected, or not allowed to be connected, until the
tnacceptable voltage is corrected.

Utility rules and regulations should be changed or expanded, as
necessary, to require voltage regulation by QFs within limits
acceptable to the utility.

Sapn Diego Gas & Elegtric Company, Protection and Qperation
Guidelines for Cogenerators and Small Power Producers, Preliminary
Draft submitted to California PUC.

The excerpts from this draft pertaining to voltage regulation are:

o The customer should maintain his power factor within a
reasonable range. For small generators, power factor
correctior is not required.

o Voltage regulation equipment will be required on the
customer's generator to maintain service voltage within
normal utility limits. If high or low voltage complaints or
flicker complaints result from operation of the customer's
generation, such generating equipment shall be disconnected
until the problem is resolved.

CONCLUSIONS

(1) Initial study of dispersed generation has shown that the
impact on voltage regulation is quite minimal unless the
penetration gets quite high (around 50%). However, reverse
power flows and changes in power factor can cause improper
operation of voltage regulators.

(2) For converters operating at lagging power factors, it may be

more economical to correct the power factor using capacitors
than having the utility supply VARs and charge for it.
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However, using capacitors on the system can ocause
undesirable interaction with harmoniocs (system resonances).

(3) Utility guidelines studied did not specify any band within
which the dispersed generator (PV system, for example) had
to regulate its voltage.

(4) Mathematical model of PV system including effects of PCS and
load flow analysis using this model are key to the issues of
voitage regulations and reactive power compensation.

E.  RECOMMENDATIONS

Various definitions of power factor and reactive power in power
systems with three-phase FV generator and non sinusoidal operatiig
conditions must be field tested. In addition, load flow analyses will
have to be performed, including the effects due to PV systems, Better
models have to be developed for the PV systems, voltage regulators and
loads.

Table 4-1 shows the present status o these issues.

Table 4~1, Voltage Regulation: Status of Problem Areas

Present Future Reference
Problem Areas Status Status Numbers
Assess Present Distribution B A Seation IX (2)
Practices
Develop Steady-State Models B B -
of Converters
Study System Resomances C C -
Assess System Modifications C c -
to Maintain Required Voltage
and Power-Flows

A The issue is completely resclved or can be resoclved when based on
available knowledge.

B Much is known or documented, but the issue is not totally resclved.
C Very little is known or documented,

D Nothing is known or documented.
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L. TNTRODUCTION
1. Definition

The term harmonics, as used here, refers to the amount of
voltage and/or current harmonics (other than the fundamental
component) produced by a PV system (at its terminals) when connected
to a utility power system, The smaller the total harmonic content of
the PV system output, the better it is for the utility and the
customer. The maximum allowable harmonic¢ content may be fixed by the
utility.

2. PRisk

Harmoniecs (both current and voltage) have a lot of
undesirable effects associated with them. If a PV system produces
excessive harmonics and thereby causes problems with the utility power
system, the utility may ask the PV system to correct the situation or
to disconnect. It should be noted that the output filters of power
conversion systems may be damaged due to injection of high frequency
circulating current harmonics present on the line.

2, Discussion

Even without the presence of PV sources, there are already
many other sources of harmonics on existing distribution systems. In
genereal, devices with nonlinear operating characteristics produce
harmoniecs. Soume examples are transformer magnetizing currents, arc
furnaces, welders, thyristor controlled devices, rectifiers, pulsating
prime-mover torques, etc.

The introduction of PV sources into the grid will magnify the
level of harmonics on the system due to the harmonics produced in the
dc to ac conversion process. Of the various types of power conversion
- alternatives available, two approaches commonly applied today and
discussed in Section I produce different types of harmonics. The
Current Fed Line-Commutated Inverter (CFLC) produces current harmonics
while the Voltage Fed Force-Commutated Inverter (VFFC) produces
voltage harmonics. In both cases, the level of harmonics imposed on
the system s a function of system impedance at the point of
interconnection as well as the characteristics of the inverter itself,

The order of harmonics produced by either type of converter is a
function of the switching design and can generally be classified into
the following categaries:

o s .
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Characteristic harmonics: These harmonics are produced by
seniconductor converter equipment in the course of normal
operation.

Uncharacteristic harmonics: These harmonics are those that
are not produced by semiconductor converter equipment in the
course of normal operations., These may be results of beat
frequencies, a demodulation of characteristic harmonies and
the fundamental, or unbalance in the ac power system or
unsymme trical delay angles,

High frequency harmonics: These harmonies in the tens of
kEz range are produced due to commutation notches in the
supply voltage.

The undesirable effects of harmonics are summarized below. No
effort is made to isolate effects from voltage or current harmonics
because they are essentially duals of each other, i.e., one produces
the other.

(1

(2)

(3)

(4)

(5)
(6)
(1)
(8)
(9)

Overheating of capacitor banks due to low impedance to
higher order harmonics.

Overheating in rotating machines and transformers,
Harmonics do influence motor torque also, but this effect is
not thought to be significant.

Interference with utility ripple and carrier current
systenms.

Interference with voice communication (telephone
interference).

Overvoltage due to resonance,

Instability in converter controls.
Malfunctioning of protective relays.

Errors in metering real and reactive energy.

Malfunctioning of connected loads, such as computers.

Development of a viable standard for harmonic limits of
individual power conditioning units could be a very complex procedure.
It would involve determining the maximum allowable harmonic limits at
any point on the system and translation of this number into an
allowable harmonic injection (voltage or current) at the terminals of
the converter. This limit would depend on the characteristics of the
distribution system, on background harmonic level from other sources
on the system, and most importantly, on the penetration level (both

o yom o
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local and system-wide) of PV sources. It would also involve extensive
system simulation and field measurements.

At present no standards exist for the barmonic output of power
inverters, If a customer using such a device for parallel generation
is found t¢ be interfering with other customers or utilities, or if
standards are adopted in the future, the generating customer may be
required to install filtering to bring the harmonic output of his
inverter to an acceptable level (Reference 10 in Section IILF).

IEEE has prepared a Guide (Reference 5 in Section C) for Harmonic
Control and Reactive Compensation of Static Power Converters for
Systems above 460 V. Section B of this guide deals with recommended
practices and deals with line notch limits, voltage distortion limits,
telephone influence factor limits and flicker limits for low, medium
and high voltage power sources.

B. REFERENCES

A number of references quoted and reviewed DOE/ET-20356-3% deal
with the residential PV subsystems but are equally relevant in the
case of intermediate size subsystems. These references are again
listed below for a matter of convenience., They are supplemented by a
set of new references.

1. Kimbark, E. W., Direct Current Transmission, Vol. I, Wiley
Interscience, 1971.

This book offers an excellent treatment of harmonics. Chapter 8
contains useful information related to the generation of voltage
and current harmonics by HVDC converters.

2. Study of Distribution Systems Surge and Harmonic Ch’racteristics,
Final Report EL-1627, prepared by the McGraw-Edison Company for
EPRI, November 1980.

This study identified various sources of harmonics on distribution
systems and their effect on the various equipment. It also
demonstrated that satisfactory instrumentation for measuring
harmonic currents and voltages is available., The field tests
demonstrated the validity o* using analytical models of ac/de
power converters to predict the magnitudes of harmonics generated
on the system. Computer analyses predicted frequencies causing
resonance or current/voltage magnification to an accuracy of
within 5%. Magnitude predictions varied with the location. Near
the harmonic source, the results were no less than 50% inaccurate

*Ristributed Photovoltaic Systers: Utility Interface Issues and Ihedr
Present Status, M. Hassan, J. Klein, September 1981, DOE/ET-20356-3.
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{(nn the order of 20% inaccurate for harmonics below 19th). Far
from the harmonic¢ source, inaccuracies of several hundred percent
were encountered.

References

Electrical Noise and Harmonics on Power Systems Measurements,
ongoing project, EPRI RP 2017.

This is a new start by EPRI direc* d at field measurements of
noise and harmorics on a total of 100 feeders in distribution
systems of 10 utilities. Anticipated completion is March 1983,
The results should provide valuable data on present ievels of
harmonics and noise (withovt DSGs).

Ainsworth, J. D., Harmonic Instabllitv Between Controlled Static
Copverters and AC Networks, IEEE, Vol. 114, July 1967.

A controlled mercurye-arc or thyristor converter with a
conventional firing~pulse control system caa both generate and
magrnify ac harmonics additional to the fifth, seventh, etc., of
classical converter theory. This effect is normally of little
importance if the impedance of the ac system is low, but it is
shown by analysis that, if this impedance is relatively high, as
may oceur on the larger sizes of converter in HVDC transmission,
this type of harmonic magnification may become excessive and may
even prevent stable operation of the converters. The analysis is
confirmed by model tests and appears to account for several
reported instances of excessive abnormal harmonics associated with
firing-angle unbalance in HVDC converter installations.
Generation of abnormal harmonics can be substantially reduced and
harmonic magnification largely eliminated by a new control system
in which firing pul ses are timed by a phase-locked oscillator,
controlled to satisfy the usual constantecurrent or extinction-
angle requirements.

Measurement of Harmonics, ongoing DOE/EES contract with the
National Bureau of Standards (NBS), Contract #ACO1-BORA-50215.

This is a continuing project with funding first received from the
DOE in April 1980. Preliminary design work at NBS started earlier
in FY 1980. The program consists of two main tasks: (1)
developing methods and associated instrumentation to accurately
measure electrical power highly distorted waveforms (specifically,
a sampling type wattmeter with £0.1% accuracy, traceable to the
basic NBS standards, will be developed and one prototype built),
and (2) developing methods and the necessary physical standerds to
accurately characterize and calibrate wideband, high-current
shunts utilized in electric power frain systems. An NBS=designed
impedance bridge will be modified to provide an accuracy of +2% or
better in the value of these transdvcers of over the frequency
range from dc¢ to 100 kHz.
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In FY 1980, an improved simulation program for wideband sampling
was developed, with an analysis of the major sources of error due
to two-channel sampling, digitizing, and signal processing.
hssembly and initial check-out was completed for the 16~-bit
microcomputer and associated peripheral devices display, direct-
memory acess (DMA) multiplier-accumulator, etc., comprising the
digital signal processing hardware of the prototype wattmeter,
Current shunts submitted by NASA Lewis Research Center (LeRC) were
tested over the frequency range from 400 Hz to 10 kHz., The
performance was different than expected from a well-designed
coaxial resistor,

GUIDELLNES/STANDARDS

JEEE Guide for Harmondc Control and Reactdive Coppensatlopn for
Static Power Converters, IEEE Std 519-1981.

This guide applies to all types of static power converters used in
industrial and commercial power systems, It discusses the
prohlems, serves as an application guide and recommends limits of
disturbances to the ac power distribution system which affect
other equipments and communications. This guide is not intended
to cover the effect of radio-frequency interference.

IEEE has established three classes of low-voltage systems to
determine the limits of distortion thet may be allowed from static

power converters., The criteria for measurement in these systems
include:

n
DF = Voltage distortion factor (DF = VL(E V%)Vz). it is the
1
sun of the root-mean-square of the harmonic content to the RMS

value of the fundamental component.

Table 5«1 shows low voltage system classification and distortion
limiis for systems between 460-V and 2400~V levels.
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lele 5-1 .

Distortion Limits for Low Voltage Systems

the notch might mistrigger an event.

Class p AN DF%
Special Applications® 10 16,400 3
General Applications 5 22,800 5
Dedicated Application 2 36,500 10

#Special applications are those where the rate of change of voltage of

Where: p = Xs + Xt
Xs
p: Impedance rati> of total impedance to impedance at common
point in systen.
Xs: System reactance.
Xt: Converter reactance.
AN: Area of commutation notch in volt-microseconds.
DF: Distortion factor in %.

Table 5-2 presents the voltage distortion limits for medium (24
kv to 69 kV) and high (above 115 kV) voltage power systems.

Table 5-2. Voltage Distortion Limits for Power Systems

Power System Dedicated® System General Power
Voltage Level Converter Syste=
Medium Voltage 8% 5%

(2.4 - 69 kV)
High Voltage 1.5% 1.5%
(115 kV and above)

A dedicated system is one servicing only converters or loades not
affected by voltage distortion.

5~6
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for Allowable Harmopic Yoltages for HVDC Applicationa"

(from Reference 1 above).

These guidelines are parts of Reference 1.

Limits of harmonic voltage/current for various HVDC projects as
proposed by Kimbark are tabulated in Table 5-3.

Table 5-3, . uits on Harmonic Voltage/Current for HVDC Systems

Project Limits on Maximum Dev.ation Limits of E’VQJ
from Sine Wave® Characteristic
(Hg) % Harmonic Voltage, %
Ainsworth 3-5 —
King Noarth 2.5 1
(for cheracteristic
harwonics only)
Sardinia 4 -
New Zealand — 0.7
&6 is defined as = h=2 b
I
]
where: Iy = harmoaic current of order h, I, = fundamental curreut.

D. CONCLUSIONS

(1

(2)

(3)

(4)

There alsc exists a guideline for harmonics produced &n
installation intercnanected at 460 V and above,

The prosress of these guidelines to standards should be
followad ~:losely.

Further effort is required to devrlop better methods for
harmonic reduction. Various combinations of VFFC logic
methods and for switched VAR compensators may solve the
problem. Detailed analysis is still required to predict the
high order harmonic resonances that have been seen in
7arious situationc,

Stuuies must be performed that document the interaction

between harmoric scurces. Do they enhance or cancel the
harmonic?

o=T7
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(5) The characteristics of various classes of loads in the
harmonic range (up to 2374 as a minimum) must be found so
that the effects of harmonics on loads can be predicted.

(6) Detailed cost studies must be performed to understand the
tradeoff between harmonic suppression method (filters, etc.)
and resulting customer effects in terms of performance,
inconvenience and cost.

E.  RECOMMENDATIONS

Table 5-4 gives the status of those areas which require further
efforts. The successful completion of each of these efforts should
eliminate most of the problems associated with the presence of

harmonics.
Table 5«4, Harmonics: Status of Problem Areas
Prohlem Areas Present Future Reference
Status Status Numbers

Tolerable Harmonic Levels c B 8
Measurements of Background o A 2,13
Harmonic Levels on Systems
Load Characteristics C B
System Software to Study C B 14
Interaction
Specify Limi‘s for c c -
Individual Sources

L The issue is completely resolved or can be resolved when based oﬁ
available knowledge.

B Much is known or documented, but the issue is nc*t totally resolved.

f C Very little is known or documented.

D Nothing is known or documented. ‘g
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SECTION VI

SAFETY AND CODE REQUIREMENTS

A. INTRODUCTION
1. Definition

The discussion that follows includes development of safety
3 requirements for PV systems connected to the utility power system.
e The object is te minimize the potential of a shock hazard to either
F the owaer of a PV system, or to the utility operating personnel, and
to also prevent the possibility of destruction of property from &

fire.

2. Pisk

Unless appropriate requirements are established within the
existing fremework of product safety standards, building anrd
electrical codes, and utility codes, it w.ill be very difficult to
obtain the necescsary approval from either the utility or local code
enforcement officials.

. Discussion

It is highly important that PV systems connected to a utility
system should rot cause any safety hazard to either the PV source
L 3 owners or to utility personnel. The safe installation of commercial
- 4 and industrial electrical systems is guided by the National Electric
. Code (NEC), which is published by the National Fire Protection
Association (NFPA) every 3 years. The code, as written now, does not
address photovoltaics., It is anticipated that revisions to the NEC
will emphasize the uniqQue aspects of photovoltaics and address those
concerns which could result in an unsafe installation Some issues of
concern are grounding of PV arrays and the PCS, disconnection of the
PV array from the PCS and the PCS from the utility in case of an
emergency or during times of maintenance., These and other issues
directly impacting safety must be thoroughly analyzed and included in
the next revision of the code.

B. REFERENCES

A number of references quoted and reviewed in DOE/ET-20356~-3¢
deal with the residential PV subsystems but are equally relevant in
the case of intermediate size subsystems, They ar- again listed below
for matter of record,

6-1
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1. lPhotovoltaic Utilitv/Customer Interface Study, Final Report,
Westinghouse Electric Corp. for Sandia, under Contract §13-2228,

December 1980.

Chapter 2 discusses the possible methods of interconnecting PV
systems with the utility and their acceotance under the NEC. The
report also tabulates the list of typical protection devices
required for the interface, assuming, however, that the PCS is
provided with its own protection. The requirements of grounding
PV systems are briefly discussed based on articles of the NEC
describing various grounding practices.

Although some interesting comments are made about the
applicability of PV systems to NEC, the treatment is very brief,

2. JInvestigation Protection of Elecirdc Disiridbutiop Sysiem

Sontaining Decentralized Generating Devices, RFP PEDS-19, Oak
Ridge National Laboratories for the Department of Energy.

The final study task involves an analysis of personnel safety.
Current practices will be reviewed and modifications suggested.
Hardware requirements to meet safety modifications will be
discussed.

3. DQE/PYV Sponsored Studies with Underwriters Laboratory (UL).

Currently, there are two DOE/PV-sponsored studies going on at
Underwriters Laboratory to investigate the grounding and safety
requirements for the PV array and the PV Interface Subsystem. The
studies are managed by JPL and SERI respectively. Hopefully, at
the completion of the studies, viable safety requirements will be
developed to ensure adequate safety to the PV owner and io utility
personnel.

C. GUIDELINES/STANDARDS

1. Natiopnal Electric Code (NEC), published by the National Fire
Protection Association (NFPA) as NFPATO0/ANSI C1.

This guideline is followed extensively by locsl code enforcement
officials for approval of electrical installations.

®Diatributed Photovoltaic Svstems: Utility Interfage Issues and Iheir
Prasant Status, M. Hassan, J. Klein, September 1981, DOE/ET-20356-3.

6=-2
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National Elsotric Safety Code (NESC), ANSI C2-1981,

This standard is published by the IEEE. It is applicable to the
systems and equipment operated by utilities, or similar systems
and equipment on an industrial establishment under the control of
operational personnel.

Standards for Operating Reliability, California Public Utilities
Commission Draft Report, Chapter 14,

For various issues regarding safety, the PUC gives the following
reconmandations:

(1) Except for the utility manual disconnect and feeder reclose
blocking equipment, the QF shall have the option of owning
(furnishing and installing), operating, and maintaining the
interconnection protective equipment or paying for the
utility to install the equipment and maintain it.

(2) The utilties shall review their requirements for small sice
facilities to simplify requirements and standardize.
Pedicated transformer reguirements that the QF may be
required to pay for shall be limited to no greater than 1.1%
times the QFs generator nameplate capacity.

lsnnessee Valley Authority Proposed Policy on Dispersed Power

Production and Interin Program and Guidelines for lmplementation,
Federal Register, Vol. 4%, No. 234, December 3, 1980,

The safety and groundi = guidelines are:

(1) In order to provide safety for the connecting electric systen
employees performing emergency repairs or routine maintenance
to its lines, the owner must provide eqQuipment for
disconnecting and isolating the production facility during
electric system interruptions. Such equipment must be
capable of preventing the production facility from energicing
the systems lines during such interruptions, It must include
a devioce (or devices) which the electric systems emplcoyees
can operate and lock to isolate the production facility and
all means of backfeed intc the connecting electric system.

(2) The facilitjes (generator, oconnecting transformer, .tc.) that
connect to the electric system must be grounded so that
coordination is maintained with the relay protection system
used by the oonnecting electric system and so that the
connecting facility is not subjected to deleterious voltages
during fault oonditions,
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. Interconnection Facilities and Facilitles for Qperating in
Parallel, American Public Power Association (APPA), Final Repor:,

September 12, 1980.

The specific guidelines provided for safety, isolation, and
grounding are as follows:

(1) A utility controlled device (switch) which physically and
visually opens the circuit to the QF, must be provided. The
device:

(a) Must open all cables to the device including the
neutral.

(b) Must be operable by utility personnel at any time
without notice to the QF and without restricted access.

(¢) Must be lockable in the open position by the utility.

The disconnecting switch should simultaneously interrupt all
phases, and neutral cables between the utility and QF
generation., Under energized conditions, this will preserve
the electrical continuity of cables interconnecting the
utility and QF and prevent voltage problems and safety
hazards that could occur if electrical continuity was not
preserved,

The proliferation of QFs on a utility's system could
signficantly impact the manpower (and otlLer costs) required
to disconnect and lock out QFs from the utility's system for
outage clearance, construction, and maintenance purpose,

hlso, a utility should review and revise, as necessary, its
operation, safety, and hold tag procedures (field and
dispatciing manuals) in light of interconnections with QFs.

(2) Without respect to local building codes, the NEC, article
250, covers grounding and bonding of electrical
installations. This article also includes specific require=-
ments for the following:

(a) Systems, circuits, and equipment required, permitted, or
not permitted to be grounded.

(b) Circuit conductor to be grounded on grounded systems,
(¢) Location of grounding connection.

(d) Types and sizes of grounding and bonding conductors and
electrodes.

(e) Methods of grounding and bonding.

6-4
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(f) Conditions under which guards, isolation or insulation
may be subs“ituted for grounding.

(g) Connection for lightning arrestors.
(h) Grounding of dc¢ circuits.

Grounding requirements should be in compliance with ART-250
of the NEC and any applicable local codes.

San Diero Gas & Electric Companv, Protection and Qperation
Guidelines for Cogenerators and Small Power Products, Preliminary
Draft submitted to California PUC, 1980.

The excerpts from the draft guidelines applicable to safety
considerations are as follows:

(1)

(2)

(3)

(&)

A means of disconnection under the control of utility shall
be applied to all customers with parallel generation. This
can be applied on either the primary or secondary circuit and
accomplished with switches, load break elbows, cutouts or
secondary breakers. As existing circuit design incorporates
these features, additional costs should be minimal,

The customer's installation must meet all applicable
national, state, and local construction and safety codes,

The customer shall install relaying to provide adequate
protection for the following:

(a) All faults on the customer system involving phase and/or
ground.

(b} Faults on the SDG&E system involving phase.

(¢) Unbalanced or single phase conditions on the utility
system.

(d) Prevent backfeed or start-up of the customer's
generator(s) into a dead SDG&E bus.

The customer shall not reconnect his generator after a
protective device trip unless his system is energized from
the utility source, or unless he has isolated his system from
the utility. To prevent such hazardous connections, the
protective devices specified by SDG&E must be provided. In
addition, PCU control circuit(s) must not allow the start-up
of the customer's generator(s) for dead bus conditions on the
SDG&E systerm,
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Transformers feeding customers with parallel generation shall
be identified with a special tag attached to the transformer
or pole., This will notify field crews of the possibility of
backfeed. Incoming load data sheets should be flagged and
used to initiate an order to tag poles.

Qperating, Metering, and Protective Realving Reguirements for
Rarallel Operation by Small Cogenerators and Power Producers, 100
kN or Less, Pacific Gas & Electric Company, Draft submitted to
California PUC, September 1980.

The excerpts from this guideline regarding safety are:

(1)

In all cases, a PG&E-owned, manually operated disconnect
device, which can be opened for line clearances, must be
provided, Usually, this will be an air switch or fused
cutout on the high-voltage side near the transformer which
connects the seller's generator to the PG&E system.

(2) The seller is responsible for compliance with all local,
state and federal rules, regulations and codes which may be
applicable.

CONCLUSIONS

(1)

(2)

(3)

(u)

(5)

There is a general agreement that the new QFs must comply
with all applicable national, state and local safety codes.

Great importance is attached to the proper grounding and
bonding procedures, which prevent any hazard in operating and
servicing the equipment.

Some utilities express the desire to be responsible for the
control of the disconnecting of the PV generator, anytime,
Other utilities reserve the right to ask the customer (i.e.,
PV power producer) to discontinue parallel operation upon
request.

The possibility of PV power being supplied to the neighboring
utility's customers in absence cf the utility's power raises
the issue of the capability of a PCS feeding an island. The
line-ccmmutated inverters could not do that. The self-
commutated inverters could be used, providing that they are
capable of picking up the synchronization, when the utility
power returns (Sometimes without advance warning). This issue
needs to be investigated.

Although some of the articles of the NEC and NESC may be

applicable to PV systems, the code must be revised to cover
various aspects of PV system installation and interconnection
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to the utility. Such revisions could help local electrical
inspectors and utilities approve interconnection of PV
systems and minimize the potential for inconsistencies which
could result from individual interpretation of the code.

E.  RECOMMENDATIONS

The National Electric Code (NEC), a volume in the National Fire
Code and the bible on electrical matters for local code officials, is
published every 3 years by the National Fire Protection Association
(NFPA). PRecognizing the ascending position of PV, the NFPA has
established two ad hoc subcommittees to address code-related issues
associated with photovoltaics and cogeneration and to draft
recommendations for inclusion in the 1984 Code. The PV progranm
recognizes the importance of this effort in facilitating the
development of the PV industry and wishes to actively support this
effort.
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METERING REQUIREMENTS

A.  INTRODUCTION
1. Definition
Presently, the utilities use metering for:

(1) Monitoring of electrical parameters (e.g., current,
voltage, frequency), for the purpose of the distribution
system supervision and evaluation.

(2) Measuring of the power generated and delivered, for
accounting purposes.

Energy flow 1s unidirectional at the distributionlevel. The
waveform is sinuscidal; the harmonic content is minimal.

Introduction of PV generators within the utility's distribution
network establishes new requirements for the additional meters to be
used at the PV generator level.

2. Risk

Rotating disk type kWh and kVARh meters, as presently used by
utilities, may have to be modified in the case where the amount of
energy purchased and sold differs. The outgoing and incoming energy
must be then measured separately by kWh (in) and kWh (out) meters.
Meters must be unidirectional, i.e., the disk of the meter must be
prevented from rotating in the opposite direction, If not restricted
to an unidirectional registration, billing errors would occur in the
systems with "payback"

It should also be recognized that a risk of error in reading the
specific data exists in the presence of harmonic distortion.

3. Discussion

Presently, in the distribution sector, the only quantities
monitored by the utility at the substation terminal are kW, A&, V,
Chart recorders are commonly used to determine if any of the above
parameters have exceeded the operating limits, Inspection is
periodical.

At the customer end on the residential level, only kWh is
normally recorded. For larger industrial and commercial customers,
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quantities such as kW, kVA, kVAR, kWh and kVARh demand, possibly
linked with time-of-day (TOD) recording, may be metered.

A number of options for determining the demand (kW) and energy
consumptionr (kWh, kVARh) levels may be encountered. These options are
dictated by the structure of the agreement between the owner of PV
generator and the utility as well as the operating mode of the PV
power producers.

Some of the options which need to be considered are:

(1) Measuring the net amount of energy consumed or delivered by
the PV generators. This would require only one kWh (out)
meter. This method could only be employed if the buy-back
rates by the utility were the same as the selling rates and
if no time-of-day metering was used.

(2) Using separate directional watt-hour meters to measure the
energy delivered by the utility and energy supplied by the
PV generator., This would not impose any restriction on the
buy-back rates.

(3) The same as (2), plus another meter to measure the net kVAh
(in) consumed by the PV generator. This opticn would be
employed only if the utility expressed comcern about the bad
power factor of PV power conditioning units.

(4) Some combination of the above options, but with time-of-day
rates. This would necessitate using meters which are either
internal-clock-actuated or actuated by the utility by remote
control. This would he the most expensive metering option.

There cou.J be more options in which the energy comsumption and
the demand (k¥ or kVA), could be measured as a function of time.
These would increace the complexity of the metering requirements and
might not be practical.

It is important to consider the effects of wave distortion on the
measurement of the different quantities. The present day induction
disk-type meters are generally sensitive to only the fundamental
ccmponent of real or reactive energy and could be in error if
excessive wave distortion were present. In the absence of suitable
meters which could function accurately under non-sinusoidal
conditions, proper calibration factors must be developed for present
day meters to make them compatible with PV systems.
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B.  REFERENCES

A number of references quoted and reviewed in DOE/ET-20356-3%
deal with residential PV subsystems but are equally relevant in the
case of intermediate size subsystems. They are listed again below for
matter of record.

1. Fuchs, E. F., Ippact of Harponics on Home Appliapces, Interim
Report, performed for DOE/EES under contract DE-ACO2-80RA50150.

This report documents the effects of harmonics on single-phase
watt-hour meters. The major effect of harmonics on residential
appliances is to increase the power flow to these devices. This
increased power flow appears as increased losses in all appliances
except those which include resistive heating elenents (i.e,,
stoves, electric frypans, etc). The watt-hour meter records part
of this increased flow but not the entire amount.

Two issues are raised by the report. First, should the watt~-hour
meter accurately record these harmonics or, second, should the meter
measure only that power which can be used by the appliances (only the
fundamentzl)., These issues are under further consideration by
DOE/EES.

2. Electrical Interference to Standard Inductiop Watt-hour Meters,
ongoing project, EPRI RP 1738.

The study objective is to determine the response of standard watt-
hour meters to various harmonics by experimental analysis.
Honeywell is the project contractor.

3. Development of an Electronic Single-Phase Watt-hour Meter, on-
going Project EPRI RP 1420.

The study objective is to develop an electronic watt-hour meter
with three registers for time-of-day metering for load control and
autopatic meter reading by the utility. The meter would measure
energy up to about the 100th harmonic. The study should be
completed by the end of 1982. McGraw Edison Company is the
primary contractor with Texas Instruments as the subcontractor.

®Distributed Photoveltaic Svstems: Utility Interface Jasues and Iheir
Present Status, M. Hassan, J. Klein, September 1981, DOE/ET-20356-3.
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GUIDELINES/STANDARDS

Qperating, Metering, Protective Relaving for Cogeperators and
Sngll'ﬁgxgz,zzgduggng, Southern California Edison Company, June
1981.

Excerpts from this guideline relating to metering of intermediate
systems are:

(1) For installations under 200 kVA, kWh meters will be equipped
with a detent to prevent reverse registration, where surplus
power sales are anticipated. Edison will install additional
metering so that kWh (in) and kWh (out) are separstely
recorded. Additional metering for kW and kVARH will be
determined by the requirements of the individual
installation.

(2) For install: tions over 200 kVA, sales are anticipated and for
all simultaneous buy and sell arrangemerts, Edison will
install metering for kW (in), kWh (in), kW (out), kWh (out)
end kVARH (in). This metering will be in the Edison
inf.erconnection facility or in the customer's switchgear, as
anpropriate. In addition, the customer shall also provide
auequate space in the generator switchgear for Edison to
install, at its option and expense, metering and/or
telemetering of the generator output.

Qperating, Metering, and Protective Relaviug Regulrements for
Parallel Operaticn by Small Cogenerators and Power Procedures 100
KN or Less, Pacific Gas & Electric Company, Draft submitted to
California PUC, September 1980.

Excerpts from this guideline relating to metering are:

(1) All deliveries of power between a seller and PG4I must be
metered as a basls of determining payments between the
parties., All meters must prevent reverse rogistration so
that deliveries to and from the seller can be separately
recorded and treated as separerie transactions under the
applicable rate of price schedule.

(2) The seller will provide, subject to PG&E approval, all
facilities required to accommodate any meters, which may
include either standard watt-hour meters or time-oaf-delivery
metering, capending upon the contractual agreeme.*t.

Metering requirements for the delivery of ccwer to PG&L will fall
under two general classifications, depending upon the contractual
arrangements:
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(1) Surplus sale, where only the excess of the seller's
generection is delivered to the PGAE system after the seller's
norpal service requirements are satisfied, PG&E will provide
standby and supplementary service in accordance with
applicable electric tariffs on file with and authorized by
the California Public Utilities Commission. An "out"
meter(s) will be required to mesasure the seller's surplus
generation which is capable of delivering power into the PGSE
system. Such delivery shall be at the established service
voltage.

(2) Simultaneous purchase and sale, where the entire net output
of the seller's generating facility is capabl. of d° .vering
power to the PGAE system while simultaneously sup .ying all
of the seller's normal electric service requirements.

All ™n" meters will be required to measure energy supplied
to the seller for his generator auxiliary load when his
generator is not cperating and during periods of generator
startup and shutdewn. "0ut" meter(s) will be required to
measure energy delivered to the PG&E system, Such delivery
shall be #* the established service voltage.

Interconnection Fagilities and Facilities for Qperating in
Raraliel, American Public Power Association (APPA), Final Report,
September 12, 1980.

Metering for billing purposes must, at the very least, measure the
net amount of energy purchased from the QF or sold to the QF by
the utility. (Note: Low power factor QFs may deliver kWh to the
utility while simultaneously drawing kVAR from the utility).

The concept »f simultaneous deliveries to the utility by QFs and
to the QFs by the utility will require more complex metering
installations. Metering requirements will be impacted by the
physical location of the QF generation interconnection with the
utility system as related to the location of the QF load
connection to the utility.

The requirement :o purchase from a QF does not automatically imply
that the utility will sell to the QF. The utility is obligated to
sell to the QF only if the QF requests such sale. Metering
requirements should be dictated by and dependent upon the needs
and desires of the QF, the utility and regu.atory authorities.
But, reasonable metering costs :ssociated with QF generation can
he imposed on the QF.

The need for precise information concerning the time of delivery
of electric energy should be carefully considered. It should be
recognized that electric energy ana capacity may have a different
valve dependent on incremental Jeliveries, i.e., energy required
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during a peak period of the day when a high running-~cost genarator
zust provide energy needs above that provided from less expensive
generation duri-g off-peak periods.

The QF and the utility can agree on purchase rates under terns and
conditions which are less than the maximum allowed by FER rules.
Accordingly, certain parameters, particular’y when related to
capacity value, may be estimated instead of precisely determined
on the basis of metered data,

Protection and Oparation Guidelines for Co-Gencration anc Small
Power Producers, San Diego Gas & Electric Company, Rev. 1,
Nover ber 1980.

Excerpts fron this guideline relating to metering of intermediate
systems are:

(1) For customer generation less than 100 kW, SDG&E shall provide
and install a standard watt-hour meter at the cusionmepr's
facility. If the customer desires time use paymentz for his
generation, then a Time~of-Use Meter will be installed by
SDG&E with the as*ociated cost to be borne by the customer,.
In addition, an operation and maintenance charge will be
assessed to the customer for maintenance of the meter.

(2) For customer generation between 100 kKW and 1 MW, the ~* 3uiner
will be required to use a Time-of-Use Meter., A witit or
joule-hour meter and related equipment will be installed by
SDG&E with the associated cost to be borne by the custonmer.
In addition, an operation and maintenance charge will be
assessed to the customer for maintenance of the meter.

(3) When the total output of the customer's generation is grester
than or equal to 1 MW, telemetering of the plant output (MW,
MVAR and MWh) to the utility control center is required.

CONCLUSIONS

(1) Metering rejuirements for a PV system are a function of the
utility rate structure for dispersed generators and depend
upon the particular utility and the proper regulatory
authorities. If the utility offers many options, the PV
cysten owner will decide the best option bured on a
cost/benefit assessment.

(2) In cases where surplus power sales are anticipate’, the
power deliveries from and to seller will have to be
separately recorded. Reverse registration by the mecers
must be prevented by providing the kWh meters with a detent.
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(3) As PV systems will produce (or consume) real and reactive
power at frequencies besides 60 Hz, it is not clear whether
(or how) this component of power would or shall be measurec.
The commonly used induction type meters for measi!-ing real
and reactive energyv are generally sensitive to only the
fundamental compeuent. Harmonic wave distortion may affect
the accuracy of reading. Presently, the utilities have
shown little concern for this particular issue,

E.  RECOMMENDATIONS

Because the results from DOE and EPRI sponsored studies are
unavailable as yet, no recommendations for further wark are provided.
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SECTION VIII

OPERATIONS

A. INTRODUCTION

Operational characteristics of the PCS can significantly
influence the suitability of a PV-power generation system in parallel
operation with an electric utility system. For example, on the unit
level, the startup and shutdown procedures, as well as the ability to
operate dependably within the limits of the frequency bandwidth and
voltage range must be considered. On the system level, where the PV-
power generator is one of many DSGs deployed, the consequences of the
level and mode of PV penetration have to be assessed and means found
tv assure the distribution of the total generation among the various
dispersed generating units (DSGs) in the most optimal way to minimize
the overall cost.

This section addresses the technical and operational requirements
that must be satisfied for a PCS.
B. UNIT OPERATION

1. PCS Startup

a. Definition, The concept o. parallel operation of power
generators with the utility is relatively easy to accomplish. The
procedure of paralleling consists of making sure that:

(1) The sequence of phase rotation of two systems is the
same.

(2) The frequency is the same,
(3) The amplitudes of the two voltages match.

(4) The phases of the PV and the utility voltege are the
same.

That is, the interconnection of two sources is performed at the time
when both sour es are in synchronism.

In the case of PV generators, the initiation of the startup
procedure is contingent upon the availability of the solar and utility
power.
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b. BRisk. If the PV power is not available, paralleling must not
be attempted. Connection of a de-energized PCS to the utility line
may cause a reverse power flow and lead to possible component damage.
Similarly, no start up of the PV power generator should be attempted
if the utility line is down. An attempt to feed this line from the
PV-generator could damage the PCS as well as create a safety hazard to
the personnel servicing the utility line,

If both the solar power and utility power are available, the
paralleling may be initiated, providing “hat the above listed
conditions are met. If these conditions are not met, there is 2
possibility of the excessive currents demanded from the PCS that may
cause equipment damage. Most likely the damage will, however, be
prevented by protective breakers. An undesirable time delay in
deployment of the power source will occur.

c. Discussion, The uninterruptable power supply (UPS) equipment
was developed in the 1960's and is commercially available. The
ratings of UPS are within the Class II range. The UPS equipment can
be used for solar energy applications, provided that certain equipment
and control logic modifications are introduced. These changes are a
result of the change in the UPS source from battery to the PV array.
Equipment performance scpecifications should address all the interface
issues raised.

2. rCS Operation

a. Definition, The operation of a PCS should be as reliable as
possible. Any nuisance outages should be prevented. The PCS should
be able to withstand all transient perturbations originating within
the utility and/or PCS without failure., Provisions for "fail-safe"
shut down should be incorporated.

b. Risk. Disruption of the service due to temporary cloud
coverage, temporary loss of utility power, etc.,, can cause PCS
operational problems. As a result, a possibility of PV generator
shut down or contrcl loop PCS damage exists. .s0, there exists a
possibility of the PCS going unstable.

c. Discucssion., Care and foresight in the design of suitable
operational PCS iogic will reduce the above mentioned risks.
Sufficient time should be allowed for debugging the newly erescted PV
installations. Approval of the operational procedures should be
secured from or agreed upon by the utility.

B-2
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3. PV Generator Shut-down

a. Definition, Normal shut -down of the PV generator is
performed regularly, when rno solar energy is available. Emergency
shutdown is initiated when safety of the equipment or personnel is at
stake.

a. Risk. A failure to shut down the PCS when no PV power is
available could cause reverse power flow from the utility that may
result in damage to PCS and/or PV panel.

Equally, a failure to shut down the PCS when the utility line
operates cu, of limits (voltage, frequency, phase unbalance), can
damage the PCS.

Failure to turn off the PCS when the utility line goes down would
create a hazard to the personnel servicing this line,

c. Discussion, The above outlined risks can be minimized by
careful analyses of all the prevailing system conditions, functional
and interface requirements, operating procedures and equipment
characteristics. All of the above have to be incorporated into the
system specifications and proven by test and evaluation.

L. SYSTEM OPERATIONS
The problem of power system operations can be categorized, based

on the time span of interest, as shown in Figure 8-1. Each category
is discussed below.

OPERATIONS

AUTOMATIC GENERATION SCHEDULING AND
CONTROL UNIT COMMITMENT

(HOURS~DAYS-WEEK)

ECONOMIC LOAD FREQUENCY
DISPATCH CONTROL
(5-15 MIN.) (2-10 SECONDS)

Figure 8-1. Power System Operations
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1. Automatic Generztion Control

a. Defipiticn, Automatic Generation Control (AGC) is the
regulation of the output of electric generators within a prescribed
geographical area to meaintain the scheduled system frequency and/or
the established interchange of power w%ith other areas within
predetermined limits,

Even if oune PV system of intermediate type ma, not have
significant effect on AGC, increased penctration will start exerting a
definite impact on AGC. '

b. RisK., Witk a large penetration of PV systeus, fluctuations
in PV output could cause excessive swings in system frequency unless
proper control action is initiated.

c. Riscussion, The load on a utility power system fluctuates
constantly and the generation must be ramped up and down to meet the
ever changing load demands. This implies that utilities should have
enough ger rating units on-1line that are capable of load following
(changing their generaticns to meet the variable load demand). Any
change in system load results in a momentary change in systen
frequency. The magnritude and duration of this change of frequency is
dependert on many factors such as the inertia of the system, magnitude
of the disturbance, and the control action employed, etc. It is
highly important that these fluctations which would result in
malfunctions of frequency sensitive devices such as clocks, relays,
etc., be kept to a minimum.

Because & PV plant output varies continuously (usually a smooth
variation, but sometimes a severe fluctuation because of the weather
pattern) it will have a direct impact on the Automatic Generation
Control requirements. The greater the PV penetration in a utility
system, the greater control requ..ements (such as more units capable
of load following) will be. This will certainly have a cost impact as
well as an impact on the performance of the system. This could limit
the maximum penetration of PV sources on any given system, but is not
expected to be a real factor until a significant amount of PV
generation compared to total system generation is used.

2. Economic Dispatch

a. Defipition., Economic Dispatch Control (EDC) is the
distributior of generation requirements among alternative sources for
optimum economy.

c. Discussion., It seems unlikely that this issue will pose any
major protlems to the introduction of PV other than modifications in
control requirements. As PV systems have essentially zero incremental
costs, they should be dispatched first. The conventional units will
thern be dispatched economically to serve the remaining load.
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3. Scheduling and Unit Commitment

3. Definition.Scheduling is the commitment of various generating
units a few hours to a day in advance to meet the expected load,
usually based on economic considerations. Generally, unit commitment
covers a broader period (up to a couple of wecks) and is usually based
on the expected availability of various units.

b. Bisk. As the amount of PV ganeration cannot be accurately
predicted in advance, some allowance in terms of increased spinning
reserve or standby generation may have to be made.

¢. Discussion, Determination of the generating capacity to be
cperated for a given total load by the utility is based on the
following:

(1) Economic evaluation,

(2) Reserve requirements.

(3) Stability limitations.

(4) Voltage limitations.

{5) Ability to pick up load quickly.

(6) Aveailable units.

The uncertainty associated with PV generation will impact all
these considerations in varying proportions. The impact will be a
direct function of PV penetration: the greater the penetration, the
greater the impact will be. The impact could probably be lessened by
a real-time weather monitoring system which could warn the system
operator akead of the time of impending weather conditions,

D. REFERENCES

A number of references quoted and reviewed in the DOE/ET=20356~3%
deal with the residential PV subsystems and are equally relevant in
the case of intermediate size subsystems. They are listed below for
matter of record and are supplemented by a set of new references,

1. Kirchmayer, Leon K., Econopic Operation of Power Systemms, John
Wiley & Sons, New York, 1958.

This book presents theory and practical applications involved in
determining the economic operation of a power system. It develops
the necessary circuit and mathematical techniques required in
addition to describing the important role that computers can play
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in improving power system performance. A large part of the book
is devoted to methods of calculating transewission line losses
through transmission-loss formulas.

The metho.s in this book have been widely applied by electric
utilities in the United States and Canada, resulting in
significant savings in fuel costs.

2. Cohn, Nathan, (Control of Generation and Power Flo¥ on
Interconnected Svstems.

This is one of 2 few books available on the subject. It discusses
the theory, advantages, and responsibilities of different
companies interconnecting to form power pools. The governor
characteristics and their role in Automatic Generation Control
(AGC) are discussed. Area regulation and regulation as a function
of bias are discussed in depth. The theory of economic dispatch
is briefly covered. Methods for determining transmission losses
are described. EBlock diagrams of control systems to achieve
economic dispatch, area regulation, etc.,, are also discussed.

3. Lee, Stephen, and Yarayee, Zia, Load-Following and Spinning-
Reserve Penalties for Intermittent Geperatic., IEEE Paper No. 80
SM 582-7, IEEE-PES Summer Power Meeting, July 1980.

In this study, it is demonstrated that the increased requirements
can completely eliminate the usual energy and capacity credits
because of PV systems. At lower levels, the increase in load-
following and spinning-reserve is fairly linear with some energy
and capacity credits found. The study, however, did not use a
method which chose the mix optimally; screening curves were used,
There are also some questions on the probabilistic dispatching
scheme.

4. Schweppe, Fred C., Economic Scheduling of Distributed Storage and
Generation, not published.

This is an excellent first step toward determining the effects of
intermittent generation upon the strategy used to dispatch units.
It assumes that 2 unit commitment and maintenance schedule have
already been developed for the coming week. Once done, the study
states three major findings:

(1) The effect of stochastic local variations in microweather
patterns (cloud cover, wind gusts) on small solar and wind
units can be ignored at the central dispatching office,
independent of the number of units. This result is based on

*Distributed Photovoltaic Svstems: Utility Interface Issues and Their
Presept Status, M. Hassan, J. Klein, September 1981, DOE/ET-20356-3.
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the assumption that the variation in the westher at this
small local level is statistically independent over the
geographical area served by the central dispatching office.

(2) The effect of global variation in microweather patterns
(storm fronts) on solar and wind units is very important at
the central dispatching office unless the number of units is
small. In this case, the weather variations are dependent
upon each other and, thus, affect the result.

(3) Highly accurate scheduling is not required/justified for
small dispersed units. This is based on a wide distribution
in system lambda so that the optimur scheduling is obvious
and the fact that 2 small intermittent unit is involved so
that a small amount of energy is injected into the system.

Fegan, George, and Percival, C. David, Probler ip the Integration
of Interpittent Sources into Utility Production Costineg Medels,
No. SERI/TP-351-546.

The intermittent generation source, a source over which the
utility dispatcher has minimal control with regard to power
availability, presents serious problems. The problems are
separated into those renewable resources which are correlated to
the demand and those which appear to act independently of demand.
Approaches to solutions are explored.

References:

Addiss R. R. and Lawson P. A., A 194 kW Solar Photovoltaic Flat
Papnel Power Systenm for the Combined Beverly High School/C. l.
Patten Yocatiopnal High School, Beverlwy, Mass.,, Final Technical
Report, June 1980, DOE/ET/23064-1.

For a flat-plate system, it is desirable to integrate all control
functions within the PCS. An inverter package was sought that
c-uld satisfy all power conditioning and control requirements and
be deliverable within the construction timetable restrictions.
The major criteria for the inverter are defined as follows:

(1) The inverter output or parallel outputs of inverters must
provide three-phase, 60 Hz, balanced power with a8 waveform
deviation factor of less than 0.1 and a power factor not less
than 0.80 from one-quarter of full output to full output,
when connected to a utility grid system. The power quality
requirements were imposed both to ensure utility acceptance
and to ensure no detrimental interaction between inverters
and building loads.
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(2) The inverter input must contain peak power tracking circuitry
that extrects the maximum amount of power from the array
subfields. It must maintain this control over all steady-
state and transient insolation conditions and over the full
array peak power voltage range. The total width of this
range is 35 percent of the nominal voltage.

(3) Efficiency must be competitive with other available inverters
at all input power levels. Power handling components must be
sized and cocled adequately to ensure long life.

(4) The inverter must contain the following additional controls:
automatic startup and shutdown ond automatic disconnect from
the ac line in the event of a2 phuse-to-ground or phase-to-
phase short circuit, sustained line over or under voltage,
reverse power flow, and loss of utility service (to protect
utility repair personnel from wire hazards).

(5) Alarms must be included to indicate fault conditions.

(6) Provisions for manual override of the peak power tracker
control, any other necessary self-protection circuits and
controls, and meters and status lights adequate to diagnose
operational problems shall be included.

Airport Solar Photovoltaic Concentrator Prodject Svecification
(ASPCP), Motorola Inc. Document. No., Date. (Martin Marietta is

currently prime contractor.)

The purpose of the power conditioning equipment is to transform
the dc energy generated by a large photovoltaic concentrating
solar array field to a standard, usable form of ac power. This
solar energy recovery system is to be installed at Sky Harbor
International Airport in Phoenix, Arizona, and is to be funded by
the U.S5. Department of Energy (DOE) as an experimental
demonstration of a noderate~sized, photovoltaic, solar energy
recovery system. The Arizona Public Service Co. (APS) will be the
prime contractor and system operator for this experimental system.

The following is the abstract of the stipulated requirements for
proper plant operation:

Parallel with Utility The ASPCP will always operate in parallel
with the utility grid. Power transients generated by the ASPCP
due to rapid shutdown at maximum power will be absorbed by the
utility. The inverter shall be disconnected from the utility and
the array cpen=-circuited during periods of no sunlight or during
day time shutdown. If the utility fails, the ASPCP will shut down
and remain off until utility power returns.
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Peak Power Iracking The inverter shall have suitable logic to
sense the array output power and change the inverter load to the
array to maximize array power. This peak power tracking (PPT)
feature shall control the inverter during parallel operation with
the utility.

Startup The power conditioning system (inverter) shall have an
automatic startup mode and a manual startup mode. In the
automatic mode, startup shall occur when there is sufficient array
power to compensate for the standing losses of the inverter to
supply a predetermined minimum amount of power to the utility and
when the inverter input voltage is within an acceptable range.
Manual startup shall overri<= automatic operation. All switching
of power shall be done by r.aote control and switch status shall
be provided (except manual disconnect switches). Startup shall
always close the circuit breaker in the APS which is on the load
(terminal) side of the transmission line.

Shutdown The inverter must always operate synchronously with the
utility grid. Failure of the utility when the inverter is
operating in parallel with the utility shalil cause the inverter to
shut down. The PCS (inverter) shall have an automatic shut down
mode and & manual shutdown mode. Manual shutdown shall override
automatic operation. In the automatic mode, shutdown can occur
due to (1) low array power as at the end of the day, or (2) a
system or inverter fault. Shut down due to low array power shall
be a delayed shutdown, such that the power output of the solar
array field must remain below inverter standing losses from 0-10
minutes (adjustable) before shutdown is initiated. In this way,
unnecessary shutdown due to rapidly changing cloud cover is
reduced. There should be some hysteresis between the automatic
startup and shutdown power levels. Automatic shutdown, due to a
fault in the system, shall not be delayed but shall occur nearly
instantaneously; i.e., inverter power shall not first be reduced.
Shutdown shall always open the circuit breaker which is on the
load (termiral) side of the transmissionline. The array power
level requir:d for automatic shutdown is yet to be decided but
will be enwugh to compensate for the standing losses of the
inverter.

Fault Protection Fault protection circuits shall prevent damage
to the inverter and to the photovoltaic power system. They shall
sound an alarm and provide fault status for data system
requirements. The inverter shall contain the necessary fault
protection circuitry to shut down and recycle the inverter through
one restart cvcle, Recycle and restart shall be automatic for
pomentary faults and manual for faults requiriig servicing such as
a blown fuse.
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logd Sharing Load sharing between the utility grid and the
photovoltaic power system shall be automatically accomplished by
inverter logic circuits internal to the inverter which control
both phase and amplitude of the inverter output. The peak power
tracking shall primarily control the flow of power through the
inverter although manual control of power shall be available,

Manual Control Manual control of the ASPCP power conditioning
equipment shall be provided and shall include control for (1)
startup, (2) shutdown, and (3) power flow through the inverter.
Manual control of the inverter output power shall also be provided
to facilitate plotting the array I-V characteristic. The range of
manual control of the inverter input voltage shall be negotiated
after contract award. The necessary meters for manual control
shall be provided on the inverter console.

GUIDELINES/STANDARDS

No guidelines or standards could be located on the issues related

to system operations. Guidelines related to the single PCS are
becomming available. Two documents are referenced below.

1.

Guidelines for Operating, Metering and Proteciive Relaving for

Cogeneration and Small Power Procedures, Southern California
Edison (SCE) Company, June, 1981,

These guidelines state the minimum requirements for safe and
effective operation of customer-owned generation on the Edison
system, Customers and Edison personnel may be guided by this
document when planning installations of customer-owned
generation. It is emphasized that these requirements are general
and may not cover &ll details in specific caces. The customer
shouléd discuss project plans with Edison before purchasing or
installing equipment,

For the purpose of simplicity, the term "customer" will be used
in this guideline to refer to both cogenerators and small power
producers, even though they may not actually be customers for
Edison's electric service.

The guidelines review the general and specific requirements,
Distinction is made between systems below and over 200 kVA.

Protection may be provided by Edison or by customer.
Some selected wishes of SCE are that:

(1) The customer shall discontinue parallel operation when
requested by Edison,
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(2) For generation installutions less than 200 kVA, the utility
will supply the VAR requirements at no cost to customer.
For installations over 200 kVA, the installation of PF
capacitors will be at the expense of the generating
facility.

(3) Paralleling of two sources will never be attempted while the
customer's synchronizing equipment is inoperative,

(4) Customer shall be responsible for: (a) detecting a voltage
and frequency out-of-limit and initiating the shutdown of
PV-source; (b) preventing reparalleling of the PV-source
after incident until the service voltazge returns to normal
magnitude and phase sequence.

American Public Power Association (APPA) JIptercoppection
Eacilities and Facilities for Operating in Parallel, Small Power
Production and Cogeneration Task Force, Final Report September,
1980.

This guideline was prepared by a five~member subcommpittee of the
snPPA Cogeneration Task Force. It is primarily intended to
provide an overview, with some detail, of the technical aspects
of interconnecting and operating in parallel with cogeneration
and small power production facilities, as required under the
final rule issued by the Federal Energy Regulatory Commission
(FERC) on February 19. 1980, regarding the implementation of
Section 210 of the Public Utility Regulatory Policies Act of
1978.

The information may be used as a tool to commence analysis of any
proposed interconnected operations with a qualifying facility
(QF), but it should not be referenced tolimit either the scope
of an analysis or the number ¢f factors that need to be analyzed.

Some technical considerations of interconnected operations with
QFs are nct addressed in this doccumernt. These include, for
example, the lmpacts of increasing numbers of QFs connected to a
single or multiple circuit(s) of a utility and the impacts of
more than one Q' connected in series with & utility.

This documentation is a starting point to initiate analyses of
interconnected operations with & QF. Hopefully, it will
stimulate one's thought processes to consider aspects, including
solutions, not addressed or only indirectly addressed within it.
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F.  CONCLUSIONS

(1) At this time, only a small number of intermediate-size,
Category 1I, PV installations are functioning and only
limited experience has been gained regarding all operational
interface issues,

(2) The operational recommendations for single PV sources
interated into the utility grid are slowly emerging.

(3) The introduction of PV systems into the utility grid is not
expected to have a substantial impact on system operations
until the penetration is quite high. This is probably the
mairn reason for the absence of sufficient, relevant
literature on the subject.

(4) The impact on system operations will probably be an econo-
rmical rather than a technical concern. Any technical
impacts will probably be limited to investigating better
weather prediction techniques, better control algorithms,
and better communications alternatives.,

G. RECOMMENDATIONS

Detailed studies need to be performed to analyze the operational
issues associated with Category II-size installations. The larger
size requires a more detailed analysis to determine if more complex
controls are cost effective, To do this, valid models for the three-
phase installation must be formed. The status of the recommended
issues is shown ji.. Table 8-1.
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Table 8~1. Status of Category 1I Operatiomal Issues

Problen Issues Present Future
Status Status
Single PV Models /Stochastic) B A
Aggregate PV Models (Stochasic) D D
Effects on AGC, ED c c
Effects on Scheduling and C C
Unit Commitment

£ The issue is completely resolved or can be resolved when based on
available knowledge.

B Much is xnown or documented, but the issue is not totally resolved.
C Very little is known or documented.

D Nothing is known or documented.

8=173
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SECTION IX

DISTRIBUTION SYSTEM PLANNING AND DESIGN

A. INTRODUCTION

1. Definition

Modifications are needed in the distribution system planning
and design process of conventional distribution systems so that the
integration of PV systems can be accommodated successfully.

2. Risk

(1) By not planning for consideration of PV, the integration
of PV must occur through actions in thre design phase
only. Thus, the lead time for utility design is
shortened with fewer options available to enable the
integration to occur successfully.

(2) By not considering PV in design efforts in advance of
need (such efforts may be triggered by an entrepreneur
installing PV), the early and highly visible projects
may accidentally demonstrate that PV is more trouble
than it is worth.

3. Discussion

The lacl of consideration of large penetrationof PV in the
planning anc design of distribution systems may lead to inadequate
resolutions of the other issues. For example, protection and safety
issues ray be considered based on present distribution system
configurations and practices. But if, in fact, large local
penetraticn of PV logicasly calls for basic changes in the
distribution system, then protention aind safety issues were considered
for the wrcrg systems. The way in which some of the other issues
might be resolved (such as harmonics, VARs) could include changes in
the distribution system. Such changes should be part of an early
distribution system planning and design concept. effort. If not, then
the validity of conclusions wil) be suspect.

B. REFERENCES

1. Expansicp Planning for Distribution Networks, ongoing DOE/EES

contract with Carnegie Mellon University.
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The task objective is to develop methods to plan the expansion of
networks with conventional and emerging energy technologies,
including dispersed generation and storage devices.

A multi-objective model to optimize the operations of radial
networks with dispersed storage and generation devices was
developed. The cptimization is in terms of two confliecting
attributes: (1) operating cost and (2) load curtailment. The
model is solved with a network version of the generalized
transportation algorithm that uses multiple ares between nodes and
lower and upper bounding. A commercial code was implemented which
solves large protlems efficiently. The solution provides guidance
for day-to-day operations. It can also be adapted to provide
design and expansion information through sensitivity analyses of
the configuration studied.

Models were also developed for predicting the effects of energy
management technologies on two important system attributes: (1)
production cost and, (2) the load shape seen by central
generation. The models can include - “itrary mixes of central
generation, dispersed generation, cri*~ 1 storage, and dispersed
storage.

Electric Power Distribution Svstem Planning and Design with
Dispersed Storage and Geperation (DSC) and Distribution Automation
and Control (DAC), RFP DEDS-19-01, by Oak Ridge National Lab for
the Department of Energy.

The overall thrust of this activity is to carefully examine the
distribution planning and design process in light of DAC and how
DAC might facilitate the integration of DSG and load management
into the electric distribution system.

The specific tasks under this investigation are:

(1) Perform conventional planning and design of a particular
utility system after formulating a planning and design
scenario.

(2) Describe the modification in conventional distribution
planning and design process required with DAC. Describe the
DAC functions and why they are likely candidates for that
particular system. Perform an analysis of the technical and
economic impacts of DAC. The DAC functions to be considered
are outage reporting, system reconf’ . urations, remote
equipment operation, remcte meter reading and VAR control.

(3) Examine the changes in the planning and design process when
DAC an¢ load management are used, in addition to conventional
distribution techniques, to he.p solve the scenario
formulated earlier. The load management options to be
considered are customer thermali energy storage, direct and
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indirect control of customer loads, conservation and TOD
rates, as they affect the distribution palnring and designr
process.

(4) Examine the changes in the distribution planning and design
process when dispersed generation in low penetration exists
on the utility system. Customer-owned and utility-owned
dispersed generation will be considered separately and then
compared. A low penetration is defined as 2% or less of the
best utility system capacity under study unless reasons are
shown that it should be otherwise.

(5) The same as (4) but with a high penetration of DSG, DAC, and
load management. A high penetration of dispersed generation
is defined as between 10 and 20% unless reasons are shown
that it should be otherwise.

(6) The final task is to evaluate, cormpare, and summarize the
cases studied to show the effectiveness of DAC, DAC and load
managenent, and low and high penetrations of dispersed
generation on distribution system short-term planning.
Particular attention should be paid to the design criteria
and problems faced by the utility such as line and equipment
loadings, voltage control, harmonics, power fzctor, phase
balance, losses, reliability, etc., if and where they apply.
Distribution design guidelines should be provided for the
foliowing cases:

(a) Modified design with DAC.
(b) Modified design with DAC and load management.

(c} Modified design for low and high penetrations of
dispersed generation.

Impacts of Dispersed Storage and Geperation ip Eleciric
Distribution Systems, Final Report, System Control Inc. for the
U.S. Department of Energy under Contract #EY-76~C~-03-1214, July
1979.

The study objective was to determine the benefits, if any, of DSGs
on utility distribution systems by raducing capacity requirements,
increasing reliability, and lowering losses. Alternate DSG
technnlogies studied inciude dispersed supply management devices
placed on the utility side of the meter (such as . slar energy
generation, battery storage, and frel cells) and use maragement
devices placed on the customer's side of the meters (such as
cogeneration and storage space conditioning).

The methodology included detailed simulations of distribution

system expansion planning with and without DSGs, using a
co.sistent set of planning criteria, Models of alternate DSG
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operating controls were developed to satisfy distribution and/or
bulk-supply system needs. The incremental effects on the bulk-
supply system production costs and capacity requirements were
calculated. Detziled planning simulations in the methodology were
used to model important distinet distribution systenm
characteristics.

The overall study conclusions were:

(1) To realize distribution capacity and reliability benefits,
supply-side DSG may be operated in a manner departing from
bulk-supply system economic dispatch principles. Potentially
higher production costs and DSG capital costs may be
ircurred, in addition to increased backup bulk-supply
capacity reciirements for energy-limited, dispersed storage
devices.,

(2) The cverall cost benefits of DSG technologies are highly
site-dependent. Substation placement is generally more
favorable than placement along the circuits.

(3) The overall benefit decreases over time with increasing
dispersed utility-side storage. Total benefits improve over
time with increased penetration of dispersed utility-side
generation,

(4 Utility-side dispersed generation tends to attain a greater
overall benefit than dispersed storage.

(5) The introduction of DSG into the electric distribution system
will complicate present planning and operating practices.
Present distribution practices relying on established
planning guidelines and engineering Jjudgment may prove
insufficient because this experience was accumulated for
systems without DSG. Planning and operztion of DSG may
require close coordination between bulk supply and
distribution system planning.

Overall, the thrust of the study is an economic evaluation of DSGs
rather than concerr about how the planning problem will be
modified by their inclusion. The study conclusion arrived at in
(5) is precisely the issue that must be resolved for distributed
PV systems.

Ippact of “ispersed Solar and Xind Systems of Electrical

Distribution Planning and Overation, Final Report by SCI for Oak
Ridge National Lab., ORNL-SUB-7662-1, February 1981.

This study eramined the technical and economic impacts of
dispersing solar and wind (DSW) generation devices within the
distribution system. A DSW operation model was developed to help
determine the dependable capacity of fluctuating solear
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photovoltaic and wind generation as part of the distribution
planning process. Specific case studies using distribution system
data and renewable resource data for Southern California Edison
Company and Consumers Power Company were analyzed tc gain insights
into the effects of interconnecting DSW devices.

Although results were case-specific and applicable omnly to
distribution systems studies, some important general conclusions
are made. The DSW devices offered some distribution investment
savings, depending on their availability during peak loads. Fcr a
summer-peaking utility, for example, dispersing photovoltaic
systems are more likely to defer distribution capital investments
than dispersing wind systems. Dispersing storage devices to
increase DSW's dependable capacity for distribution system needs
is not economically attractive. Spatial diversity among dispersed
wind generators may improve their dependable capacity at the bulk
generation level, but for the relatively small service area of a
distribution system, tuis improvement is insignificant.
Substation placement of DtW and storage devices is more cost-
effective than feeder or cus.omer placement.

C. GUIDELINES/STANDARDS

No guidelines or standards exist on this particular issue,

D. CONCLUSIONS

Many ongoing efforts are identified in the area of distribution
planning end design with dispersed storage and generation including
PV. All these efforts are sponsored by the DOE/EES. The results
generated by these studies, once completed, would help resolve this
particular issue. The impact of recent DOE budget changes on DOE/EES
efforts is not yet known. 1t is quite probable that the expectations
and plans will not be realized ir full,

E. RECOMMENDATIONS

No recommendations for further work are provided at this time in
the area of distribution planning and design.
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Interaction Between an OTEC Pow:r Plant and a Power Grid, Ongoing
DOE/EES Contract with ERDI zEnergy Research and Development

International).
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Industrial Plants, IEEE Std. 141-1976 (Red Book).

Electric Utilicy Engineering Reference Book, Vol. 3 Distribution
Systems, Westinghouse Electric Corporation.

VOLTAGE REGULATION AND REACTIVE COMPENSATION

Study of Disversed Small Wind Systems Interconnected with a
Ueility Discribution System, Interim Report by Systems Control
Inc. for Department of Energy Contract #DE-AC-04-76DP03533.

Assessment of Distributed Photovolraic Electric Power Svstems,
Final Report by JBF Scientific for EPRI Project RP 1192-1, July,
198

Reactive Compensation and Harmonic Suppression for Industrial
Power Svstems, Stratford, R. P., and Steeper, D. E., IEEE
Transaction on Industry Application, Vol. lA-12, No. 3,
May/June, 1776, pp. 232-254.

Optimal Reactive Pover Flow for Improved Systems Operations,
Fernandes, et. al., Electrical Power and Energy Systems, Vol. 2,
No. 3, July’ 1980.

Var Control: Leading and Lagging Power Factor, Bovle, Johan R.,
paper presented to the American Public Power Association Annual
Meeting, February, 1980.

Impact of Voltage Reduction on Energy and Demand, Preiss, ec. al.,
paper presented at the LEEE PES Winter Power Meeting, New York,
January, 1978.

On the Definition of Reactive Power Under Non-Sinusoidal
Conditions, Kustere, N. L., Moore, W. J. M., paper #F7962l-4,
presentad at the IEZE-PES Summer Meeting, Vancouver, BC, July
15-20, 1979.
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Power Factor Correctionm in Non-Sinuscidal Svstems by the Use of a
Capacitance, Shepperd, W., and Zakikhani, P., J. Phys. M: Appl.
Phys., Vol. 6, 1973, p. 1850.

IZEE Guide for Harmonic Cfontrol and Reactive Compensation of
Static Power Converters, IEEE Project i#519.

Irpact of Disversed Solar and Wind Svstems on Electriec Distribution

Planning and Operatious, Final Report, SCI for Cak Ridge National

Lab, February, 1981.
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Direct Current Transmission, Vol. I, by Kimbark, E. W., Wiley
Iacerscience, 1971.

Preliminarvy Report on the Results of the ORNL Sponsored

Measurement Program at the John F. Long Photovoltaic Home in
Phoenix, Arizona, by Campen, G. L., Oak Ridge National Lab,
December 1%, 1980.

Guidelines for Voltage Harmonics Prediction in Distribution
Feeders, prepared by Worcester Polytechnic Instituce/New England
Electric System Group under Contractc #223221.

Study of Distribution Svstems Surge and Harmonic Characteristics,
Final Report IL-1627, prepared by the McGraw-Edison Company for

EPRI, November, 1980.

Harmonic Jollutior on Power Svstems - A Change in Philosovhv,
Stratford, R. P., IEEE Transactiomns or Industry Applications, Vol.
IA-16, No. S5, Sepcember/October, 1980.

Reactive Compensaticn and Harmonic Suppression for Industrial
Power Svstems, Stratford, R. P., and Steeper, D. E., TEEE
Traasactions ot Industry Applications, pp 232-54, Vol., IA-12,
May/June, 1976.

Frediction of Harmonic Voltages in Distribution Systems, Chandra,
N. H., Emanuel, A. E., Pillegi, D. J., paper #80 SM 667-6,
presented at I[EEE~PES Summer Meeting, Minreapolis, Minnesota, July
13-18, 1980.




10.

ll.

13.

14,

150

SECTION VII:

c”“G"WﬂL PAGE H
OF POOR QUALIT?

Investigation of Maximum Tolerable Level of Voltage and Curvent

Harmonics, ongoing DOE/EES Contract with Uaiversity of Colorado,
Contract #AC02-80RA-50150.

Switching Supplies - The FCZ, VDE, and You, Shepard, J. D.,
Electronic Products Magazine, March, 1984, p Sl.

Polvphase Induction Motor Performance and Losses on Non-sinusoidal

Voltage Sources, Jordan, B. E., and Klingshirm, E. A., IEEE
Transactions on PAS, Vol. PAS-87, March, 1968, p. 624.

Induction Motor Overation with Non-Sinusoidal Impressed Voltages,
Doggett, L. 4.. Queer, E. R., Transactions AIEE, October, 1929,
pp 1217-1220.

The Effect of Voltage Waveshape on the Performance of a

Three=Phase Induction Motor, Jain, G. C., AIEE Trcnsactions, June,
1964, pp 561-566.

Electrical Noise and Harmonics on Power Svstems-Mcisurements,
=PRI, RP 20i7.

An RF Model of the Distribucion System, work performed by General
Electriz for DOE, JPL Managed. :

Investigations of a Family of Power Conditioners Integrated iato
the Utility Grid, DOE Contract DE-AC02-79ET 29359 with
Westinghouse Electric Corporation, Draft Final Report, January,
1981.

SAFETY AND CODE REQUIREMENTS

Photovoltaic Utilitv/Customer Interface Study, Final Report,

Westinghouse Electric Corp. for Sandis, under Contract #13-2228,
December, 1980.

Study of Disversed Small Wind Svstems Interconnected with a
Utilicy Distribution Svstem, Interim Report by Systems Control
Inc. for Department of Znergy Contruct #DE-AC-04-76DP035133.
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3. Exploratory Studvy, Safetv, and liabilitv Consideracions for
Photovoltaic Modules/Panels, Meeker, D. G., Weinstein, A. S.,
Carnegie-Mallon University, Report No. DOE/JPL 955846-81/1,
January, 1981.

4. Sctandard of Safetv: Flat Plate Photcvoltaic Modules and Tanels,
Construction Requirements, Vol. I, Report #5101-164, Low Cost
Solar Array Project, Jet rropulsion Laboratory, January 15, 1981.

5. Interim Standard for Safetv: Flat-Plate Photovoltaic Modules and
Panels, Volume II: Performance Reguirements, JPL Report
#35101-164, Low Cost Solar Array Project, January, 198l.

6. Investigate Protection of Electric Distribution Svstem Containing
Decentralized Generating Devices, RFP PEDS-19, Oak Ridge National
Laboratories for the Department of Energy.

7. Investigation of a Family of Power Conditioners Integrated Into
the Utility Grid, DOE Contract DE-AC02-79ET 29359 with

Weatinghouse Electric Corporation, Draft Final Report, January,
1981.

8. DOE/PV Sponsored Studies with Underwriters Laboratorv (UL)

9. Interim Performance Criceria for Photovoltaic Energy Systems,
Final Report, SERI/TR-742-654

SECTION VIII: METERING REQUIREMENTS

1. Measurement of Harmonics, ongoing DOE/EES contract with the
National Bureau of Standards, Contract #ACO01-80RA-50215.

2. Impact cof Harwonics on Home Aopliances, Interim Report, work
performed fur DOE/EES under contract #DE-AC02-80RAS0150

3. Electrical Interference to Standard Induction Watt-Hour Meters,
EPRI, RP 1738.

4, Development of an Electronic Singie-?hasa Watt-Hour Meter, EPRI,
RP 1420.
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Wiley and Sons, 1958.

2. Control of Generation and Power Flow on Interconnected Svstems,
Cohn, Nathan.

3. Load-Following and Soinning-Reserve Penalties for Intermittent
Generation, Lee, Stephen T.; Yamayee, Zia, IEEE Paper No. 80 SM
582~7.

4. Economic Scheduling of Distributed Storage and Generationm,
Schweppe, Fred C., not published.

S. Effects of Battery Storage Devices on Power System Dispatch,
Graham, et. al., paper No. 80 SM 535-5, presented at the IEEE PES
Summer Power Meeting, 1980.

6. Problems in the Integration of Intermittent Sources into Ucility

Productiow.. Costing Models, Fegan, George; Per:zival, C. David,
report No. SERI/TP-351-546.

SECTION X: DISTRIBUTION SYSTEZM PLANWING AND DESIGN

1. Expan3sion Planning for Distribution Networks, ongoing DCE/EES
contract wvith Carmegie Mellon University.

2. Electric Power Distribution Svstem Planning and Design with
Dispersed Storage and Generation (Dscsrzadmgistribu:ion Autosation
and Contcwol (DAC), RFP DEDS~19-0l, by L.k L.age National Lab for
the Department of Energy.

3. Impacts of Dispersing Storage :nd Generatins in Electric

Distribution Systems, Final Report, Sys:cteu Control Inc. for the
U.S. Department of Enecgy under Ccatract #LY-76-C-03-1214, July,
1979.

4, Impect of Dispers~. Solir and Wind Svstems on Tlectrical
Distribution Plan. ng and Operation, rinal Report by SCI for Oak
Ridge National Lab, Februsry, 1980.
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Investigation of a Family of Power Conditionmers Integrateg Into the
Ptility Grid, United Techmologies, Final Report, 1982.

Investigation of a Family of Power Conditioners Integrated Into the
Utility Grid, General Electric, Final Report, 1982.

Investigation of a Family of Power Conditioners Integrated Into the

Utilitv Grid, Garrett Corporatiom, Final Report 1982.

Investigation of & Family of Power Conditioners Integrated Into_the
Utility Grid, Westinghouse Corporation, Final Report, 1982.

AC/DC_Powver Converters for Batteries arc Fuel Cells, United Tech-~

nologies Corporation for EPRI, Final Report EM1286, December, 1979.

Computer Study of Battervy Energy Storage and Power Conversion
Fquipment Operation, by Beck, et. al., IEEE Transaction on Power
Apparatus and Systems, Vol. PAS-95, July-August, 197€, pp 1064~
1072.

Open Cycle MHD Power Conditioning and Control Requiremets Definmition,

Petty, S. and William, K., AVCO Everrett Research Lab for EPRI,
Final Report AP-1345, March 1980.

A 60 kv Solar Cell Power System with Peak Powe: Tracking and Utilitv
Interface, Roessler, Dietrich J., presented at the 13th

Photovoltaic Specialist Conference, pp 978-98&.

Bybrid Simulations of Fuel Cell Power Conversion Systems, Michaels,

L. T., Fairchild, B. T., IEEF Transactions or Power Apparatus and
Systems, Vol, PAS~96, July~August 1977, pp 1329-1336.

Direct AC Generation from Solar Cell Arrays, Alvarado, F. L. and
Eltimsahy, A. H., paper presented at the VMR-MEC Conference, 1975,

PP 297-306.

1This study does provide specifications for a pover conditioner for
photovoltaic applications, but the rationale behind such
specifications is not discussed.
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Experimental Investigation of ‘a Solar Cell/Inverter Svstem, Eltimsahy,
A. H. and Delombard, R., proceedings of the 1977 Annual Msetcing of
the American Section of the Internmational Soiar Eanergy Society,
Orlando, Florida, June, 1977.

AC/DC Power Conditioning Eaquipment for Advanced Storage and Generation
Technology, Westinghouse Electric Corporation for EPRI, Final Report
under RP 390-l-1, August, 1975.

Power Conversion Equipmenc—-A Kev Component in New Power Svstem

Generation and Storage Conceots, by Woed, P., et. al., proceedings of

Americar Power Conferemce, Vol. 38, 1976.

The Desigg of a Photovolzaic System for a Southwest All-Electric

Residence, Mehalick, et. al, General Electric Co. for Sandiaz, Final
Report, SAND 79-7056, April, 1980.

DC_to AC Power Conditioning for Photovoltaic Arrays and Utility
Interfacing, Watkins, J. L., Solar Energy Research Institute,
presented at 1379 Photovoltaic Solar Energy Conference, Berlin, April
23-26, 1979.

Dispersed Storage and Generation Case Study, Bahrami, K., et. al, Jet
Propulsion Laboracory, JPL Publication #79-98.

Design of Integrated-Electric~Solar-Utility Svstem for Péak Load
Sharing, Fischl, R., et. al., paper #A79-102-5, IEEE Winter Power
Meeting, January, 1979.

The Potential of Advanced Generation Technologies for Northeast
Utilities Svscem, Plahs, J. E., paper #A79-038-1, IEEE Winter Power
Meeting, January, 1979.

Desiggz Construction, and Evaluation of Two Large Photovoltaic Power
Systems, Solman, F., and Nichols, B., paper presented at the 1980

Annual Meeting of the American Section of ISES, Phoenix, Arizona,
June 1-5, 1980,

Evaluation of Battery Converters Based om 4.8 MW Fuel Cell -
Demounstrations lanverter, United Technologies Corporation fsr
Department of Energy, Final Report, Vol. I & II, Compact
#EX-76-C-01-2122.




Workshop on Power Couditioning for Alternative Energy Techmologies,
May 9-11, 197, Sa.lia Natienal Lab.

Design of a 100 kW Flat Panel Photovolraic System at a Washington, D.C.
Area Waste Treatment Plant, BDM Corporation for the Department o
Energy, Final Report, Contract #DE-AC04-78ET-23054, March, 1980.

A 150 kW Photovoltaic FPlat Pane! Facil. for a Shopoving Center
Application in Lovington, New Mexico, Lea County Electric Cooperative
Inc. for the Department of Energy, Final Report, Comtract
#DE-ACOL-78ET 23058, March, 1979.

PROTECTIOR

A Protecrio. Plan for Distribution Feeders, Hayden, J. R., et. al., AIEE
Transactions, Power Apparatus and Systems, Vol. 77, Part III, 1958,
pp 486-494.

Coordination of Protection and Construction of Distribution Circuits,
AIEE Committee Report, AIEE Transscfions Power Apparatus gnd Systems,
Vol. 73, Part III-B, 1954, pp 1609-1627.

Surge Protection and Fusing, Wolff, R. F., Electrical World, Vol. 191,
No. 7, April, 1979, pp 67-82. .

Disti.ioction Circuit Protection for the American Electcric Pover Companv
Svscem, Johnson, W. H. and Meler, T. J., ALEE Transactions, Power
Apparatus and Systems, Vol. 78, Part III-B, 1959, pp 1833-39.

Distribucion Circuit Protection, Guenzel, E. L. and Morris, W. T., AIEE
Transactions on Power Apparatus and Systems, Vol. 78, Part III-B,
1959, pp 1064~1071.

A Laboratorv Investigation of Ferroresonance in Cable Connected

Transformers, Young, F. S., et. al., IEEE Transactions on Powver
Apparatus and Systems, Vol. PAS-87, No. 5, May, 1968, pp 1240-1249.

Application of Protective Relavs and Devices to Distribution Circuits,
TEEE Commictee Repor:, IZEE Transactions on Power Apparatus and
Systems, Vol. 83, October, 1964, pp 1034-1042.
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Voltage Rating Investigation for Application of Lightning Arresters o

Distribution Svstems, IEEE Comricree Report, IEEE Transactions on
Power Apparatus and Systems, Vol. PAS-91, Msy/June, 1972, pp
1067-1074.

Distribution System Protecticn Manual, McGraw Edison Power System,
Bullerin 71022, 1971.

Elecetric Utilitvy Reference Book, Volume 3, Distribucion Systems
Westinghouse Electric Corporation, 1965.

Iavestigation and Evaluation of Lightning Protactive Methods for
Distribution Circuits, Part [ & [I, IEEE Transactions on Power
Apparatus and Systems, Vol. PAS-88, pp 1232-1247, 1969.

Aboormal Voltage Conditions Produced bv Oven Conductors on Three-Phase

Circuits Using Shunt Capacitors, Hendrickson, et. al, AIEE
Transactions on Power Apparatus and Systems, Vol. PAS-72, p»p 986-990,
1953.

STABILITY

Performance of AC Svetems with Predominant Power Supolv bv HVDC
Inverters, Lips, H. P. and Ring, H., IEEE Transactions on Power
Apparatus and Systems, Vol. PAS-94, March/April. 1975, pp 408-415.

Hermonic Instability Between Controlled Static Converters and AC
Networks, Ainsworth, J. D. and Eng, C., Proceedings IZZ, Vol. 114(7),
1970, pp 949-957.

Harmonic Interaction Between HVDC Converters and AC Power Svstems,
Reeve, J. and Baron, J. A., paper 71 TP-180 PWR presented at the
IEEE-PES Winter Meeting, New York, Januarv, 1971.

Dvnamic Analvsis of Harmonic Interaction Between AC and DC Power
Systems, Reeve, J. and Subbarao, T., paper T?3 411=5, presented at
the IEEE-PES Summer Meecing, Vancouver, B.C., July, 1973.

Sctability Properties of Certain Thvristor - Bridee Control Svstems, Par-
I & Ii, Hazell, P.A. and Flower, J. O., Proceedings I[EZ, Vol. [17(7),
1970, pp 1405-1412.
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Stabilitvy Analvsis of the dvDC Control System Transmissions Using

Theoretically Calculated Yyquist Diagrams, Erikssom, K., et. al.,
IEEE Transactions on Power Apparatus and Systems, Vol. PAS-89,
May/June, 1970, pp 733-1970.

Calculation of Transfer Functions in Grid Controlled Converter Svstems,

Persson, E. V., Proceedings IEE, Vol. 117(5), 1970, pp 989-997.

Stability Study of Controlled Rectifiers Using a New Discrete Model,
Sucena-Paiva, J. P., et. al., Proceedings IEE, Vol. 119(9)

September, 1372, pp 1285-1293.

HARMONICS

Pacific HVDC Intertie System AC Harmonic Studies, Melvold, D. J., IEEE
Transactions on Power Apparatus and Systems, PAS-92, March, 1973, pp
690-701.

Harmonic AC Line Voltages Arising From HVDC Power Conversions, Reeve,
J., IEEE Transactions on Power Apparatus and Systems, Vol. PAS-89,
September/October, 1970, pp 1619~-1624.

Harmounic Analvsis and Subpression for Electrical Systems Supplving

Static Power Converters and Other Non-Linear Loads, Shipp, D. 0.,
IEEE Transactions on Industry Applications, Vol. IA-15, September,
1979, pp 453-458.

Harmonic Interference from Equipments Connected to the Power Svstem, A
Guide Prepared by Ontario Hydro Task Force, October, 1975.

Eleactric Wave Distortions: Their Hidden Cost and Containment, Linder,
Jonn R., IEEE Transactions on Industry Applications, Vol. IA-15,
Septemter, 1979, pp 458=471.

AC Filters and Reactive Power Considerations for DC Transmission,
Gavrilovic, A. and Clarka, C. D., paper #31, pp 66=406, presented at
the IEEE Summer Power Meeting, New Orleans, July 10-15, 1966,

Harmonics Caused bv Imbalanced Transformer Impvedances and Imperfect
Twelve-Pulse Overation in HVDC Conversion, Subbarao, T. and Reeve,
J., IEEE Transactions on Power Apparatus and Systems, Vol. PAS-95,
September/October, 1976, pp 1732-1737.
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Power Electronics Apvlicatioans in Power Systems, Kusko, A.. IEZEE
Tutor:ial Course 78 EE0Q135-40 PWR, pp 27-37, 1978.

Ceneratico and Flow of Harmonics in Transmission Systems, Whitehead, S.

and Radley, W. G., Jourmal LEEE, Vol. 96, Part II, 1949, pp 29-48.

~

Behavior of Apparstus Under the Influence of Voltag~ and Current
Harmonics, Geldberg, G, Bull. Soc. R. Belge Eliectr. (Belgium), Vol.
91, No. 4, October, 1975, pp 225-35.

Harmonic Interference Corrected by Shunc Capacitors on Distributiom
Feeders, Szabdos, 3., et. al., [EEE Transactions on Power Apparatus
and Systems, Vol. PAS-96, January/February, 1977, pp 234-239.

Measurements of Harmonics in Electrical Distribution Networks, Wehrli,
B., Electroniker, Vol. 14, January, 1975, pp ELS-8.

Abnormal Harmonmic Disturbances: Assessment and Mitigations, Corbym, D.
3., lnternmational Conference om Sources and Effects of Power Systems

)isturbances, London, England, April 22-24, 1974, pp 235-240.

Photovoltaic Svstem Test Facility Zlectromagnetic Interference
Measurements, Johnson, et. al., Final Report, ERDA/NASA/1022-77/11,
April, 1977.

Harmonic Volrage Distortion and Harmenic Currents in the British
Distribution Network: Their Effects and Limitations, Iaternational
Conference on Source3s and Effects of Power System Disturbances,
London, England, April 22-24, 1974, pp 228-34.

Induction Motor Losses Due to Non-sinusoidal Suoplv Waveforms, Chalmers,
3. and Sasker, 3., Proceeding IEE, Vol. 115, December, 1968, pp
1777-1782.

METERING

Watcmeter Accuracy on SCR Controlled Resistance lLoads, Downing, W. C.,
IZEE Transactions on Power Apparatus and Systems, Vol. PAS-93, 1974,
pp 1083-1089.
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Hatthour Meter Accuracy on Integral-Cvcle—~Controlled Resistance Loads,
Emanuel, A. E., et. al., paper F-79150-4, IEEE Power Engineering
Society 1979 Winter Meeting.

Effects of Harmomics om Watthour Meter Accuracy, Faucett, M. A. and
Keener, C. A., Electrical World, October, 1945, pp 82-83.

The Effect of Waveshape Distortions on the Measurement of Energy by
Tariff Meters, Baggot, A. J., Proceedings of the International

Conference on Sources and Effects of Power System Disturbances,
London, England, April 22-24, 1974, pp 261-267.
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Automated Distributions System Planning, Lawrence, R. F., et. al., IEEE
Transactions on Power Apparatus and Systems, Vol. PAS-83, April,

1964, pp. 311-316.

Secondary Svstem Distribution Planning for Load Growth, Webler, R., et.
al., IEEE Transactions on Power Apparatus and Systems, Vol. PAS—82,
December, 1963, pp 908-927.

A Dvnamic Programming/Network Flow Procedure for Distribution System
Planning, Adams, R. and Laughton, M., Proceeding Power ladustry
Computer Application Conference, June, 1973, pp 348-356.

Electric Power Svstem Planning: The Value of Znergy Svstem Models,
Baughman, M. L. and Vauston, L. K., paper #479025~3 presented at IZEE
Winter Power Conference, 1979.

Optimized Distribution and Subtransmission Planming bv Digital Computer,
Boess, et. al., IEEE Transactions on Power Apparatus and Syscems,
Vol. PAS-85, October, 1966, pp 1083-1091.

An Interactive Procedure for Sizing and Timing Distribution Substations

Using Optimization Technicues, Masud, E., IEEE Transactions on Power
Apparatus and Systems, Vol. PAS-93, September, 1974, pp 1281-1286.
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(1) State Public Utility Commissions, e.g., State of California, ete.

(2) American National 3tandards Institute, e.g., Steering Committee on Solar.
Energy Standards Development.

(3) 1Institute of Electrical and Electronic Engineers (IEEE).
(a) Power Engineering Society

1) Working group to investigate consumer—owned sources of
generation 1000 kVA cr less.

2) Working group on harmonics.

3) Working group on lightning protection of distribution lines.
4) Task group on long=-range distributiom planning.

S) Working group on long-range system planning.

6) Working group to study wave distortions in consumers

interconnections.
7) Working group on AC-DC converter station harmonics.

8) Working group to study effect of harmonics on meters.

(b) Industry Application Society
1) Harmonics and resactive compensation subcommittee.

2) Thyristor Converters for Motor Drives - Packaged Drive
Standards Subcummictee,

3) Wive Shape Distortion Working Group.

(e) Standards Coordination Committee on Photovoltaics

1) Photovoltaics System Subcommittee on Standard: for
Terrestrial Photovoltaic Systems-Uzility Interface Working
Group.

2) Photovoltaics Array Subcommittee.

3) Photovoltaics Power Conditioning Subcommittee.

4) Photovoltaic Storage Subcommittee.

(4) Department of Znergy (DOE) inmcluding Division of Electric Energy Systems
(EES).
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(5)
(6)
(1)
(8)
(s)

Electric Power Research Institute (EPRI).

American Public Powe. Association (APPA).

National Rural Electric Cooperative Association (NRECA).
Undervriters Laboratory (UL).

Arizona State University Laboratory on Utility Interface.

(10) Various Utilities.
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