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The |maih task of IEC technical committees is to prepare International Standards.

INTERNATIONAL ELECTROTECHNICAL COMMISSION

RECOMMENDATIONS FOR RENEWABLE ENERGY
AND HYBRID SYSTEMS FOR RURAL ELECTRIFICATION -

Part7-4: Generators — Integration of solar with other forms
of power generationwithin hybrid powersystems

FOREWORD

THe International Electrotechnical Commission (IEC) is a worldwide organization for standardization comp|
al| national electrotechnical committees (IEC National Committees). The object of AEC is to prd
infernational co-operation on all questions concerning standardization in the electrical and electronic field
thjs end and in addition to other activities, IEC publishes International Standards, Techrical Specificat
Tgchnical Reports, Publicly Available Specifications (PAS) and Guides (hereafter referred to ag
Pdblication(s)”). Their preparation is entrusted to technical committees; any IEC Nafional Committee inter
in[the subject dealt with may participate in this preparatory work. International;ygovernmental and
gqvernmental organizations liaising with the IEC also participate in this preparation. IEC collaborates cl
w Jth the International Organization for Standardization (ISO) in accordance With' conditions determing
adreement between the tw o organizations.

THe formal decisions or agreements of IEC on technical matters express,as nearly as possible, an interng
cgnsensus of opinion on the relevant subjects since each technical committee has representation fro
inferested IEC National Committees.

IEC Publications have the form of recommendations for interpational use and are accepted by IEC Nat
Committees in that sense. While all reasonable efforts are miade to ensure that the technical content o
Pdblications is accurate, IEC cannotbe heldresponsiblesfor the way in which they are used or fo
misinterpretation by any end user.

Inlorder to promote international uniformity, IEC National Committees undertake to apply IEC Publica
transparently to the maximum extent possible in th€irnational andregional publications. Any diverg
bgtween any IEC Publication and the corresponding national or regional publication shall be clearly indic3
the latter.

IEC itself does not provide any attestation.ef conformity. Independent certification bodies provide confo
agsessment services and, in some areasy access to IEC marks of conformity. IEC is not responsible fo
sgrvices carried out by independent certification bodies.

All users should ensure that theyhave the latest edition of this publication.

Ng liability shall attach to IEC er/its directors, employees, servants or agents including individual e xperts
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meémbers of its technical committees and IEC National Committees for any personal injury, property damage or

other damage of any nature'whatsoever, whether direct or indirect, or for costs (including legal fees
eXpenses arising out ¢f the publication, use of, orreliance upon, this IEC Publication or any othe
Pdblications.

Aftention is drawn\to the Normative references cited in this publication. Use of the referenced publicatio
inflispensableforthe correct application of this publication.

Aftention is\drawn to the possibility that some of the elements of this IEC Publication may be the subjg
pdtent rights. IEC shall notbe held responsible for identifying any or all such patent rights.
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In

exceptional circumstances, a technical committee may propose the publication of a Technical
Specification when

the required support cannot be obtained for the publication of an International Stand
despite repeated efforts, or

ard,

the subject is stillunder technical development or where, for any other reason, thereis the

future but no immediate possibility of an agreement on an International Standard.

Technical Specification are subject to review within three years of publication to decide
whether they can be transformed into International Standards.

IEC TS 62257-7-4, which is a Technical Specification, has been prepared by IEC technical
committee 82: Solar photovoltaic energy systems.
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The text of this Technical Specification is based on the following documents:

Draft TS Report on voting
82/1477/DTS 82/1545A/RVDTS

Full information on the voting for the approval of this Technical Specification can be found in
the report on voting indicated in the above table.

5ting

Ithe

This part of IEC 62257 is to be used in conjunction with IEC 62257 (all parts).

A list of all parts inthe IEC 62257 series, published under the general title Recommendat’ions
for renewable energy and hybrid systems for rural electrification, can be found on, thel IEC
webgite.

Future standards in this series will carry the new general title as cited above, Titles of exi
stanflards in this series will be updated at the time of the next edition.

This|document has been drafted in accordance with the ISO/IEC Directives, Part 2.

The pommittee has decided that the contents of this document will remain unchanged unt
stabl|lity date indicated on the IEC website under "http://webstdre.iec.ch" in the data relate

the glpecific document. At this date, the document will be

—

—

L W

—

A bil

ansformed into an International standard,
pconfirmed,
ithdrawn,

bplaced by a revised edition, or amendgad:

ngual version of this publicationsmay be issued at a later date.

dto
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RECOMMENDATIONS FOR RENEWABLE ENERGY
AND HYBRID SYSTEMS FOR RURALELECTRIFICATION -

Part7-4: Generators — Integration of solar with other forms
of power generationwithin hybrid powersystems
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part of IEC 62257, which is a technical specification, specifies the desjgn
bmentation of hybrid off-grid solar systems, where solar energy provides energy,to a

ge system. There are a variety of different system architectures and applications,
ways in which these energy sources can be combined. This document distinguis
een different sorts of hybrid system applications and gives guidance on the design

ration of these systems.

blies to single-phase and three-phase applications, and it covers’situations where gr
able as an additional source of power for charging battéries and maintaining sy
bility, but this document does not cover situations in whic¢h energy is fed back into a U
although such systems may incidentally possess this function.

following documents are referred to in theext in such a way the some or all of
bnt constitutes requirements of this document. For dated references, only the ed
applies. Forundated references, the latest edition of the referenced document (incly

[S 61836, Solar photovoltaic energy systems — Terms, definitions and symbols

TS 62257-7-2, Recommehndations for renewable energy and hybrid systems for
rification — Part 7-2: Génerator set — Off-grid wind turbines 1

TS 62257-7-3, Recommendations for renewable energy and hybrid systems for
rification — Part 7=3: Generator set — Selection of generator sets forrural electrificq
Jul

TS 62257-9-7, Recommendations for renewable energy and hybrid systems for
rification — Part 9-7: Selection of inverters

and
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njunction with other sources of energy. Such systems may or may not includé an en¢rgy
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IEC 62569 Batterycharge torntroffersforphotovottaic systens—= Performarnce and furnctioning

IEC 62548, Photovoltaic (PV) arrays — Design requirements

IEC TS 62738, Ground-mounted photovoltaic power plants — Design guidelines and
recommendations

170 be published.
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3 Terms and definitions

For the purposes of this document, the terms and definitions givenin [IEC TS 61836 and the
following apply.

ISO and IEC maintain terminological databases for use in standardization at the following
addresses:

e |EC Electropedia: available at http://www.electropedia.org/

e [ISO Online browsing platform: available at http://www.iso.org/obp

3.1
renewable energy
REN
energy from a source that is not depleted when used

3.2
hybnid system
mult|-sources system with at least two kinds of energy generation technology

3.3
storage
storage of energy produced by one of the generators of thexsystemin a battery

3.4
DC RQus
noddg of the electrical system to which the DC input-of the battery inverteris connected to

3.5
AC Rus
nodg of the electrical system to which;the AC output of the battery inverteris connected tp

3.6
blaclk start
procgss of starting an electrical power supply without relying on any other external genergting

sourge
3.7

rengwable fraction
fractjon of energy-delivered to a load that originates from renewable power sources

4 Overview

Off-grid solar hybrid systems, where a solar energy source is combined with other sources of
energy such as diesel or wind, have two primary differences in functionality compared with
solar-only off-grid systems. Firstly, the intermittent nature of solar can be compensated for by
making use of an additional energy source. In systems with batteries, this can help to
maintain the batteries charged, and can change the way the battery bank is sized with respect
to the solar resource: for example a diesel generator can be relied upon to charge the
batteries if they would normally have discharged after an overcast period. Secondly, the
renewable aspect of the hybrid system can reduce the fuel consumption of a system which
would normally be relying solely on fuel by injecting a certainamount of renewable energy
into a system which is normally sustained only by diesel generators.


http://www.electropedia.org/
http://www.iso.org/obp
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5

5.1

Types of hybrid systems

General

This document makes three principal distinctions according tothe primary regulator of the
energy output:

a) Multi-master rotating machine dominated mini-grid systems where a diesel generator

b)

c)

This|list is not the comprehensive range of architectures available, and there may be su
variations upon the architectures, for example making use of other technologies such ag

coupled gensets.

Thesle different architectures represent different renewable fractionsand spatial distribut
of the power generators. A rotating machine dominated mini-grid is more suitabl¢ for
applications with a low renewable fraction, where renewable-energy is used to offsef

conslumption in ordertoincrease the renewable fraction and maintain constant service,

5.2

5.2

A multi-master machine dominated mini-grid issa system whereby the characteristics of
grid puch as voltage and frequency are created by a fuel powered rotating machine such
dies¢l generator, and to which other renewable sources synchronize.

A typical application of this is for sites with a high diesel generation set demand, suc
mining. The renewable energy resource is used to offset the fuel consumption of the di
gendrators somewhat, but never;to completely replace them. See Figure 1.

creates the grid, and to which other energy sources need to synchronize.

Single switched master mini-grid systems with battery banks where either the battery

inverter creates the grid and the other energy sources synchronizeto the battery inve

output, or the diesel generator creates the grid.

Multi-master inverter mini-grid where certain inverters participate in the creation©f the
alongside the diesel generator.

Multi-master rotating machine dominated mini-grid

1 General

rter

grid

btle
DC

ons

fuel

the
hs a

h as
psel
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Loads

Mini-grid
distribution
network

e e
Generator
sets

Renewables with grid syn¢hronizing

inverters
IEC

Figure 1 — Typical multi-master rotating machine dominated mini-grid architectune

5.2.2 Design

A typicalarrangement is to have a diesel generator or a bank of diesel generators conne¢ted
to the mini-grid distribution network, suitable sized*according to the current or future predicted
on-s|te loads. Connected in parallel to the generation sets are grid synchronizing inverters
connected to a renewable energy resourcestypically solar for this application. Everything is
integrated together via a control mechanism, the purpose of which is ensurethe correct|and
optimal performance of the whole systém, which it does by controlling the maximum outplit of
the anerters, and by switching diesel generators in and out according to the load Heing
demanded.

Of particularimportance is the'protection of the generator sets by ensuring that under most
load|conditions, the generator sets are not being over-loaded or under-loaded: under-loadling
of a|generation set can“cause incomplete combustion of fuel, creating a ‘wet-stacking’
condition which can_damage the engine. For efficient combustion the generator sHould
typiqally be run atleast at 40 % of its rated power but manufacturers'instructions may ajlow
for a|wider variatien in power.

The ptherssignificant issue is how to maintain stability of the mini-grid in the face of fapid
changes'of the renewable contribution due to clouds, etc. This can be maintained by ensyring
therg iséenough unused capacity in the generator sets (spinning reserve) that can be quigkly
activated in order to compensate for the drop in renewable contribufion, or to integraie a small
of amount of battery storage into the system.

All generating equipment shall be capable of operating at the same nominal AC voltage and
frequency.

5.2.3 Design and selection of diesel generators

Detailed characteristics and design requirements for diesel generators for rural electrification,
including this application, are described in IEC TS 62257-7-3.

In general, the system shallbe designed in such a way that for the typical expected loads the
generator sets will avoid wet-stacking, while providing some spare capacity for spinning
reserve, and so typically they need to be configured so they will operate atbetween 40 % to
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80 % of their capacity, or values that comply with manufacturer’s recommendations. When the
loads on site are particularly variable, then this can be ensured by having several smaller
generator sets instead of one large generator set.

It should be noted that even if there are minimum recommended loadings for the generator
sets, it may be acceptable to have them running under low loadings under some
circumstances ifitis the only way to avoid a black-out.

5.2.4 Design and selection of renewable energy component

The design of the photovoltaic array and the installation requirements are the same as

describedinlEC 62548, Forlarge scaleground-mountedsvstems the designreguirements of
J ~J J 7 J e

IEC TS 62738 may also apply.

The fesign and installation requirements of the wind component are to be described in|IEC
TS 6R257-7-2.

Becquse the generator sets dictate the grid conditions, it is necessafy, to make uge of
inverters that can synchronize to the grid. The characteristics of suitable inverters forfthis
application can be found in IEC TS 62257-9-7.

The percentage contribution of renewable generation at any one time’should be done so that
the grenerator sets will continue to work within the recommended minimum and maxijum

loading conditions.

Wheh there are multiple gensets, it is possible tor have a greater percentage of golar
pengdtration into the system. The higher the solar pengtration, the more importantitis to have
effedtive control over their energy output. It is A6t“recommended to have a penetration
percgntage of greater than 60 % renewables intothis type of multi-master rotating machine
dominated system.

The harmonics tolerance of the diesel gengrators shall be checked against the harmoniqgs of
the slolar and battery inverters.

5.2.5 Design and selection of:batteries

Battgries may be integrated intethese systemsin ordertoreduce or eliminate the need for
maintaining spinning reserve in the gensets. The batteries are connected tothe ACbus u$ing
a sultable battery inverter, as discussed in IEC TS 62257-9-7 or via a hybrid inverter on|the
same DC bus as the PAA,

The power capacity-of the battery inverters should be equal to the amount of spinning reserve
to bg displaced’.-The storage capacity should be high enough to maintain a constant pqwer
throygh expected generation dips, or for as long as it may take non-spinning reserve |(any
addifional gensets for example) to start-up.

5.2.6——Gentrel-system
5.2.6.1 General

The control systems to be implemented will depend upon the expected operating mode of the
gensets, and of the percentage penetration of renewables into the system.

The diesel gensets can be operated in one of two ways, ora combination of both:

e Continuous operating systems —in which all the gensets are operating all of the time, and
whose outputis raised or lowered via droop control. Forthese systemsitis necessary to
implement a systemthat can measure the power flow from the generator sets with some
sort of metering, and which can measure and control the power output from the renewable
energy inverters.
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¢ On demand systems —where the load demand is met by switching gensets on and off. For
these systems it is necessary to implement a system that can measure power
consumption from the general power meter, which can communicate with and control the
renewable energy inverters, which can measure the power output of the gensets, and

which is capable of switching gensets on and off as appropriate.

5.2.6.2 Guarantee of genset minimum load

The systemshall operate in such a way as to maintain a minimum load on the gensets, which
shall be according to diesel generator set manufacturer’'s recommendations.

5.2.-3~ Protectionagainstreverse power flux

The |system shall protect the gensets against reverse power flux by limiting _the ppwer
prodlction of the renewable energy generators as required, or shutting the_inyerters off
completelyifrequired.

5.2.4.4 Spinningreserve guarantee

The pystem shall guarantee enough spinning reserve capacity in the"activated gensefs to
copg with sudden drops in power production of the renewable ‘emergy resource. This is
achieved by ensuring that enough gensets are turned on at any‘one time to cope with the
evenfuality that they may need to meet the largest likely load.contingency by themselves.

In the event that batteries are coupled into the system capable of covering the drops in pqwer
prodpction, the spinningreserve capacity requirementis.not needed.

5.2.4.5 Ramp rate control

In orfler to soften the impact on the grid of renéwable energy resources suddenly increaping
in pgwer, for example when the sun suddenly shines after a cloud has passed, the ramp fate
of the inverters (the rate at which they*are allowed to increase their power), should be

contfolled.

5.2.4.6 Reactive power control

The |nverters may be capablelof producing reactive power in order to support the stabilify of
the microgrid. This may be eontrolled by fixing a particular power factor, by fixing a particjular
voltalge or by simply fixing a pure amount of reactive power to produce. Dynamic power factor
contfol may be preferred depending on the load and reactive power requirements. A techpical
and |economic analysis should be carried out to determine whether the reactive ppwer
requlred should)be€ compensated by the solarinverters or the battery inverters.

5.2.4.7 Load control

An optiohal control mechanism is for the control system to have the ability to switch on anjd off
certain loads on site, in order to stop the system from overloading, or in order to maintain the
genset minimum load and spinning reserve requirements. For example, it is possible to install
some ‘dump loads’, resistive loads whose sole purpose is to ensure that the genset is working

at its minimum operating capacity.

5.3 Single switched master mini-grid
5.3.1 General

In this application, the grid conditions are normally formed by battery inverters. Under certain
conditions (for example when battery capacity is low) the grid forming battery inverters canbe
switched out and the generator sets can be switched in, under which circumstance the
generator sets then dictate the grid conditions.
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Renewable energy sources may be integrated onto the DC side of the battery inverters, the
DC bus, oronto the AC bus, and in the latter case they need to be capable of synchronizing
to the grid conditions. See Figure 2.

Battery
bank
Loads Renewables T
integrated
onto DC —

Mini-grid

DC bus

5.3.2

Aty
inver
this

distribution
network

Grid —
forming
battery

inverters

AC bus

N, N
Generator
sets

Rehewables with grid synchronizing
inverters

IEC
Figure 2 - Single switched master mini-grid architecture

Design

pical arrangement is to have a battery bank connected to grid-forming bi-direct{onal
ters, which sends energy onto an: A€ bus. Other energy sources may be coupled ¢nto
AC bus, such as renewable energy generators with grid synchronizing inverters| and

gen

f

d

rator sets. The sequence of operations is as follows:

nder normal operation-\the battery inverters create the conditions of the mini-grid,
equency and voltage:The renewable energy resources are either DC codypled
enerating into the DC side of the battery inverters), or AC coupled (generating into the
C side of the battery inverters). Diesel gensets are AC coupled but remain disconneg¢ted.
he renewable energy component can be used to supply the loads and to chargg the
tteries.

hen the~demand from the mini-grid is higher than the battery inverter and renewable
nergy..sources can provide, or when the batteries become very discharged, then the
iesel generators are switched on, and the renewable energy sources are genejrally

itched off. The power from the gensets can then be used to meet the demands frone1| the

9

rd ana to chnarge tne batteries.

e In some cases, grid may be available, and this may also be used to meet high demand on

S

ite or charge the batteries in a similar way to the generator sets.

Prior to selecting the equipment, the end-use load application should be fully understood,

inclu

ding time-of-day use profiles, and a detailed study of the on-site renewable energy

resources should be carried out, including anticipation of future load growth. Simulations may

then

be carried out in order to determine the behaviour of the system, and cost-benefit

analyses should be performed in order to determine the best combination of equipment.

All A

C coupled generating equipment shall be capable of operating atthe same nominal AC

voltage and frequency.
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5.3.3 Design and selection of diesel generators

Detailed characteristics and design requirements for diesel generators for rural electrification,
including this application, are described in IEC TS 62257-7-3.

In general, the system shallbe designed in such a way so thatinthe event that the battery
inverters are not able to meet the system demand, the diesel generators are able to meet the
entire site demand. Generator sets shall avoid wet-stacking, and so they should be sized so
that under expected loads they are providing at least 40 % of their capacity, unless a
manufacturer’'s recommendation says otherwise. When the loads on site are particularly
variable, then this might be ensured by having several smaller generator sets instead of one
largd generator set.

In sgme cases, a diesel generator is present only to boost battery voltage aften'a’lengthy
periqd of inclement weather. In these cases, a manual on-off switch may sufficie to control
when the generatoris turned on. If automated starting and stopping of the dies€l generatjoris
needed, it may be controlled via the hybrid system control system, or it may’bé equipped with
a remote starter. Start-up time should be considered to allow buffer time forthe generatgr to
startjoperating before the batteries are fully depleted and the system shuts down.

5.3.4 Design and selection of renewable energy component

The |[design and installation requirements of the photovoltaic: component are describgd in
IEC Bp2548. For large scale ground mounted systems,*the design requirements of|IEC
TS 6R738 may also apply.

The fesign and installation requirements of the windicomponent are to be described in|IEC
TS 6R257-7-2.

The peak power sizing of the renewable energy generators depends upon a site dependent
techphicaland economic analysis, taking.into account the percentage of time the system owner
wantls to be using the genset compared4o the cost of the equipment. Wind and solar en¢rgy
often] peak at different times throughout 24 h and seasonal cycles. Depending upon the
localion, combining wind and solarfmay help smooth the energy production profile at a gjven
localion and reduce further the dependency on fuel for the genset.

5.3.9 Design and selection of batteries

DC qoupled renewable energy resources need to be connected to the batteries viaa suit@ble
charpe controller, in.arder to protect the batteries. The charge controllers should confor to

IEC $2509.

The tharaeteristics for suitable bi-directional battery inverters and inverters for AC coupled
renewablejenergy sources are covered in IEC TS 62257-9-7.

The bi-directional battery inverters shallbe sized in such a way that they are able to meet the
normal load demands of the site without any contribution from renewables, diesel generation
or grid, with care taken over peak power loads, and with a view to how loads may increase in

the future.

The usable battery capacity needs to be large enough to maintain the loads running
throughout the desired autonomy time. A number of hours of autonomy are chosen to take
into account the eventuality thatthere is no or limited renewable energy resource fora period
of time in which the batteries need to keep the system running.

In order to guarantee quality of supply, hybrid systems do not need to be designed with as
many hours of autonomy as pure renewable energy and battery systems, but the lower the
number of hours of autonomy chosen, the more frequently the gensets will be needed in order
to maintain supply. A minimum and maximum state of charge shall be set through the control
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system, which will depend upon the technology of the batteries, the overall battery
management system, and any need to maintain a reserve in the event of generation set
failure.

A detailed site dependent technical and economic analysis should be carried out in order to
determine the ideal sizing of the battery bank, with special consideration taken over the
recommended depth of discharge for the technology being used, battery life, battery
degradation, the ambient temperature in which the batteries will be operating with any cooling
needs taken into consideration, the time in which it will take them to discharge and the battery
condition at end of life.

5.3.6 System control
5.3.6.1 General

The pystem needs to be controlled in such a way as to maintain the health of the energy
storgge system, maintain the quality of the micro-grid, and maximize the use of renewable
energy resources. It needs to be able to switch in and out the diesel-génerator or grid as
requfred in order to maintain security of energy supply and to keep.the’batteries charnged.
Contfrol methods can be via direct communication, reliant on good measurement of loads|and
deviges and high speed communication links, or via droop methodsthat rely on changgs in
freqUency to coordinate the operation of various devices, and which do not require sepafrate
communication channels. (Note that frequency control may ngt be suitable where a sys|tem
shallbe connected to the main utility grid in the future as droop control may not be posslible

onceg connected to an external grid).

5.3.6.2 Throttling of solar production

Whep batteries are fully charged, and the solar production is greater than the load Qeing
demanded the system should be able to reduce the solar production so that the AC|bus
voItaE;es do not exceed specifications. Control of renewable energy production can |also

protect diesel generators from reverse cutrent flow.

Monitoring and communication can/e set up in order to control the inverters. Alternatiely,
some battery inverters can slightly'shift the frequency of the grid: the grid-synchronizing golar
inverters detect this shift, takingit as a signal to reduce their power output.

5.3.4.3 Protection of gensets from overload

Wheph the genset is actjvated, it is providing power to the loads as well as to the batterieg via
the bi-directional inverter/charger. The system shall be capable of limiting the amoupt of
currgnt being asked from the genset. The typical way of achieving this is to react to genernator
droop: if the system senses that the frequency from the gensets is dropping because|it is
reaching maximum load, then it will lower the amount of charging current being demapded
from|the batteries. Forced activation of the gensets shall be programmed to ensure operajtion
is inilliated fortnightly in the case that the load level does not require the gensets to opefate
regu

arhy
Y-

5.3.6.4 Prioritizing energy source

The system may be configured to prioritize different energy sources depending upon time-of
day or upon measured conditions and energy demand. Real-time weather forecasting might
be implemented in order to predict moments of low solar or wind, and give time for generators
to start up.

5.3.6.5 Activation of dump loads

As an alternative to throttling renewable energy production, it is possible to switch on dump
loads. For example, with wind power, when the power being produced is in excess to the
demand, a resistive load can be turned on in order to consume that power, and keep the grid
within healthy parameters.
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5.3.6.6 Protection of batteries

The systemshall be designed in such a way as to protect the energy storage system within its
particular operating limits and where possible to operate the storage in such a way to
maximise its useful service life. This can be achieved by programming regular charging of the
batteries by the genset. It can also be controlled through disconnecting of non-essential loads
if needed.

5.3.6.7 Load sharing

Renewable energy inverters may be switched into the system by either sharing the load
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.8 Grid forming master transition

portant to make the transition with as little impact upon mini-grid &s ‘possible. In ord
itionfrom grid-forming inverter to genset, the inverter shall change voltage and phas
h the new master, and then close a transfer switch to cennect the new master td
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Multi-master inverter dominated mini-grid
General

s situation, a mixture of rotating machine generation sets, renewable energy inver
pattery inverters feed into a mini-gfid, but all are capable of contributing to the creati
rid, i.e. various technologies acttogether as the grid formers. This solution is partic(
cable to decentralized solutions, with various energy generation technologies sp
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Figure 3 — Multi-masterinverter dominated mini-grid architecture
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