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Abstract

This paper is concerned with the deveiopment of
appropriate models for the interconnected operation
of wind generator clusters with an autonomous power
system and simulation -techniques for the study of
the degree of penetration of such wind electric
conversion devices when operating in paraliel with
the utility grid. The quality of the interconnected
system performance 1is specified in terms of opera-
tional constraints and the resultant penetration
strategy is implemented via a microprocessor-based
control scheme. The strategy assures a satisfactory
level of system performance while optimizing the
available energy transfer from the wind - generators
to the utility grid. i :

INTRODUCTION

In recent years there has been growing interest
in utilizing wind - electric conversion systems to
provide some of the electricity demand on a large
scale [1-3]. Such systems are usually interfaced

with the existing power grid for “fuel displacement” .

purposes as well -as for earning some "capacity
credit.” - In the case of an autonomots operation of
Wind Electric Conversion Systems {WECS), some form
of energy storage is vrequired (pumped ~ storage,
hydrogen produ-ticn, battery storage, etc.), thus
reducing the economic attractiveness of theoverall
system.

The introduction of a relatively small amount
of wind derived electrical power into the utility
grid does not normally present any interfacing or
operational problems. The situation is completely
different though when a substantial amount of power
s penetrating a conventional utility system. Pene-

‘tration related problems are particularly -acute:

when considering the installation and parallel oper-~
ation of WECS with a small autonomous power
system. Wind cluster generators penetrating the
utility grid usually tend to disturb such quality
performance characteristics ~f the system as voltage
distribution along the powzr lines, quality of
voltage and current waveforms and system frequency
stability. Additionally. protection and safety
features of -the interconnected system relate direct-
1y to the overall penetration problem.

The optimum wutilization of wind
clusters involves not only those technical consider-
ations mentioned above but also swhdiverse factors
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as economy of operation, wind 2nergy availability,
proximity of the wind park to the power Tines,
etc. Various technical, economic, instituticnal and
wind siting aspects velating to the penetration
problem have -been addressed recently f-].Futher-
more, several investigators have.reported on theore~
tical and experimental results relating to fuel
displacement in an isolated diesel-powered system
supporting a 150kw wind turbine [8],performance
characteristics of a wind farm demostrating concept
feasability [97 and analytical methods used in
reducing wind generation changes from a wind gener-
ator cluster for passage of a thunderstorm [10 ,to
name a few in a growing area of research. Utility
protection. problems tll] and distribution system
automation and control practices [12] in the
presence of dispersed storageand generation facili-
ties have been extensively treated.

This work invoives the development of appro-
priate models for the interconnected operation of
wind generator clusters with an autonowous power
system and simulation techniques for the study of
the degree of penetration of such wind electric
conversion devices when operating in parallel with
the utility grid. In large interconnected systems,
problems arising from the interface of WECS to the
power grid  are usuaily not as acute., This is -due
to the fact that theWECS generation capacity  is
only a small percentage of the load capacity of the
interconnected system. It is of course possible
that even in this case, problems associated with
harmonic distortion or voltage regulation may ari-
se. This is true particularly when WECS clusters
are Jocated at the. extremities of a radial line,
The proposed methodology will be equally applicable

to such a configuration. It is nontheless fully

justified when applied to more problematic situ-
ations {autonomous grid, long transmission lines,
etc. ). Problematic situations often arise in small
islands or isvlated communities which cperate their
own autonomous power .system without any ties to
other utility lines. The WECS cluster is thought to
be centrally located and under direct supervision
and. control of the utility operators. Dispersed
WECS on  the residential level are excluded from
this study.
THE WIND GENERATOR-POWER GRID INTERFACE

A typical autonomous network is shown in Figure
1, with the generating syStem consisting of diesel-
driven units whereas the distribution system is of
the radial type. Such networks, with generating ca-
pacities. of up to-a few megawetts -each, areen-
counteed in .the Aegian islands of Greece. A wind
generater cluster consisting of small units of the
synchronous type with their output rectified and
then inverter to AC in synchronismwith the utility
lines 1is considered . to penetrate the power system.
The system design assures a unidirectional power
flow from the wind generator units to the  power
svstem- and suitable protection devices are incorpor-
ated - to maintain a safe operation in the cvent of
fault conditions either c¢n the side of the WECS or
on the side of the power grid. This category of WECS
{wind generator - rectifier-inverter} offers, in ad-
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- system presupposes

r678"

dition, the advantage of continuous adjustment of out-
put power. This is achieved by modulating the conduc-
tion angle of the inverter bridge.

The normal operation of the power ~grid - load
that a number of constraint pa-
rameters are maintained within predetermined  bounds.
The. most significant, from an operationai and  safety
viewpoint, constraints are:

1. The voltage variation at any point along the grid
system should not exceed 5% of its nominal value.

‘2, The maximum permanent system frequency variation
should be maintained within #2 Hz. ’

3. " The maximum value of the time rate of the frequency
variation may not exceed 1.5 Hz/sec. :

4, As far as the harmonic distortion introduced by
the WECS interface into the utility Tines is con-
cerned, the contribution of each odd harmonic .may
not exceed 5-6% while each even harmonic may - con-

- tribute up to 0.5-1%; total harmonic distortion
must be maintained approximately within 5%.
5. The WECS power introduced into -the g¢rid, at each
- instant of time, may not exceed the difference bet-
ween the Joad power demand at that instant and the mi-
“nimum amount of power which the conventional gene-
rating units are required to provide without anin-
“terruption of their operation.

AUTONOMOUS
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STATION BOOKVA
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Figire 1. Typical topology of an autonomous power
. - system. -

The penetration problem may be thought of ascon-
sisting of two main parts: The first one, defined as
"static penetration," is conserned with {a) the deter
mination of the maximum possible WECS power allowed to

" penetrate the given autonomous system at the specific
grid location. If the WECS type to be employed is known,
then the- number of wind generators in the cluster may
determined and (b) the determination of the specified
grid location where the WECS cluster may be connected
resulting in minimum Jine losses and optimum voltage
level distributions. . .

The second part, known as "dynamic penetration,”’
deals. with operational matters of the combined  WECS
cluster-utility grid system so that none of the cons-
traints defined above may be violated.The dynamic o-
perational strategy of the WECS - grid interconnected
system is implemented via a microprocessor-based con-
trol scheme. The microprocessor receives and processes
information from both the wind generator cluster and
the conventional power system and, taking into account
the operational constraints, generates appropriate ’
control signals; the latter determine which ones of
the WECS cluster units may be connected to the grid
and under what conditions the autonomous power station

" will operate.

INPUT MICRO-~ CONTROL

VARIABLES PROCESSOR VARIABLES

CONSTRAINT
VARIABLES

Figure 2. Schematic of the pP input - output

configuration.

Figure 2 shows a schematic representation of the
P input-output configuration. The constraint variab-
les, in the form of a “dynamic penetration” strategy,
are stored in the memory unit of the wP. The control

‘variables are determined at each instant of time, so

that, for any input conditions, they maintain an ac~
ceptable level of system performance.

Both the static and dynamic penetration charac-
teristics may be studied and implemented with the as-
sistance of appropriate simulation techniques. Load
flow, frequency control and harmanic distortion models
are used to determine the degree of penetration, un-
der various loading conditions. Brief descriptions of
the models are provided below to assist the reader in
understanding the overall strategy. :

.
"

THE SIMULATION APPROACH

(a) The Load FTow Program.

A modified "load flow" routine is employed inor-
der to simulate efficiently the steady-state behavior
of the power system. With input data the characteris-

‘tics of the transmission and distribution networks and
. the loading conditions of each bus, the program .cal-

culates the admittances of power 1ines, the real and
reactive components of power along the same line as
well as the voltage level of each bus.Thenetwork im-
pedance at any point along the grid may also be com-
puted. The load flow program determines. the wmaximum
bus voltage from jts nominal value under various loa-
ding conditions, the line losses and the bus impedan-
ce levels, : :

(b). The Frequency Control Program.

The operational characteristics of the particul-
ar type of inverter employed allow for the WECS units
to be considered as "negative loads," as far as the
power system is concerned. Figure 3 shows the trans-
fer function representation of power control mecha-
nisms for a multiple . generator system [}3]. Pny load



disturbance APL results in a change of system frequen-

cy Af. Each generating unit contributes an output po-
wer change APG so that the frequency will be brought

back to its nominal level. The speed controller per-
forms two functions: a primary control function which
prings the system to an equilibrium state with a per-
manent frequency error Afstat and a secondary control

which establishes. eventually nominal rotational speed
thus, eliminating the static frequency error, The spe-
ed controller is, therefore, part of an overall feed-
back mechanism as - shown in Figure 3. Fcr an autonomous
system, without interties, we may write for the trans-

fer function of the ith

-Af
BPg;s (1 *STg ) (T+sT,) R . (1)

generator:

where, Rr
governor action, TGi and TTi are the time constants for

the speed governing mechanism and the turbine-generator

set, respectively. )

The system input - output relationship is given by:
G
Af = - F

1+7 5= G Gnry
by Sl

(2)

is the transfer function

where Gp of the grid - Toad
combination expressed as: '
‘ 7 .

= P
Gp 1+ sT . (3)

p
and GGTi is the transfer function of the i

ting unit together with its speed regulator.

th genera~

For the case under study, a step load disturbance
is considered, corresponding to a connect ( or discon-
nectjaction of the WECS. Thus, equation (2) may be writ~
ten as:

nf = - ; L (4)
. ( n Ref p GT1)
where: )
) ‘ DPL.
apy = — (5)

it follows from {4) that

_______E_n_, nP

af (6)
stat 1+ k Z L

ri

For a solution of (4), a state variable formulation and
a fourth-order Runge-Kutta routine are employed lead-
ing to a determination of the maximum frequency varia-
tion for a given Joad disturbance, the permanent frequency
variation following primary frequency control as well as
the time rate of the frequency variation.It is assumed
thet the instantaneous introduction (or removal)of the
total WECS cluster capacity constitutes the "worst ca-
se" condition for the frequency control calculations.
The program resulis are compared Wwith the specified
frequency constraints and the degree of dynamic pene-
tration is determined for an acceptable, from a fre-
quency control point of view, performance.

(c) Harmonic Distortion Program.
The ‘introduction of the WECS electrical power into
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Figure 3. Transfer function representation of power
control mechanism.

the ut111ty grid via a line-commutated inverter results
in the presence of harmonic fregquencies along the po-
wer 1ines. The harmonic distortion program accepts as
input data information relating to the power level pe-
netrating into the grid, the line impedance at the po-
int of interconnection as well as the inverter opera-
tional characteristics and determines the Fourier co-
efficients of the line voltage waveform and the total

harmonic distortion at the point of interconnection.

Under "worst case" conditions, the degree of = penetra-
tion may be determined so that the wind generator clus-
ter does not severely degrade the quality of the power
line voltage waverorm,

THE_PENETRATION STRATEGY

(a) Static Penetration Strategy

‘fhe first step in this procedure is to determine
the absolute maximum penetrating power from the WECS
cluster to the grid, Pwmax ., sn  that the operating

constraints are not violated. Load flow simulation stu-
dies and total harmonic distortion computations, under
various loading conditions, lead to the estimation of
the absolute maximum pene?rat1ng power.. When the WECS
penetrating power remains within this maximum Tevel,
then none of the voltage swing and harmonic distortion

‘constraints are v1o]ated

"The second step involves the selection ofthe most
appropriete bus for connecting the. WECS cluster. The
criterion for the interface bus selection is the mini-
mization of the bus voltage deviation, .for each grid
bus, from its nominal vajue and the total line losses.

Thus, implementaticn. of the static penetration

“strategy involves both siting considerations for - the

WECS, and an estimate .of the total installed wind
generator capacity. The number of the cluster units
may be determined, of course, when the rated power of
each unit 1is known. The siting and unit selection pro-
cess must also consider such other factors as wind
availability, proximity, economics,etc.

(b) Dynamic Penetration Strategy ’

The dynamic penetration methodology is based upon
the assumption that, at each instant of time, the dif-
ference between the load demand P and the power intro~

duced by the WECS Pp, should remain above a .minimgm
vq]ue, PGmin , 5o that at least one unit of the cowen-
tional power station is always in operation. If PPmax
is the maximum permissible penetrating power from the
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WECS, then:
Pomax = Lt Pemin (7)

and the penetrating power, at each instant of time (Pp)

must remain b§1ow Ppmax’ that is:

Pos Ponax {8)
The maximum value for the penetrating power is the WECS

- ¢luster power, Pwmax' This js expressed as:

Ppma_x S Pwmax (9)

A systematic organization of the procedural steps

outlined above leads to an overall dynamic penetration

strategy which allows for the normal operation of the

interconnected system. To simplify matters, let us as-

sume that the loading characteristic, for some ~given
period of time, is as shown in Figure 4.

PL'A

PLmax 1

Rutmax

} } + e
PST 6 12 18 24 t(h)

(a) Load demand profite :
(b) Maximum permissible penetrating power
from WECS.

Figure 4. The dynamic penetration strategy.

A penetration curve is also shown in the same figure.
Up to a load value of PLﬁ the total WECS power penetr-

'ating the system js smalizr than the load by Pgmin’}br
penetrating power greater than Pwmax’one of the speci-

~ fied constraints is violated ‘and the penetrating clus-
_ter power is kept at the maximum value of P .
: T wWwmax

Next, the- frequency control program is used to
determine the loading conditions for which the "system
frequency variations are kept within the specified 1i-
mits. The results of these program runs establish, as
part of the dynamic penetration strategy, the time se-
quencing for the introduction or removal of cluster
units in a way that assures a satisfactory system per-

formance. -

s Figure 5 shows in block-diagram form the main fe-
~atures of the dynamic penetration implementation sche-
me. The diagram highlights the philosophy of the pene-
tration strategy omitting such details as protection
devices, transformers, communication Tinks, etc. Cen-
tral to the scheme is a microprocessor - based system
with programmed instructions relating to the operatio-
nal constraints on the voltage, frequency and harmonic
distortion introduced by the WECS into the power grid.
Furthermore, the pP contains information about the dy-

wer, P

namic penetration strategy to be followed. Appropri-
ate communication and control lines connect the uP
system to both the conventional power station and the
WECS cluster. Information received by the micropro-’
cessor from the power station refers to the number of
generating units operating at each instant of 'time
and their corresponding power output. The uP system,
on the other hand, decides upon and sends appropriate
control signals to the station controller as to which
units shall remain in operation and the power Tlevel |
distribution among the various units. The WECS clus-
ter feeds data to the uP referring to the power le-
vel each unit is producing, whether this amount of
power is supplied to the grid via the grid interface
equipment or to some auxiliary storage facility such
as an array of batteries, mechanical pumping equip-
ment, flywheel, heat or hydrogen production. If such
a storage device is available, it may be used as an
active buffer to smooth out the variability of the
WECS output. For example, direct buffering may be a-
chieved using battery or flywheel. storage whereas
pumped hydro storage will act as an indirect buffer.
The uP controller monitors the state of the WECS and
auxiliary storage switches along with appropriate po-
wer levels and decides upon the direction (from WECS
to power grid or auxiliary storage or from auxiliary
storage to power grid) of the power flow. Programming
of the uP is based upon this penetration curve. ’

‘ The dynamic behavior of the WECS cluster-power:
grid interconnected system is controlled by the u?
unit according to the following procedure:

a. The uP monitors simultaneously the load po-
wer PL and the power produced by the wind generators

P .
p
b. With reference to the penetration characte-
ristic, the -maximum permissible penmetrating power
p is determined.
pmax
“¢. On the basis of this information, the digi-
tal controller decides upon which ones of the cluster
units must be connected to che grid.

d. Given which ones of the cluster units are
already in operation, the control action dictates the
proper switching sequence for the WECS so that the o-
verall system performance is maintained within ac-
ceptable bounds.

e. If an auxiliary storage is available, the uP
decides, given the current status of the system, as
to whether power will be provided to or from the sto-
rage facility.

.

AN EXAMPLE

The penetration methodology was applied to a
small autonomous power system of the radial type
whose single-line diagram is shown in Figure 1. The
installed conventional capacity is 750 KVA. The power
station consists of four diesel-driven generator u-
nits with known operating characteristics; The tran-
smission network consists of relatively short 15 kV
lines. lLoad characteristics for the system are .spe-
cified.

First, the static penetration methodology is ap-
plied to this example. The absolute maximum WECS po-
wmax® that may penetrate the power system with-

out violating any of the network constraints is esti-
mated to be approximately 110 kW. If, typically,wind
machines with a rated capacity of 20 kW each  are
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Figure 5. Block diagram of the WECS - poWer grid interconnected system.

available, then six such idential units may'comprise
the cluster.

Load flow studies were used to locate the grid
bus with the maximum voltage swing under extreme lo-
ading conditions. These simulation studies lead to the
jdentification of a particular grid bus where, if the

" WECS cluster is connected, will result in an optimum
Jine voltage distribution while minimizing network
“josses. The WECS cluster will be connected at this
arid point if all other siting constraints are of no
special importance. For the example considered, the
interfacing bus selected shows .a reduction in voltage
swing sensitivity and line losses of 1.33% and 43
W, respectively. This completes the static penetra-
tion part of the study.

For the dynamic penetration: characteristics, lo-

ad flow simulation stidies show that the voltage va-
riation is always maintained within the constrained
values under extreme penetrating conditions.The cons-
traint that may be violated first in this particular
example is ‘the ‘total harmoric distortion. Harmonic
distortion -results dictate a dynamic penetration
characteristic: which follows the load curve from

PLmin = SOKW to PL = Pwmax + PGmin = 120kW. At a le-

vel which is always 10kW below the load curve. For
load values from PL-= 1200 to PLmax = 440kW, the ma-
;imum possible penetrating power is fixed at Pwmax =
110k¥ since the resulting total harmonic distortion
reaches  the constraint value of 5%. )

Finally, using the ffequency control program
with a minimum system load PLmin = 50kW ( one diesel

3
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unit. in operation) and a maximum load of 440kW {up to
three diesel units in operation), the maximum allow-
able load variation is computed. The results are shown
in Table 1, ’

Table 1
. [ Generator Nominal Maximum permissible
Units Power (KVA) Load Change
 A.or B 125/UNIT + 35 ki
c Coo2s0 + 80 KW
A +B 1254125 CETS K
A+ C . 125+250 + 90 kW
A+B+C 125+126+250 £110 kW

Fach entry specifies the maximum allowable load power
“variation exceeding the frequency and rate of fre-
quency variation constraints.

It is noted that load changes for each unit re-
ferred to in this table are within typical generator
winding temperature lTimitations or constraints imposed
by possible carbonizing of the diesel engines.

A statement is in order with regard to the load
following capabilities of the WECS - diesel unit com-
bination. A change in the WECS cluster output pwer by
+ 20% of total rated capacity due to wind gusts or
high turbulence conditions corresponds to a change of
110 kW X 20% = + 22kW of power delivered to the grid.
For such rapid changes in WECS output, the load fol-
Towing rate of .the diesel wunits is satisfactory and
does not present any problems. It is evident, from Ta-
ble 1, that even when only one unit of the conventio-
nal power plant is in operation the maximum permis-
sible step change in loading is £ 35 kW. Anoutput po-
wer change of + 22 kW from the WECS cluster is, there-
fore, within this permissible load change of + 35KW.
Thus, model results show that even under worst condi-
tions (i.e. wind gusts ) and corresponding abrupt
changes in output power, the system frequency is con-
tained within specified bounds.

Development of the dynamic penetration strategy
is based upon the entries of Table 1. The strategy is
finally implemented by appropriately programming the
uP unit of Figure 3.

CONCLUSIONS

The work reported in this paper isconcerned with

the development of a penetration strategy for WECS clu-

sters interconnected with an autonomous power system.
The strategy is implemented using a uP-based control-
Jer programmed with the assistance of appropriate mo-
deling algorithms simulating the steady-state and dy-
namic behavior of the interconnected system.

The constraints stipulated relate only to those
technical aspects of the penetration problem that re-
fer to such system variables as voltage, frequency and
harmonic distortion. In a more general perspective of
the same problem, other significant parameters of an
economic, social, climatolegical and topographical na-

Cture should alse be jointly considered in deciding u-
pon the optimum interfacing of wind generator clusters

—

with a power utility system.

TABLE OF SYMBOLS

APL ¢ change in the power system loading.

AF ': change of the power éystem frequehcy.
APG : change of conventional generated power.
Afstat: permanent frequency error.

APGi : change of i-th generator output power.

: ?% : speed regulation parameter, v ’

TGi : time cqnstantof 1—ﬂ1gener@torspeedgdverning
mechanism. .

T ¢ time constant of i-th diesel generator set.
Gp . transfer function of grid-load combination.
kp . grid-load conséant.

Tp - grid-load time const;nt.

Gery ° t%ansfer function of i-th generating unit. -
PL : 1oad of the power system.

Pp : penetrating ppwer from the WECS.

p : éaximum perm{ssible penétrating power at

pmax  each instant.

pwmax : ;b;o1utg maximum penetrating power (WECS

rated power).

PGmin : ani&um perﬁissib1e conventione] power.
PLﬁin : minimum grid load.

PLma; : maximum grid Toad.
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