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ABSTRACT

Systems, methods, and devices relating to operating a power
generalion facilily Lo conlribule Lo Lhe slability of Lhe
power transmission system. A controller operates on the power
generation facillty to modulate real power ©or reactive power
or both 1n a decoupled manner to contribute to the stability
of the power transmissicon system. Real power produced by the
power Jeneration facility can be 1lncreased or decreased
between zero and the maximum real power avallable from the PV

solar panels, as required by the power system. Reactive power

from the power Jgeneration facllity can be exchanged {(1lnjected

or apsorbed) and both 1ncreased ©r decreased as requlred by
the power transmisslon system. For solar farms, the solar
panels can be conhected or disconnected, or operated at non
optimal power production to add or subtract real or reactive

power to the power transmission system.
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MULTIVARIABLE MODULATOR CONTROLLER FOR POWER GENERATION
FACILITY

TECHNICAL FIELD

00011 The present invention relates to power generation
facilities. More srecifically, the present invention
nrovides methods and systems for operatlng a power

genoration facility such as a photovoltaic (PV) solar

farm,

BACKGROUND OF THE INVENTION

[(0002] Power systems worldwide nced to engure voltage
rcgulation, stability, alliow high lcvels of power
Lransmission capacily in Lhe lines Lo Lransfer power
from cxisting or now gencrating sources, and recgulatco
systom froguency, dospite various systom disturbances,
Theso disturbances could be slow and gradual
variations in Toads and geoncration, or large and

sudden variations, such as faults, linc switching,

cguipment outages, cta,
(000321 There arce primarily two types of stability:

Angle Stability: This relates to maintalning

synchronism of generators. It has two mailn

components:

a) Small Signal Stability - caused by small
disturbances and insulllcienl damping Ln power
sysLems wilh respecl Lo dillerenl oscillalory

modes
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(0004 ]

[0005]

(0006 ]

10007/

b} Transient Stability - This 15 affected by large

disturbances in nower systems

Vollage Stabilily: This relates Lo Lhe syslem’s
abllity to maintalin acceptable voltages, and 1s
tvpically caused by lack of adegquate reactive power
support both during steady state and during

dlisturbances such as faults.

AnolLher major problem being increasingly encountered
L8 Lhe lack of power Lransfler capacily 1n Lransmission
and distribulion lines. Increasing stabilily
significanLly'increases Lhe power Lransmission
capacily ol Lransmission lines. On Lhe olher hand, Lhe
power Lransfer capacily i1n dislribulion lines 1s

Lypically limiled by Lhermal limils of Lhe line.

A third problem keing faced by power systems 135 fLhe
rogulation of system fregquency despite the ongoing
ayst.om disturbances, Freguency deviations occur duc
to imbalances between the generation and the loads
during disturbances., Maintaining freguency 18 an
important issue in isolated power systems, such as

microgrids,

Another issue with current technoleqgy 1s the lack of
power carrving capacity in power transmission lines.
With the ever—qrowihq number of renewable generating
sources in power transmission and distributicon grids,
there is an imminent need for nrovidiling capaclty on
existing lines to carry the real power generated by

them.

The existing technology for compensating for reactive
power flows in the lines 1s through passive devices

such as capacitors and inductors, which are fixed 1n

Y B
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10008 |

[CCOY ]

rating, and hence not contrcocllable. Therefore, this
method is not widely emploved due to these

limitations.

The other option i1s to install very expensive dynamic
reactive power compensators such as Statilc Var
Compensator (3VC) or Z2tatic Synchronous Compensator
(STATCOM) . These may nhot be cost effective for the

objective to be achilieved.

Based on Lhe above, Lhere 1s Lherelore a need [or
syslLems, meLhods, and devices which milLigale 1[ nol
overcome Lhe i1ssues noled above. More specilically,
since pholLovollLaic (PV) solar [arms conventionally
only produce real power, and do nol conbribule Lo
inereasing syslem slabllily, enhancing power Lransler
capacily, or providing frequency conlrol, melhods and
syslLems which would allow PV energy larms Lo perlorm

Lhese funclions would be desirable.

SUMMARY OF INVENTION

10010}

The present invention provides systems, methods, and
devices relating to operating a power generation
facility to contribute tc the overall stability of the
power transmission system. A controller operates on
the power generation facility to modulate real power

or reactive power, or both real and reactive power 1n

a decoupled (independent) control mede to contribute
to the overall stability of the power transmission
system. Real or reactive power, or pboth, can be
injected into the power transmissilion system as

necessary. As well, the real power produced or the

reactive power preoduced by the power generation

_'3_
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facility can be increased or decreased as requilred by
the power transmission system. For sclar farms, the
solar panels can be connected or disconnected to add
or subtract real power. Also, the real power output
from the solar panels can be modulated by varvyving 1ts
output direct current (DC) voltaqge. The inverter can
further be controeolled to inject or abscrb reactive

nower with the power transmission system.

(00111 In a first aspect, the present invention provides a
method for enhancing stability in a power transmilission
system to which is coupled a power generation

facility, the method comprising:
a) delecbting a need [or enhancing power slabilily in said

power Lransmission syslem;

b) modulalLing al leaslL one of reaclive power and real

power [rom said power generalion [acilily;

¢) modulaling both real and reacllive power simullaneously

in a decoupled conlLrol mode; and
d) providing modulaled reaclive power or modulaled real
paower [rom said power generalion l[acllily Lo said power

transmission system;

wherein said modulaled reaclive power or modulated real power

increases said stabilily of said power Lransmission system by

performing alL leasl one olfl:

damping system oscilllations;
- lncreasing Lransienl slabilily
- reqgulaling power syslem [requency;
— Ilmproving vollage sLabilily and vollage regulalion;

— 4 -



CA 02886409 2015-05-04

Attorney Docket No. 1131PO0ZWOOL

— increasing power transmission capacity 1n
transmission lines; and
— increasing power transmission capaclty 1n

distribution lines.

BRIEF DESCRIPTION OF THE DRAWINGS

[Q017] Tho cmbodimeonts of theo proscont invention will now be
doscribed by raefarence to the following figures, 1n
which identical reforeonce numerals in difforeont

figurcs indicate identical ¢lements and in whicgh:

FIGURE 1 1s a block diagram of a dual area power
system including a PV solar farm equipped with a

multivariable modulator controller acceordlng to one

aspect of the invention;

FIGURE 2 is a diagram illustrating a typical dally

real power oulpul of a PV solar [arm;

FIGURE 3 illustrates typical modulated real power
cutput waveforms for a PV selar farm as implemented by
a multivariable modulater ceontroller as illustrated in

Figure 1;

FIGURE 4 is a graph of a power oulpul characlerislic

of a solar panel;

FIGURE §5 i3 a phasor diagram for linc power fachtor

correction;

FIGURE 6 is a diagram illustrating a PV solar farm
with a mulllvariable modulaltor conlLroller connected Lo

a power Lransmission syslem;
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FIGURE 7 18 a block diagram ¢ a mullivariable
modulator controller accordineg to one implementation

of one aspect of the 1nvention;

FIGURE 8 is a block diagram of a dc-link voltage

control loop which may be used with the invention; and

FIGURE 9 is a block diagram of a VAr/ac voltage

rcgulator which may be uscd with the invention,

DETATLED DESCRIPTION

0013 ]

(0014]

The present ilnvention includes a multivariable
modulator that operates to control a power generatilion
facilily Lo assisl Ln mainlalining or 1mMproving a power
Lransmission syslem’s slability. The mullivariable

modulateor allows the power generation facility to:

1) ingcrcaso systom stability, including transicnt
stability, small signal stability, voltage stability

and voltage rogulation
ii) requlate system frequency, and

iii) improve power transmission capacility 1in both

transmission and distributicn lines.

Figure 1 i1lluslrales a Lwo area power syslem connecled
Lhrough a Lransmission line. Each area has bolh
generalors and loads. Area 1 1s represented by an
equivalenl generalor G; and a Lerminal voltage of V;<d.
Area 2 1s modeled by an eguivalent generator Gy and a
terminal voltage Vy<0. A PPV solar farm with a
mullivariable modulalor 1s connecied al Lhe middle of

Lhe line, ab Lhe point ol common coupling (PCC) where



CA 02886409 2015-05-04

Attorney Docket No. 1131PCOZW0O0L

the terminal voltage is Vee<(&/72)., The linc has a

total reactance Xr.

[0015] In Lerms of conbtribuling Lo Lncrease syslem slabilily,
the multivariable modulator operates by modulating the

real and/or reactive power from the power generation

facility.

Q016] A power system may bhceccome unstable duc o anglc
instability on Lhe occurrence ol large syslem
dislLurbances, such as, faulls, line or equipment
swilchings/oultages, eblc. SyslLem inslabilily may resull
due Lo Lhe growing oscillalions of any or a
combinalion of Lhe [ollowing modes given below wilh

Lhelr projeclted oscillalion [reguencies:

a) Tocal Geonerator Rotbor Modes, asseciated with
tho rotor oscillations of synchroncous gonerators

in a plant: in the range of 1-3 Hz

b) Inter area modes assocliated with the
oscillations of a set of generators 1n an area
aqgainst ancther set of generators in a different

area: 1in the range of 0.1-1 Hz

c¢) Controller Modes related to controllers of

generating units, and other dynamic equlpment such
as Static Var Compensators (8SVC), Static
Synchronous Compensators (STATCOM), High Voltage

Direct Current (HVDC) converters: in the range of

2-15 Hz

d) Torsional Modes assoclialed wilh Lhe Lurbine
generator shaft systoms of synchronous gonarators,
wind Lurbine generators owing Lo Lhelr inleraclLion

wilh excilatlion controls, series compensaled
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[C017]

"0018]

[Q019]

10020 ]

linecs, and HVDC contrels, ctc.,: in tho range of

10-50/60 Hz

The ascillalions noled above are relleclted 1n variLous

system quantities, such as generator angular

frequency, line power flow, Llne current, bus
frequency, etc. The multivariable modulator controller
can derive the oscillatory behavior of the oscillatory
modes utilizing signals obtained or derived from the
noweyry system, termed as auxiliary signals. These
auxiliary signals include locally obtalnable
quantities such as Line current, line power flow, bus
frequency, ©or remotely acgquired/communicated
quantities such as remote generator speed, remote

voltage angles, etec. These signals and guantities can

be transmitted to the DV solar farm location through
various communication channels, e.g. fibre optilic

cables, Wide Area Measurement Systems (WAMS), etc.

Once bLthe oscillalions are delecled, Lhe reacbLive power
and real power of Lhe solar farm are Lhen modulalted by
Lhe mullivariable modulalor Lo counlLeracl Lhe
oscillations of these modes. A simple exXplanation of

Lhe conlrol concepl L8 provided below.

From Figurce 1 and tho description given above, 1t can
be seen Lhalt Lhe real power Pry Lransmilled [rom Area

1 to the PCC is given by,

_ V1v,m.'¢' . 5 .
PHN = XL/?- SH) /

(1)

Thus the real power flow Prmv can be ceontrolled by

varying Vpee.
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The typical real power output over a twenty-four hour

meriod from a PV sclar farm is depicted in Figure 2.
P..., denotes the maximum power ocutput from a solar farm
which occurs around noon time on a fully sunny day.
Prox 15 a2ls0 the rated inverter capacity Sm.x ©f tho PV
aclar farm, Tt P; be the power output of tho solar
farm at time t;, when the sclar farm observes power
system oscillations (in line power or system
froqueoncy) causcd by some disturbancce in tho power

systom,

The multivariable modulator can then perform any of

the following three control functions:

1) ModulalLion of reaclLive power oulpul of PV solar

syslem

ii) Modulation of rcal power output of PV =solar

aystom

iil) Modulation of both reactlve and real power

outputs of PV solar system simultaneocusly 1in a

decourled ({(independent) manner

The above modulaticns are periormed from the time
instant £, to time instant t>; when the power system
cscillations decay to within acceptable levels. The
time period t; t; 1s defined as the Yperiod of
modulation” and is expected to be small, typically a
few minutes. It i1s therefore assumed that the solar
isolation and conseguently the solar power

availability P; will remain constant cver this time

period.

The eflfecls of bolLh reaclive power modulalion and real
power modulalion, as well as how Lo implemenl such

modulation schemes, are described below.
_9_
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(00251 Reactive power meodulation is performed relative to
what 18 occurring 1in the power system generator.
Local or remote siqnals that indicate the status of
the qgenerator are thus transmitted to the
multivariable modulator. Depending on the status of
the generator, the multivariable modulator control can
modulate the reactive power generated by the nower

generation facilitv to ccocmpensate for the

clectromechanigcal gsgillations of tho gonerator,

10026} If d(Ad)/dt or Af 1s positive (where "f" 1is the
generator frequency), i.e., generator roter ¢; 15
accelerating due to bullt up Kinetic enerqgy
(mechanical power 1input is more than electrical power
output), the multivariable modulator operates to
inject reactive power from the DIV solar system. This
increases the bus voltage Veee, thereby leading to the
increase of generator electrical power output per
equation (1) above, thus opposing the generator

acceleration.

|10027] If d(Ad)/dt or Af is negative, 1.e., generator rotor G;
is decelerating due to loss ¢f kinetic energy
(mechanical power inpul 18 lesgg Lhan eleclrical power
Sul.pub), Lhe mullivariable modulalor operales LO
absorb reactive power into the IV solar system. This
decreases the bus voltage Vy.., which leads to the
decrease ol generalor eleclLrical power oulpul per
equalion (1) above, Lhus opposing Lhe generalor

deceleralion.

(0028] The reaclive power oulpul [rom Lhe PV solar syslem 1s
thus modulatcd by the multivariable meodulator control
in responsc o generator medal oscillations {(or power

ayst.cm oscillations) that arce sensed through auxiliary

- 10 -
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| 0029 ]

[C030]

Q0317 ]

s1lgnals. The reactive power modulation control

essentially modulates the bus voltage around its

reference value.

To 1mplement the reactive power modulation control
described above, two schemes are contemplated,
especially for PV solar farms. 8Since the operating
requirements are different for night time versus day
time for I’V solar farms, these schemes take 1nto
account the unigque requirements of PV solar farms.
These schemes essentially control how much of the
power generation facllity's inverter capacity 1s to be
used for damping the power transmission system's

oscilllations.

For a night Lime implemenlLalion, Lhe mullivariable
modulalor conlrol provides dynamic modulalion ol
reaclive power in Lhe nighl ulilizing Lhe full
inverler capacity of Lhe power generation [facilily Lo

damp Lhe power syslem oscillalions.

For a day time implementation, let the selar farm beo
producing real power FP; at any Lime inslanlt during Lhe
day., Tf poweor systom oscillations arce observaed, which
can be detrimental to the power system stability, the
multivariable modulator contreller can modulatce the

reaclive power 1n eilher of Lhe [ollowing ways:

1) the entire inverter capracity for the PV power
qgeneraticn facility 1is used for reactive power
modulation. In this ¢case the solar panels are
totally disconnected during the period of

modulation.

11) the 1inverter capacity remalining after real

7

- . .? ’ A
nower generation V(S,... — P;”) is used for reactive

— 171 -=
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L0032]

[(Q033]

10034

10035

[0036]

power medulaticon. In this case the real power

output of the PV sclar farm is not affected.

111} Lhe inverler capaclly needed is more Lhan Lhe
remainihg inverter capacity described in ii), but
not the entire inverter capacity as described in
1). In this case the solar panels are partially

disconnected during the period of modulation.

IL should be noled Lhal Lechnique 1) and ii1l1) above
are superior Lo, and are Lherefore prelerable over,

Lechnique 11)}.

For tochnigues i) and iii), as soon as tho powor
systom oscillations scttloe down to Tess than the
valucs specgificd by utility standards of stability,
the multivariable modulator will causc the PV solar
syst.om to reoturn to its normal real power production
with all solar pancls connccted and based on solar

radiation availability.,

The decislon to commence reactive power modulation and
the period of modulation is determined autoncmously by
the multivariable modulator itself, based on the

magnitude and duration of coscillaticons of power system

quantities.

Alternatively, the decision to commence reactive power
modulaticen and the period of modulation may also be

communicated by the system operator to the

multivariable modulator, based on the magnitude and

duration of oscillations of power system qguanhtities.

As an alternative and/or an addition to the abovc
noled reaclive power modulalion, real power produced
by Lhe power generation facllily can also be modulaled

by Lhe mullivariable modulalor conlroller. Again,
— 17 -
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this modulation is based on sighals and quantitles

sensed and/or remctely received from the oscillating

dgeneratcr.

00371 If d(ad)/dt or Af is positive, 1.e., the qgenerator
rotor is accelerating due to bullt up Kinetic enerqgy,
the multivariable modulator controller operates to
decrease real power output from the PV solar system tTO
pbelow a predetermined setpoint. This effectively

opposes generator acceleration.

[0038] To Lncrease Lhe elfleclliveness i1n such a silualion,
real power can be absorbed by a Thyristor Canlrolled
Braking Resizlor (TCBR) or by a ballery energy sLorage
system provided in Lhe PV solar system, (see Figure

£§). These are supplemenltary and opLional conlLrols.

[0039] On Lhe obLher hand, 1L d(A8&)/dL or AL 1s negalive,
i,c., the generater rotor is decelerating dugc to lass
of kinctic cnorgy, the multivariable meodulateor
copcratas to incarceasc real power output above the same
prodetormined setpoint, This offectively opposcs

gonerator deocoleration,

00401 The real power output from the PV scolar system 15 thus
modulated around a predetermined setpolint 1n resnonse
to nower system modal oscillations. Some possible
cases of real power modulaticn are illustrated in
Figurge 3. Tho satpeint can typically be P/2, i.c.,
half of the real power output corresponding to solar
radiation at that time instant. The waveforms for a
P;/2 setpoint are presented as the top two waveforms 1in
Fiqure 3. The setpoint can also be (P;- P.)/Z2, where
F, is a valuc of power output less than tho maximum
avalilable during the period of modulation. The

waveforms for this setpoint are presented as the
_']3_
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bottom two waveforms in Fiqure 3. While the magnitude
of the meodulaticons 1in real power are 1llustrated to be
constant in Figure 3, the magnitude of modulations can

decrease with time, depending upcnh the system need.

While the above discusses modulating only reactive
power oOr real power, both of these can e meodulated

simultaneously in a decoupled (independent) manner.

Such a control approach provides flexibllity to the

multivariable meodulator contreller's response to

detected oscillations.

In this hybrid method, real power [P 15 modulated as
described above. The variable remaining lnverlLer
capaclly VL&MQ?-Eﬂ) 185 Lhen ullilized for reactive
power modulalion by Lhe multivariable modulalor

conLroller.

This combination of rcal and rcactive power modulation
in a decoupled manncr is the preferred method for

stabilization of tho power transmission systom,

To implement real power meodulation, especially in PV
solar farms or sclar—-based power generatlon
facilities, solar panels may be switched 1n and out ot
nower nroduction. As well, the power generation

syvstem may be configured to produce less than optlmum

rrowelr .

The tyrical DC current (i} versus DC voltage (v)
characteristic and the DC power (P) versus DC voltage
(v) characteristic of a scolar cell/panel are depicted

in Figure 4. IPpay denotes the power output at the

Maximum Power DPcint (MPPP) of the solar panel
corresponding to ¢operating veltage v; and current 1i;.

Varicus Maximum Power Point Tracking (MPPT) techniques

- 14 —
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Ll
L)

are described in literature (see, for example, IEE.
Task Force on Modeling and Analysis of Electronically-
Counled Distributed Resources, “Modeling Cuidelines
and a Benchmark fcr Power System Simulation Studies of
Throe-Phasce Single-5Stage Photeovoltaic Systoem”, TRAEFR
Transactions on Fowcer Dolivery, Veol, 26, No. 2, April
2011, pr. 1247-1264, the contents are of which are
hereby incorporated by reference and which will be
horcinafter roforred to as TEFRR Task Force Reforconce),
Solar pancls arc always operated at MPP for maximum

nower dgeneratlion.

10046] The solar panel may also be operated at a non maximum
nower noint. Ps; denotes one such operating point when
the power output from the solar panel 1s lower than
the maximum possible amount for that given solar
radiaticon. The corresponding oprerating voltage 15 V3
and current is i:. Sclar panels will typically not be
operated at such a non MIPP con a continual basis, as

this will lead to lower power generatlon.

0047] In one aspecl ol Lhe i1nvenlion, Lhe real power oulpul
of the solar farm is rapidly modulated or varied
eilther by swilching 1n or ocul solar panels [rom power
produclion or by operating sclar panels al variable

non optimum or non maximum power polnts (non MPD) .

[0048] Tn the first technigue, the solar pancls are switchoed
in or out through a matrix of fast =solid-statc
swit.ches, with the connected solar pancls baing

oporated at maximum power point (MPP),

[0049] In this first technigque, each solar panel or sets of
spolar ranels are connected to the inverter through a
very fast coperating solid-state switch that can open

or close within a few milliseconds. Several sets of
- 15K -
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[0050]

(00517

[Q057]

nanels are thus cconnected to the inverter through a
matrix of switches. Since the power systemn
oscillaticons that need to be contrelled through the
nower modulation have time periods ranging from
tynically 30 ms (torsional oscillaticns) to few
seconds (inter-area oscillations), the operating time
of these switches will not affect the effectiveness of

the multivariakble modulator controller.

Such a control is easily implemented in a single stage

]

E Task Force

PV solar system (as described 1n the IE
Reference above), 1in which the sclar panels are

directly connected to the IV inverter.

An allernalive [or swileching Lhe PV solar panels 1n
and oul 15 described as [ollows. In several PV panel
implemenlalLions (such as iln microinverters),
individual solar panel or a sel of PV panels has 1lLs
own assoclLaled power eleclronic DC-DC converler thatl
produces appropriale conlrollable DC vollages on
eilher gide. Thus 1n a solar [arm, Lhere are several
DC-DC converlers, each corresponding Lo an individual
set of solar panels. The DC outputs of each o these
DC-DC converlers are combined Lo praduce Lhe nel DC
power al Lhe appropriate DC vollage Lhabt 1s fed Lo Lhe
splar farm inverter(s). The DC DC converters are based
on very fast acting semiconductor switches. Thus the
"swilteching 1n" and "swilching oul” of PV panels can be
achieved rapidly by “Lurning on" or "Lurning of[" Lhe
[iring pulses Lo Lhe semiconduclLor swilches i1nside Lhe

DC DC converter.

Anotheor teochnigue is where the solar pancls arc not
switched in or out, but somc or all arc opaearated at

non-maximum power point (nogn-MPP), According to this

- 16 -
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0053}

0054]

[Q035]

0056 ]

(0057

technique, the operating peoints of the solar panels
are rapridly modulated in the non—-maxXximum power
operating range. The multivariable modulator
controller varies the voltage across the solar ranels
to obtain the desired variation in real power output

during the period cf modulation.

Such a control scheme may be implemented on a single
stage PV solar system. However, it is more sultable in
a two—-stage PV solar system, in which the solar panels
are conhected to the PV 1lnverter through a common DC
DC cenverter for the entire set of PV solar panels.
The DC DC converter ensures a constant voltage at the
input of the inverter, even though the output voltage

of the solar panels 1s varylng.

It is emphasized Lhal Lhe conlLrol Lechnique of
swilching in or cul of the solar panels 1s [aster Lhan
Lhe Lechnique of operaling solar panels al variable

non-oplLimum or non-maximum power points {(non-MPP).

For a PV solar farm implementation of the two rcal
pvower modulation schemes noted above, again, day time

and night time implcmentations arc requirad,

For a night time implementation, the multivariable
modulator controller would provide dynamic medulation
of reactive rpower by utilizing the full inverter
capacity of the PV solar farm to damp power system
oscillations. Real power modulation is not available

during night time for PV solar farms.

For a day time implementation, 1f detrimental power
system oscillations are observed, the multivarilable
modulator controller would discontlinue the normal real

power generation cperation of the PV solar system,

- 17 -
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rartly or fully. Once this 1is done, the cocntreoller

then starts to modulate the real power P in response

to the power system oscillaticens, as descrikbed above.

10058)] Simultanecusly, reactive power modulation 1s also
commenced in response to the power system cscillations
in a decoupled control mode. The bus voltage 1s
correspondingly modulated around 1ts reference value.
The inverter capaclty that remalins after real power

, .,

modulation V{(Smx — P°) is utilized for reactive power

modulation.

(0059%] IL Ls nolLed Lhal Lhe reaclive power modulalion control
also miltigates any system voltage [lucltualions arising
oul of swilching of solar panels or by real power

modulalion.

[(Q060] As soon as the power system oscillations sattlc down
to 1ess than the values specified by utility standards
of stability, the multivariable modulator contreoller
will roturn the PV solar farm o its normal rcal powoer
production with all PV panals connccted, and bascd on

solar radiation availability.

00611 It should be noted that the multivariable modulator
controller may alsc modulate the frequency ¢f the real

nower output of the solar farm.

|0062] However, the magnitude of power modulations will be

determined by the amount of solar radiatlon availlable

at that time 1i1nstant.

[0063] The [full inverler capacily of Lhe PV golar Larm Ls
utilized for the combhination of rcal power mogdulation

and reaclive power modulalion in a decoupled manner.
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The proposed invention of modulation of both real and
reactive power in a decoupled manner also improves the
transient stability of the power system as well as
improves tThe power transfer capacity of transmission

lines.

It should be noted that the decislien to commence real
power modulation and reactive power modulation, as
well as the period of modulation, 1s auvtonomousiy
determined by the multivariable modulator based on the
magnitude and duration of power system oscillations

detected.

The decision Lo conmence real power modulalion and
reaclLive power modulalion, as well as Lhe period of
modulalion, may also be communicaled by Lhe system
cperalor Lo Lhe mullivariable modulalor, based on Lhe

magnilude and duration ol power syslLem oscillalions.

Powor gencration facilitias, and cspeacially PV solar
farms, can also contribute to the stability of theo

syst.em froquoncy.

Photovoltaic solar farms do not have any rotating
narts, such as those used in synchronocus qgenerators,
and hence do not have any inertia. A large number of

microgrids around the glcbe, which have PV sclar farms
installed, face the problem of frequency requlation
since the solar farms lack inertia. This inertia is
much needed during rower system disturbances to
requlate freguency and tc thereby ensure system

stabllity.

In this aspect ¢of the invention, a PV solar farm 1is

controlled s0o as to emulate i1nertia much like a

synchroncus generator and can thereby contribute to

- 19 -
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frequency reagulaticn. During situations leading to an
imbalance between generation and locad in the power
system, such as when qénerators or lcads are switched,
or during a disturbance, a synchronocus generator
nroduces power oscillations with a magnitude and
frequency depending upon the wvalue of the inertia of
its rotating mass. This effect can bhe approximated 1n
a PV scolar farm by modulating both the magnitude and
the frequency of the recal power output of the solar

tfarm,

For this concept, the multivariable modulator

controller varies the power output ¢of the solar system
in a controlled manner. This control will result 1n a
variable real power output that 1is similar to¢ that
produced by a syhnchronous gehnerator under similar
circumstances, thereby presenting usable 1nertia to
the power system. As noted above, this variable real
power output will be with the objective of reducing
the imbalance between the generation and the load 1n

the interconnected power system.

System frequency lncreases when the power generation
exceeds Lhe load in Lhe power syslem. When Lhis
occurs, Lhe mullivariable modulalor conlroller will

decrease the power output from the PPV solar system.

systam freguency decrcasces wheon the power geoncratlon
beccomes lower than the load in the power system, Whan
this occurs, the multivariable modulator controlloer
will incrcasc the power output from tho PV scolar

syslem.

To implement this freguency stabkility enhancing
control scheme, it should be noted that 1t can only be

implemented during day time for PV solar farms. It
_QO_
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should be quite clear that PV solar farms do not
nroduce real power at night and, as such, real power

nroduction cannot be increased or decreased at night.

For a day time implementaticn, the multivariable
modulator controller modulates the power production
apbout a specific setpoint. If the system data
collected by the modulater centroller i1ndicates that
the DBV solar farm is required to perform frequency
stabilization, the modulator controller will
discontinue the normal real power generation operatlon
of the I’V solar system partiy or fuilly. The controller
will start to meodulate the real power output of the IV
solar system around a setpoint that can be, for
example, half of the real power output correspondlng
to solar radiation at that time instant, as descrilbed

above.

IL should be noled Lhab Lhe mullivariable modulalor
conLroller may alsc modulale the [requency ol Lhe real
power oulpul of Lhe solar farm, thereby artificially

emulabing Ltnerlia of a synchronous generalor.

Tt should bhe clear that the magnitude of tha power

modulations is dependent on the amount of solar

radiation availakble at that time instant,

The multivariable modulator controller can also
nerform reactive power modulation simultaneously wlth
the remaining inverter capacity in a decoupled manner.
This is mainly for two reasons. Reactlve power
modulaticon can mitigate any voltage fluctuations
arising from real power modulation. Also, reactive
nower modulation can control the PCC bus voltage which
will in turn contrel the real power consumption of the

nower system loads. This control indirectly reduces
- 2?1 -
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the imbalance between generation and loads in the

nower system, thereby reducing frequency coscillations.

IL has been proposed 1n lilerature Lhat 1L PV solar
farms are 1nvolved 1n frequency regulation, they
should continuocusly operate at levels that are
substantially lower than the optimal operating point
Known as Maximum Power Point (MIPP), 1.e., with a large
margin below the MPP. With the technique proposed in
the present invention of combined real and reactive
power modulaticon 1n a decoupled manner, DV solar
ilnverters will either not be required to continuocusly
operate at non optimal, i1.e., non MPP level, or will
need to continuously operate at levels that are only
slightly lower than the MPP, i.e., with a much lower

margin below the MPP.

Once Lhe syslem [regquency oscillations sellle down Lo
less Lhan Lhe values gpecified by ulLility slandards ol
sLtabilily or Lo an acceplable predelermined level, Lhe
modulator conblroller will relurn Lhe PV solar [arm Lo
L1te normal real power produclion wilh all solar panels

connected.

As was tho casc with the proviously described
techniques, the decision to commance rcal powgr
modulation, as well as Lhe period of modulalion, 1is
autonomously doetermined by the modulator controller
bascd on tho magnitude and duration of the
unacceptable froguency eoscillations is thoe power

systam,

The decision te ccocmmence real power modulaticn, as
well as the periocd of modulation, may alsc ke

communicated by the system operator to the
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multivariakble modulator, based on the magnitude and

duration of frequency oscillations.

IL Ls emphasized Lhal Lhis above Lechnique ol real
power modulation 1lnh response to system frequency
oscillations may be distinguished over the
conventionally utilized slow ramplng ¢©f real power
production of PV sclar farms during system freguency

variliations.

It 18 also readily underslLood Lhal Lhe real power
modulalion 18 nol achlieved by adding an energy slLorage
syslem and Lhen charging/discharging LL Lo produce
variable real power. The real power modulalicn 1s
accomplished wilh only Lhe available solar power [rom

Lhe PV panels.

Tn anothor aspcect of the invention, the multivariablc
modulator controller creates more room 1n the power
transmission/distribution lings for garrying rcal
powcr, cspccially during ceonditions when the lTings arc
opcrating at or closce to their thermal limits, Using
this technique, the PV solar farm can also create
additignal capacity in tho lings to carry powar
generated by other goncrating sources in the network,
The multivariable modulator controller will thus allow
more Dislribuled Generalors and conveniional
generators to be cennccted in networks, Proviously,
those geonerators could not be connected since 1ines

were alrcady operating close o their thormal limits,

The multivariable modulator controller increases the
transmission capacity of power distribution lines by
improving the power factor of the distribution line at
the point of interconnecticn. This power factor

improvement is for both balanced and unbalanced
R L -
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operation of the distribution lines. This control of

line power factor is different than the control of

npower factor at the terminals of the PV inverter.

|0086] This control technique increases the flow of real
power over dilistribution lines while maintaining the
magnitude of line current constant at or less than the
utlllty prescribed thermal limit. Using this aspect of
the invention, PV solar farm inverters can dynamically

eXchange (inject/absorb) reactive power with the power

distribution lines in order to minimize the hnet flow

of reactive power flow over the line. The DIV solar
farm can act alone or 1n coordlination with passive
devices such as switched capacitors or switched

lnductors (reactors), as shown in Fig. 6.

(0087] This aspeclL of Lhe invenlLion will be explained wilh
reference to Figure 5. Let Vy.. be the voltage at the
poirnt of common coupling (PCC) of Lhe PV solar systen.
ULitlities Lypically specily Lhe line Lthermal limil by
a maximum magnitude of current flow I, corresponding
to the maximum acceptable heating line loss I°R. With

respect to Figure 1, the current I corresponds to the

thermal limit of the current I;,yr which flows between

Lhe PCC of Lhe solar farm and Lhe Area 2 Lowards Lhe
right of the figure. Utilities alsec specify an
operating power factor & for the flow of current I in

Lhe Lransmigssion line. This L1s Lypically 0.9,

[0088] Returning to Figurce 5, this figurc depicts the phasor
diagram in which Ip and I, represent Lhe real and
reaclive componenlts ol Lhe line currenl al Lhermal
limil I. IL should be noled Lhal Lhe magnilLude of Ip 1is
less than Lhe magnitude of I. The mullivariable

modulateor controller in the PV solar farm dynamically

- 24 —
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injocts capacitive current 7., thereby roeducing the
reactive component of the line current to I ,, and the

nower factor angle to © . The magnitude of the

f

resuliting line current is 7, which is Tess than the
thermal Timit 7, The linc can thergefore carry an
addliticnal real current, which is the difference

between the magnitudes of I and I . The maagnitude of

s

this additional currcnt 1s Tam Tk « Tn other words, an
additional Distributed Goneorator (NG) with a rating Tawm
Tx can bc connected in the line betweoen the PCC and

the Area 2. 8uch a Distributed Cenerator could not be
connected earlier due to thermal constraints of the
transmissieon line. In the ideal case, if the entire
reactive component Ty can be ceompensated for by the
multivariable modulator contreller, an additional

capacity of Tgu T can beo crecated in the ling 1.¢,,

in the direction ¢f line current flow.

10089] To implement the above described scheme in a PV solar
farm, again night time and day time implementations

Wwlill need to be used.

1 0090) For the night time implementation for a PV solar farm,
Lhe mullivariable modulalor conlLroller uses Lhe [ull
inverter capacily Lo provide dynamic modulalion of
reactive power to control the line power factor to as

close to unity as possible.

[Q081T] For a day time implementation, the multivariabklc
modulator controller uscs the inverter capacity
available after rcal power gencration for dynamic
modulalion of reaclive power. This is implemenied in
conjunction with switchable capacitors and rcactors to
cont.rol the line power factor f£o as clesc to unity as

possiblia,
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It should be noted that the real power generation

functien of the sclar farm will not be curtailed. This
real power generation functicn will be reduced or

stopped for a brief pericd conly if during that pericd,
both in steady state or during disturbances, the power
from the new DG to be added is more important/critical

than the real power generaticn from the solar farm.

In another aspect of the invention, the multivariable
modulator contreoller can also help i1mprove veltage
stability for the power transmission system. Voltage
instability is potentially caused by a lack of dynamic
reactive power support 1n power systems. A system
undergoing voltage instability 15 characterized by an
uncontrolled decline or collapse 1n voltage,

subseguent to a system disturbance, such as a fault or

a line outage.

The mullivariable modulalor conlLroller can provide
vollage regulalion and milLigation of vollage
dislurbances such as vollLage swells, volbtage sags and
Tenmporary Over VollLages (TOVs) during laulls, elc.
This 1s done with the objective to control the power
Lransmission syslem's bus voltage Lo wilhin specified

limils.

For a nighl Lime implemenLation of Lhe above noled
control schome, the multivariable modulator controller
uscs the full invertor capacity of theo PV solar farm,
Since real power is not produccd by the PV solar farm
at. night, all of the solar farm's invorteor capacity
can be used Lo dynamically modulale reaclive power
from the solar farm, As noted above, this reactive
powcr can be used te control the bus veltage to within

specified 1imits,
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For a day time implementation of the above noted
control scheme, it should be noted that the voltage
instability probkblem becomes more severe during daytime
due to 1lncreased system loading. If the bus voltage
declines by such a large amount that the decline
cannot be corrected by reactive power modulation using
the inverter capaclity remaining after real power
generation, the multivariable modulator controller can
disconngect some or all of the PV solar pancls, By
doing this, an incrcascd amount. of inverter capacity
over the 1nverter capacity remaining after real nower
gqeneraticn becomes available for reactive power
exchange. However, when all the PV solar panels are
disconnected the sglar farm's contire inverter capacity
can bc made available to axchange rcactive pewer with
the grid and thereby reqgulate the bus voltage. As s00n
as the bus voltage returns to values within utility
specliied limits or to within predetermined acceptakle
limitsg, the solar pancls can be reconnccted and the

system will resume normal solar power generation.

One o©of the problems faced by nower svstems is
Temporary Overveoltages during unsymmetrical faults
(such as line to ground fault, etc.). If the bus
voltage increases by such a large amount that the
voltage rise cannct be corrected by reactive nower
modulation using the inverter capacity remaining after
real power generation, the multivariable mocdulator
controller can disconnect some or all of the PV solar
ranels. By doing this, an increased amount of
inverter capaclity over the inverter capacity remaining
after real power generation becomes availabkle for
reactive power exXchange. However, when all the PV

solar panels are disconnected the solar farm's entire

- P77 -
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inverter capaclity can pe made avallable to exchange
reactive npower with the grid and thereby reqgulate the
bus voltage. As soon as the bus voltage returns to
values within utility specified limits or to within
nredetermined acceptable limits, the solar panels can
be reconnected and the system will resume normal solar

nower generation.

During the period when the bus veoltage exceeds
acceptable limits, real power meodulaticn as described
rreviously, can also be implemented together with

reactlve power modulation in a decoupled manner, to

further augment the capability for voltage regulation.

The decision Lo curtlail real power produclion Lo
provide bolh reaclive and real power modulalion in a
decoupled manner, and Lhe duralion of Lhis modulalion

are aulonomously delermined by Lhe mullivariable

modulalor conlLroller based on Lhe vollLage magnilude

gengsed al PCC and Lhe duration of Lhe dislLurbance.

The deocision to curtail rcal power production to
provide both reactive and rcal power medulation in a
decouplaed manner, and the duration ¢f this medulation,
may also be communicated by tho systom operator to the
multivariablc modulator, basced on the magnitude of bus

vollLages and Lhe duralblion of Lhe dislurbance,

It should ke clear that the primary function of PV
solar farms 1s the generation of real power at unity
nower factor during daytime. In conventional
operation, solar farms are not used at night. Because
of this, solar farms can utilize their entire inverter
capaclty at night to earn new revenues by providing

scme key npower system penefits. However, these

-~ 2B -
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benefits are generally of limited value as they cannot

be provided by the solar farm during the day.

[(C0102] While Lhe above may be Lrue, L[ Lhe golar farms are
adequately compensated, they can temporarily cease
thelir normal power production and provide much needed
system support. As noted above, this system support
may help ensure system stability and also teo further

increase 1t. As this period of halting solar power

prroduction is anticipated to be for a few minutes at
most, this will not cause much financial loss to the
solar farm owner o¢r operator. However, the critical
services provided by the solar farm during this time
period may ultimately earn higher revenues for the

solar farm owner.

[(00103] IL should be noled Lhal Lhe answer Lo Lhe gquestion of
which funclion 1s Lo Lake precedence [or a specirfic
solar [farm 15 one which musl previously be agreed upon
by Lhe solar farm owner/operator, Lhe inlerconnecling
uti1lity company and Lhe power syslem operalblor. As
noted above, Lhe solar farm can conLribule Lo Lhe
stabhlility of the power transmission system. The
ulility company may decide Lo compengsale Lhe solar
farm operalor [or Lhe enhanced slLabilily provided by
the solar farm. If the compensation 1s greater than
what the solar farm operator would normally receilve
for power generaled by Lhe solar [arm, Lhe ulilily
company can therelore render 1l worlhwhile for Lhe
solar larm operalor Lo cease real power produclion,
for a given period, and dedicate the full inverter
capaclity towards enhancing system stability. Given
Lhal Lhe system's aslabilily can be enhanced in
mulliple ways (as noled above), Lhe question of which
funclLion Lakes precedence [or enhancing Lhe sysilem

- 29 —
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stablility can ke prearranged and can also be
nreprogrammed into the multivariable modulator

controller's operating ascoftware.

100104) Regarding the implementation of the multivariable
modulator, reference is made to Figure 6. Fl1g. 6
illustrates a typical two area power System connected
through a transmission line. Area 1 comprises a
generation and load complex represented by an
equivalent generator G;. Area 2 consists also of a
generation and load complex modelled by an egulvalent
generator C;. A PV solar power generation system 15
connected at an intermediate location called the point
of common coupling (PCC) in the transmission line. The
voltage at the PCC is dencted by Veee. The total
current injected by the DIV solar power generation
avastem into the PCC is given by Ipee. FPriv and Prouy
denote the incoming and ocutgolng real powers at the
PCC, respectivelvy. Q,,n and Quus describe the incoming
and ocutgoing reactive powers at the PCC, respectively.
I,.,n and I,uur indicate the incoming and ocutgolng line
currents at the PCC, respectively. The symbols faosnnr and
frons represent the frequencies of Cenerator 1 and

Generator 2, respectlvely.

100105] The PV s¢olar power generation system consists of a set
of m inverters INWNV, INV, each connected to the DPCC
Lhrough Lransformers (nolL shown). As an example,
Inverter 1 generates a current I, and has a terminal
voltage Vinv:. Further, 1t produces real power Py and
reactive power Q. . The total real power 1njected by

the IV solar power generation system 13 glven by Iy and

reactive power expressed by @Q,. Each inverter 1s
typically fed through a set of n sclar panels. These
gsolar panels are connecled Lo a combiner box Lhrough a

— () -
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scth of n power clegtronic switches. Feor instance, the
switches for INV), are named S;i1, S21,50 Sn1. 8SBimilar
switches are provided for panels for other inverters.
As explalined before, in an alternate implementation of
the same swit.eching functionality, the switchegs &5,
Srtp.e S May bo construced o be the switches to "turn
on" or "turn off" the firing pulses to semiccnductor
devices in DC-DC converters (not shown) installed
between the pancls and the combingr box, A bus
inductor X, and a bus capacitor Xe. arc connccted to the
PCC through brecakers S, and S-, The bus inductor X
could be a set ¢©f inductcors. Likewise, the bus

capaciter X could bg a sct of hus capacitors,

|00106) It should be noted that, as an option, a Thyristor

Controller Braking Reslstor (TCBR) (see N.G. Hingorani

.
-2
=1

and L. Gyvuagvyl, Understanding FACTS, 1. Press, New

York, USA, 19929, the contents of which are hereby

incorporated in its entirety by reference) at the DCC
through a breaker S,oax L0 very rapidly absorb variable
amounts of real power from the grid tLo stabilize power

oscillations. In additicon to the TCBR, one may also

connect a Battery Enerqgy Storage System (again noted
in the above reference) at the DC terminals of each
inverter throuqgh a breaker Sy to allow for the very
rapld exchange (absorpticn ©r injecticn} ©f variable
amounts of real power with the grid to stabkbilize power

osclllations.

[CO0107] The basic PV gsolar [arm conlrol syslem 185 described in
& paper referenced above as IEEE Task Force. The
multivariable modulator controller can pe added to
Lhis basic solar [arm conbLrol system Lo provide Lhe
golar [farm wilh Lhe capabllilles explained and
enumeraled above. A block diagram of Lhe various

— 371 -
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rarts of one implementation of the multivariable
modulator controller is presented i1n Figure 7. The
ocutputs from the multivariable modulater controller in
Figure 7 correspond to the basic solar farm

controllers given in the IEEE Task Force reference.

Fig. /7 illustrates the components of multivariable
modulator controller for a PPV solar system according
to one aspect of the 1nvention. Different control
signals from the grid and the inverter terminals are
fed into a Signal Selector and Function Prioritizer
block 100. This block 100 selects the specific signal
(or set of signals) that will be transmitted as 1lnput
or inputs to each of the different regulator/modulator
control subsystems. There are four control
subsystems, a Fregquency Regulator block 110, a Real
FPower Modulator block 120, a Voltage Modulator block
130, and a Reactive FPower Mcdulator block 140. Based
on previously executed agreements between the sclar
farm owner and the electric power utility, specific

subsystems will be active and, as such, the solar farm

will preovide specific types of stability enhancement
to the power transmission system. As an example, the
utility company may request that the solar farm
nrovide only voltage modulation and frequency
regulation to the power transmisslon system. Thus, 1n
this example, only the frequency reqgulator klock 110
and the voltage requlator block 130 can be activated.
Or, conversely, the utility company may require that
all four blocks be active to provide stabiiity
enhancement and extra power line capacity. For This
example, the utility company may request the sclar
farm owner to configure the multivariable medulator

controller to prioritize one stabllity enhancement

_._.3?__.
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function over ancther. As such, an agreed upon
nriority sequence can be preprogrammed into the
multivariable modulator contreller such that, when
stability enhancement is required, there is a seqguence
a5 to which stability enhancements are to ke
implemented. This will determine the priority
sequence for the different control functicons. Based on
this pricrity sequence the Signal Selector and
Function Prioritizer block 100 will dissuc ON/OFF
signals for cach sub-controller within the different
blocks. The Fregquency Regulator block 110, the Real
Power Modulator block 120, the Voltage Modulator block

130, and the Reactive Power Modulator block 140 are

described helow,

For the Fregquency Regulator block 110, 1t should be
noted that this Freguency Regulator block 110 may or
may not be utllized dependinhg on the ON/OFF command
1ssued by the Signal Selector and Function Prioritizer
block 100. As noted above, whether this Fregquency
Regulator block 1s operatlional or not and where it
S1ts 1n a priority sequence is to be predetermined and
agreed urcn between the utility company and the solar

farm owhner.

For the Frequency Regulator block 110, an appropriate

set of signals from the total set of inputs will be
senl Lo a Frequency Calculalor block 110A wilhin Lhe
Frequency Regulalor block 110. These signals could be,
for example, Vi and Irzy. This block 110A computes the
measured system frequency f; using standard technigques,
and compares 1t with the reference frequency f;. The
frequency error f. 1s fed to a frequency requlator
110B. A very simple model of Lhe [requency regulalor
110B (see reflerence, Prabha Kundur, "Power Syslem

_33.._
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Stability and Control” McCraw Hill, 1994,pp 589, the
full contents ©of which are incorporated herein by

referencel is given by the transifer function
Ce(5) = = 1/ [R (1+ 5Tg)]

here, R 18 Lhe speed regulalion constant or droop, K

is a gain, and Lime conslant T; = 1/(KR).

The ocutput of the Frequency Reqgulator block 110 is

given by Puuwx; in Figurge 7.

This block 110 increases the power output of the FV
solar system when the system frequency 1s decaying and
decreases the power output when the system frequency
is increasing. The power output Py 15 thus modulated

to maintain the system frequency at a constant value.

In a more complex model of the frequency regulator

110B, additional parameters Sig; and 35ig:; may be
provided as inpuls in an Aulomalic Generalion ContLrol
scheme of power syslems as described in Lhe relerence,
Prabha Kundur, "Power System Slabilily and Control”

McGraw Hilli, 1994,at pp €l7/.

Tt should be noted the Fraquency Regulator block 110
18 Lypically slow aclting when operaling as a

controller {for Lhie golar [arm.

For the Real Power Modulator block 120, 1t should pbe
not.od that this oscillation damping block 120 may or
may not be utilized depending on the ON/OFF command
issucd by the Signal Sclector and Function Prioritizer
block 100. As noted above, whether this damping block
is operational or not and where it sits 1n a priority
scgquence is to be prodotermined and agrood upon

between the utility company and the seplar farm owner,
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Within this block 120 arc k sub-controllors 120A ...
120k, each of which is responsibkle for stabilizing one

ot the Kk modes ¢f coscillaticns, as described above.

Each sub-controller is governed by a specific transfer
function which operates to address a specific

coscillation mode.

As one example, the sub controller 120A operates to
address Mode 1 oscillations. The sub controller 1202

15 governed by the general transfer function

N A : N\
6 ()=k, |—wet [[ZFpy |1t
P Pl.k]hwaU' 1+.¢’1'P‘2/ 1+ Tppyy 14 $Tpp)s

The Lransfer funclion comprises a gain Kg;, a washoul
sLage wilh Lime censtant T,p;, and a pt™® order lead-lag
compansator block, and low pass filters with time
conslLants Trp;; and Trpiz. The [lllers l1solale Lhe Mode
1 oscillations, The washout block ensurcs that the
damping conlroller generales an oulpul Py only when
Mode 1 ocscillalions are occurring. The conLroller
block 120 provides zerop oulpul (i1.e. 1s deaclivaled)
when Lhe oscillalions are damped oul or reduced Lo a
level acceplable Lo Lhe ulilily organizalion operal ing

the power ftranamission systom,

Within the block 120, tho outputs Pm ; Pm2 , ..Pumx OF
the k sub~-controllers 120A ... 120k arc added in a
summiling Junction to nrovide a composite power
modulation signal P,,x2. T may he noted that when all
tho oscilliatory medes are stabilized, the signal P,,x»

bocomos zoro.,

Further, within the block 120, the PCC voltage Vp.e 15
comparcd with the reference valuge of PCC voltage Viaerer

and the error signal is passed through a veoltage-power
_35_
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100123

(00124 ]

controller Gu, (s) denoted by block 125, This
controller produces a power modulation signal P..xi. It
may pbe noted that when the PCC voltadge stabilizes to
within acceptable values, the signal P,u; bocomes zoro,
Onc examplc implementation of the contreoller Gu.(s) is

given below:

KI.
B VP
G\ (5)= [KPVP +

\)

/

whore KPyp and RTye arc the proportional and intogral

gains of a PI conlLroller.

The real power oulpul signals P, .1, Pauxr and P,y Are
added and Lhe resulling power signal P,,. Ls fed Lo Lhe
Tnverter P Calculator 150 after passing through an
appropriate limiter. The Tnverteor P Calculator 150
divides P, amongsl Lhe n inverlers and generaltes Lhe
real power reference Ppy; (= P,../m) L[or Lhe ™"

invertor,

There are two technigues of generating the actual

powcr Ppy, from the it dinverter and cach will be

doscribed heolow in furn,

The flirst method for generating actual power from the
inverter is by switching PV panels rapidly through a

matrix of fast acting solid state switches.

In Lhis melLhod, Lhe signal Ppy; is fed Lo a swilching
sequence calculalor 160 and Lhis calculator generates
the status (ON/OFF) of switches of the n sclar panels
corresponding tce each of the m inverters, as shown in
Figure 6. As an example, for the i"" inverter, these
swilches are Si;, Sis, ..., Sin. These fasl acling solid

stale swilches operale 1n [ew milliseconds. Such an
_36_
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100125

(00126 ]

(Q0127]

operating time is very fast compared to the slower
oscillations of the mower siqnals corresponding to 0.1
Hz (pericd = 10 sec) or corresponding to 30 Hz (33

msec) .

In an alternate solar farm configuration where the n
solar panels (linked to the i"™ inverter) have their
own assoclated DC DC converters (not shown), the
switches 5;;, SBizr., S8ip are used to implement the
"manel on" or "panel off" function by "turning on'" or
"turning off" the firing pulses to the dc dc

converters of the individual n solar rpanels.

These swilches cause Lhe appropriale number of panels
Lo be connecled, each operaling al maximum power point
(MPP), to result in a total power output ©f Ppy; for
the it inverter. The Maximum Power Point Tracking
(MPPT) algorithm iLmplemenled in each convenlLional PV

o

inverter determines the DC vollage reference vg.; Lor
each i™ Inverler. This signal vge;r 18 [ed Lo Lhe inpul

of Lhe DC vollLage conlrol loop shown in Fig. 8.

Roeforring to Figure 8, it should b noted that theo
circuit and description bolow have beoon adapted from
the TREFR Task Force reoforance noted above., Tn Figure
8, theo do—-Tink voltage control loop processaes tho
dillfaerence belween v,  and v, by a compensatlor and
igsucs tho real-power roference command for the real-
power control scheme, Tn turn, the rcal-powoer control
scheme rosponds te the command based on a closced-100p
Lransf{er [uncltion, say, G,(s). Thus, Lhe real power
Lhal leaves Lhe V&8C ac-side Lerminals, P, 13
conLrolled. Ignoring Lhe VSC power loss, P 1s

approximately egqual to tho power that is drawn from

the VSC do—side torminalas. Theo diffeoronce boctweoen this
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[00129]

[Q0130]

[00131]

POint V(i’{:i

power and the inceming power, Py, 15 intcegrated by
the dc-1link capacitor and results 1n a voltage rise or
fall. In a steady state, Vi settles at vy, due o
the integral term of K,(5), and P 15 cgual To Pgy;
(i.e., the power delivered to the grid is equal to the

nower generated by the PV generator).

It should be noted that problems may arise during
proper tuning of K,(5). One of these issues 15 the
dependence of Ppyi Cn vae- It can be seen from Fiqure &
that this dependenhce c¢corresponds to an additional
inherent feedback loop within the control plant
designated by the dashed box. To mitigate thls 1ssue
of dependence, the output of K,(s) may be supplemented
with a feedforward compensation that is a version of
Povi. This feedforward effectively opens the internal
feedback loop and transtforms the control plant to an

integratoeor.

In slLeady sbLate, Lhe DC link vollLage will sellle Lo
-

Vi » and the real power output of the [’V panel become

equal to IPpy;.

Tho sccond method for gencrating actual rcal power

from thg inverter is by operating the solar pancls at

Non - Maximum Power Point (Non-MPP) to rveosult 1n

varitable power.

In this second method, the desired power ocutput signal

Pry; 15 fod to a Non— Maximum PPT (Non-MPP) controllor

block 170, which determines a non-optimal operating

* of each PV panel to result in actual PV

nower output Pryv;,. This 15 based on the i-v

characteristic and P-v characteristic of the specific
solar panels utilized in the PV solar system, as shown

in the graprhs in Fig. 4. It should be noted that, at
_38_
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[00134]

100135

100136

[CO0137]

this operating polnt, the PV panels do not produce the
maximum power (MPP) corresponding to the available
solar radiation G and Temperature T. This siqgnal vge:~
is fed to the input of the DC voltaqge control loop

denicted in Fig. 8.

The variable (oscillatory) nature of Ppy; Wlill result

in a variable vVa-s .

IL should furlher he noled Lhalbt Lhe Real Power

Modulalor 120 1is a [asl acling controller.

Referring to the veltage meodulator block 130, this
bleock is responsible for damping oscillations in the

powecr transmission systom,

Similar to the Real DPower Modulator block 120, the
voltage modulator block 130 may or may not he utillzed
depending on the ON/OFF command issued by the Signal
Selector and Function Prioritizer block 100. As noted
above, whether this damping block is operaticnal or
not and where it sits in a priority sequence 1s to be
nredetermined and agreed upon petween the utility

company and the sclar farm owner.

The wvoltage modulator block 130 has, similar to block
120, has k sub-controllers 130A ... 13Ck, each of

which is responsible for stablilizing one of the X

modes of osgsecillations as described above.

As one example of a sub-conlroller, each of which 1s
defined by a Lransler funclion, Lhe Mode 1 damping
sub-conlroller 13CA 1s delined by Lhe general transler

function
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001381 The transfer function has a gain K;;, a washout stage
with time constant T.;, and a p'"’ order lead-lag
compensator klock, and low pass filters with time

constants Tyg_u and Tb'(;ll;?-

[00139] The [lllLers lsolale Lhe Mode 1 ascillalLions. The
washout block ensures that the damplng contrecller
generates an output Vy only when Mode 1 oscillations
are indeed occurring. The conlroller provides zero
ouLput (i.e. 1s deaclivaled) when Lhe oscillalions are
damped ocul or when Lhe oscillalions reach a

predeltermined acceptable level.

(00140] The oulpuls of Lhe k sub-controllers, Vu, Vi, ...V
arc added in a summing junction 135 fto provide a
composite power meodulation signal Ve, T may bhe notod
that when all the oscillatory modes arc stabilized,

Lhe signal V,,. becomes zero.

(00141] This signal V., i fed to the summing junction for

Mode B operation of the VAr/ac voltage reqgulation

scheme of the PV inverter as depicted in Fig. ©

100142} Fig. 9 jiliustrates a block diagram of a potential
VAr/ac voltage regulation scheme which may be used
with the invention. From Figure 9, the regulatlon
scheme may operate either in the VAr control mode

(i.e. Mode A) or in the ac voltage control mode (i1.e.

Mode B).

[00143] Figure 9 shows Lhal in Mode A Lhe desired reaclive-
power to be delivered to the grid, @, determines Q.

Thigs means thal Lhe reference command [or Lhe
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(001447

reactive—npower control scheme above, based on most
prevalent standards, @, must ke set to zero, to ensure
that the PV system exhibits unity power factor to the
grid. To compensate for the reactive power that the
shunt filter capacitors deliver, a feedforward signal
that 15 a negative of a measure of the capacitor
reactive power has been added to the reference
command. The capacitor reactive power can be readily
cstimated hy as Qf = '1,5(':,ccu@n;d, where wp 13 the grid
nominal frequency, and can cithar he approximated by
the nominal value of the qrid line-to-neutral voltaqge

or dynamically eobtained from a svyvnchronization scheme.

In Mcde B, however, the PCC voltage V... 15 requlated
afl a reference value which 1s expressed 1in terms of
the line-to-line rms veoltage and denoted by v ... Thus,
the compensator processes the error and issues a
control signal for the reactive power control scheme.
Since a discrepancy between v ;. and the grid natural
voltage may regqulre a prohibitively large reactive
power injection/absorption by the DV system, a measure
of {d; should be included in the loop, through a droop
mechanism, to adjust the reference voltage command.
Hence, the voltage regulation degree will depend on
the droop coefficient, D. The droop mechanism is also
important in PV systems with multiple maralleled

units, 1in terms of reactive-power sharing, in case

more than one unit operates in Mode B. As Fiqg. 9

shows, in both meodes, Mode A and Mode B, Q@ is
constrained by a saturation block whose limits are, in
general, functions of the VSC real-power outnput. This
ensures that the VSC capacityv is reserved for real-
power transfer, which 1s the prime function of the DV

system.



Attornevy

[00145]

100146}

(Q0147]

(00148]

[(Q0145]

CA 02886409 2015-05-04

Docket No. 1131P002ZWOO0L

It should be noted that Figure 9 and its description

are modified from the IEEE Task Force reference noted

above.

It shoulid be noted that this Voltage Modulator block

130 i1s a fast acting controcller.

The final controller bleock in Figure 7 is the Rgactive
Powgor Modulator biock 140, This modulator 140 can
conLrol Lhe line power faclor or Lhe Lnverler power
faclLor by way of eillher Lhe Line Power Faclor Conlrol

sub-block 140A or the Inverter Power Faclor Control

sub-block 140B.

The Power Modulator block 140 has a T.ing PowgQr Factor
Controller sub-bleock 140A, The sub-hloack 140A
utilizes Lransmission line paramelers, such as, Vi
Irrv and Iropr LO compule the line power [aclor, eilher
on tho incoming or outgeing side of the PCC, as poer
the reoquircments,. The sub-bhlock T40A then dotoermings
tho total recactive power that neoads to bo aexchangoed
(injectad/absorbed) hy the PV solar systcem with the
grid eilher symmelrically or asymmelrically, @, LO
implemenl Lhis power faclor. The (Qpr Allocalor sub-
hlock 140C obLains Lhis @, Lhrough Lhe switech S5, 140D
and splils 1L inLo a [ixed parl Qyr and a varlable parl
Q,”. The Inverler @ Calculalor sub-block 140E furlher
divides @, amongsL Lhe m inverlers and generales Lhe
reaclive power reference @, ( = @, /m) L[or Lhe i"°
inverter, This signal is fed to the Mode A input of
the VAr/ac voltage rcegulation scheme of the PV

inverlter as depicled 1n Fig. 9.

The fixed part Qg 15 reccecived by the Roactor/Capacitor

Switching Logic sub-block 140F to generate ON/OFF
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commands to switch tho bus rcactor (s) X; or bus

capacitor (s} X-, as apprropriate.

[C0150] In sleady stale, Lhe reaclive power oulpul ol each

inverter will become to Qg .

[00151] The olher main sub-block of Lhe Reaclive Power
Modulator bhleock 140 is theo Tnverter Power Factor
Controller sub-bleogck T40R, This sub-bhlock 1408
controller utilizes Inverter voltages Viny and inverter
currents, Iiny; Imwwm to compute the inverter power
facLor of Lhe diflferenl inverlters. Ideally, all Lhe
inverters should operate al unily power facloeor. IL a
dillerenlL inverler power [aclor 1s desired, Lhe
Inverter PF Conlroller sub-block 1408 compultes Lhe
total reactive power Q;,, that needs to be 1njected by
the inverters to implement this power factor. The Qpf
Allocator 140C obtailins thilis Q;ny through the switch &g
and Lranslers 1L as Q; {(=Qiny) Lo Lhe Inverler Q
Calculalor sub-block 140E. This furlLher divides Q4

amongst the m inverters and generates the reactive

T {inverrer.

power reference Qg° ( — Qo /m) for the if
This signal is fed to the Mode A input of the VAr/ac
vollLage regulalion scheme ol Lhe PV Lnverler asg
depicled 1n Fig. 9. No [ixed reaclor/capacilor Ls

needed 1n this portion of the system.

[(Q015R2] Tn stecady state, the rcactive power cutput of cach

inverter will become Lo Q,; .

(001531 This Reactive Power Modulator blecck 140 is a
relatively slow acting controller, as the variations

in power factor are not fast.

[00154] Regarding limits i1n the multivariable modulator

controller scheme, the Q limits on the Limiter in the
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VAr/ac voltage requlation scheme depicted in Fig. ©

for the different functions performed by the

multivariable meodulator controller

table below. Reference may alsoc be made to Fiqg.

are shown in the

8 To

identify some variables menticned in the table below.

e

—

b

[No . Multivariable "Night Day i
Modulator Function |

1 L. | Fregquency ISE‘t Ppy —0; Urrzy = \,(Smax "Prg)
Rogulation Ourry = N (Spux —P.°) |

| 2. | Real Power Sel FPpy =0; Oozr = N (Swax —F.%)
Modulation Crrrm = 'J(Sm,;:x Pr-) .

3. [Modal Oscillation Set Pepy =07 1) TF O < N {(Snax
Damping Qrrin = v (Smax "PJ.Q} PI’VR') g >
wilh only Reaclive Qrrry = V(Suux —FP:7)
Power Modulatiocn |

1ii) If Qr > Y (Smax
| -Ppv®)
Dlsconnect
approprlate number
| of PV panels, or
all PV pancls. 5ot
| P,y =power output
Of remalning
connected panels,
or [y —0,
respeclLively; |
| Oczzy = YV (Suex P2
L — —_ — — — —
4, |Modal Oscillation Set P,y =0; Oriiw = YV (Spax —Pr)
Damping Qrom = v ( Smax -P,")
with both Reactive

| and Real Power
Modulal 1on | _ 1

5. [Volitage Set Puy —0; | Qriaw = V(Spax —Pav’)
Stabilization with | Qv = V(Smax —Pr)
remalning inverter ,
capacily using
Reactive Powoer
Modulation
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Voltaﬁe
SLtabilizalion wilh
partial or full
inverter capacity
using bolh Reacliove

| Set Ppy =0 ;

Crimm = \j ( Smax

and Rcal Powoer
Mcdulation

e,

[00155]

—

i) If Qr < \r(sm.:zx -

Pev’) s ‘.
Ottt = N (Smox —E,%)
11) .’If O, > \/ ( Smas
PPV‘) 7

Disconnect

appropriate number
of PV pancls, or
all PPV panels. 5et
Ppy —pOwer output
of rcmaining
connected panels,
or Ppy —0,
respoctively;

Criimy = \/ (Smax _Pr‘b)

In all Lhe above described comparalors where a

quanbLily 18 compared wilth tls relerence value,

suilable hystLeresis and Lime delays may be

incorporated Lo avoid hunling or oscillations around

Lhe reflference value.,

[Q0T56]

From the abhove description,

1L

should he clecar that

the multivariable modulator controller initially

detects a need for cnhancaed systom stability basced on

input from the power transmis

S10N

system or from theo

goncrators attached to the power transmission systom,

The controller thgan,

bascd on tho controller

configuration as agrced upeon by the solar farm

cpcrater and the uvutili1ty company,

which would increase syslem slLabilily.

initiatos

mCa3sures

This can be

done by modulaling real power produclion, modulaling

rcactive power,

POWCT

real power,

in a dccouplaed mannar,

injecting or abhscorhing rcactive power,

mogulating bhoth recal and reactive

injecting and varying

Q1

by changing Lhe parameters of Lhe sclar farm's energy

produclion.

As Lhese measures are being i1mplemented,
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100157/

(00158]

[(QOT159]

the multivariable modulator ceontroller continually
reads and detects the parameters governing the power
transmission system. Once the need for enhanced

system stability has passed, the multivariable

mocdulator contrcller can cease the system stability
enhancement measures and can then return the power

generation facility to its reqular operating mode.

The embodiments of the invention may be executed by a
computer processor or similar device programmed in the
manner of method steps, Oor may be executed by an
electronic system which is provided with means for
executing these steps. Similarly, an electronlic memory
means such as computer diskettes, CD RCMs, Random
Access Memory (RAM), Read Only Memory (ROM) or similar
computer software storage medilia known 1n the art, may
be programmed to execute such method steps. As well,
electronic signals representing these method steps may

also be transmitted via a communlicatlion network.

Enbodiments of Lhe invenblion may be i1mplemented in any
convenlional compuler programming language. For
axample, pretferred embodiments may be implemented 1n a
procedural programming language (e.g."C") or an

ob jecLt-oriented language (e.g."C++", “java’”, *“PHP",
“PYTHON” or “C#"). Alternative embodiments of the
invention may be implemented as pre programmed
hardware elemenls, other relalted componenls, or as a

combinalion of hardware and sollware componenls.

Fmbodiments can he implemanted as a computcr program
producl [for use wilth a compuler syslem. Such
impleoementations may include a serigs of computor
instructions fixed cither on a tangiblce medium, such

as a computcer rcadable medium (c.g., a diskoette, CD-

....46_
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ROM, ROM, or fixed disk) or transmittable to a
computer syvstem, via a mecdem or other interface
device, such as a communications adapter connected to
a network over a medium. The medium may be elither a
tangible medium (e.qg., optical or electrical
communications lines) or a medium implementea with
wireless technigques (e.qg., microwave, infrared or
other transmission techniques). The series of computer
instructicons cmbeodics all or part of the functionality

Those skilled in thoe art

previously described horeoin,
should appreciate that such computer instructions can
be written in a number of rrogramming languages for
use with many computer architectures or operatiling
systoms. Furtheormore, such instructions may be storaed
in any memory device, such as somiceonductor, magneticg,
optical or other memory devices, and may be
transmitted using any communications technoleoqy, such
as optical, infrared, microwave, or other transmission
technologics., Tt 18 oxpected that such a computor
nrogram product may be distributed as a removable
modium with agccompanying printcd or cloctronic
documontation (c.g., shrink-wrappcd softwarg),
prcloaded with a computor systom (@.g., on systcom ROM
or fixecd disk), or distributed from a scrvar over a
network (¢,g., the Tnteorngt or World Wido Web), Of
courac, asome cmbodiments of the invention may ho
implomented as a combhination of both softwarce (¢.g., a

computer program product) and hardwarc, Sti1ll other

cmbodiments of the invention may be implomanted as
entircly hardware, or cntirgly softwarce (e.g., 3

computer program product) .

100160 A person understanding thils invention may nhow conceilve

of alternative structures and embodiments or

— 47 -
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variations of the above all of which are intended to
tall within the sceope of the invention as defined in

the claims that follow.
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What is claimed 1is:

1. A method for enhancing stability in a power transmission
syslem Lo which 1s coupled a power generalion facilily, Lhe

method compriging:

Aa) detoccting a neod for conhanging system stability 1n

said powcr transmissicn systom;

) modulaling ab leasl one ol reaclive power and real

power [rom salid power generalion [acilily;

¢) modulaling bolh reactive power and real power

simullaneously 1n a deccoupled manner; and

d) providing modulaled reaclive power or modulaled real
power [rom said power generalion [acilily Lo said power

Lransmission sysbem;

wherein saird modulaled reaclive power or modulalted real power
or a combinabLion of modulalted real and reaclive power
increases sald stability of said power transmisslon system by

performing alL leasl one of:

damping system oscilillations;
increasing transient stabllity;
— reqgulalLing power system [reguency;
— 1mproving vollage slabilily and vollage regulallion;
— lncreasing power Lransmission capacily in
transmission lines; and
inereasing power transmission capacity in

distribulion lines.



CA 02886409 2015-05-04

Attorney Docket No. 1131P0C2W0OQ01

2 . A method according to claim 1, wherein sald power

generation facility is a rhotovoltalic based solar farm.

3. A meLhod according Lo claim 2, wherein sleps b) and c)
comprise removing solar pahels from real power production and
using said solar farm's i1inverter capaclity to exchange reactive

power with the said power transmission system.

4, A mcthod according to ¢laim 3, wherein said solar pangls
are swilched oul of real power production using high speed

swilching mechanisms.

2. A method according to claim 2, wheorein steps b)) and @)
comprisce copcrating at lecast onc solar pancl at less than

maximum capacity.,

6. A method according to claim 2, wherein steps b) and c¢)
are accomplished by varving real power production of said
nower deneration facility within an available range of soclar

prower for the photovoltaic based solar farm.

7. A meLhod according Lo claim 2, wherein sleps b) and c)
are accomplished by modulaling boLh real power and reaclive
power such that any remaining inverter capacity 1n sald power

generation facility after real power production 1s used for

reactive power exchange.

B . A melLhod according Lo claim 1, wherein a Lransmission
capacily [or said power Lransmission syslem 1s lncreased by
exchanging reacllive currenls wilh said syslem, said reaclive

currenls being exchanged by said power generalion [acilitly.

9. A method according to claim &, wharain said reactive

currents include at least cone of inductive and capacitive

Qurrents.
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10. A methecd according to claim 9, wherein exchanging
reactive currents cccurs during at least one of: balanced
operation of said power transmisslion system and unbalanced

operation of sald power transmission system.

11. A method accerding to claim 1, wherein step a) involves
autonomously detecting a need for enhancing system stabillility

in the power transmilission system.,

172, A methed according to claim 1, wherein step a) involves
detecting a need for enhancing system stability in said power
transmission system based on communication by a power system

onerator.

13, A mcthod according to claim 1, wherein stop d) provides
one ©of meodulated real power and modulated reactive power from
the power generation facility tTo said power transmission

system, without using additional enerdgy storage devices.

14. A methed acceording to claim 1, for enhancing stability in
a8 power transmigsion system for which the power generation
facility 15 financially compensatad for providing benefits to

the power systom,

15, A mathod according to claim 1, where the said power
generation facility provides onc of modulated rcactive power
and modulated rcal power to said power transmission systom for
a duration of time in which a need for enhancing systom

stability is coxpericoncad by tho power transmission systom,
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