
(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization

International Bureau
(10) International Publication Number

(43) International Publication Date WO 2015/012828 Al
29 January 2015 (29.01.2015) P O P C T

(51) International Patent Classification: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
H02J3/16 (2006.01) H02J 3/18 (2006.01) BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,

DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(21) International Application Number: HN, HR, HU, ID, IL, IN, IS, JP, KE, KG, KN, KP, KR,

PCT/US20 13/051918 KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,

(22) International Filing Date: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,

25 July 20 13 (25.07.2013) OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SC,
SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,

(25) Filing Language: English TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.

(26) Publication Language: English (84) Designated States (unless otherwise indicated, for every

(71) Applicant: GENERAL ELECTRIC COMPANY kind of regional protection available): ARIPO (BW, GH,

[US/US]; 1 River Road, Schenectady, NY 12345 (US). GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,

(72) Inventors: PANOSYAN, Ara; Carl-Orff-Bogen 110, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
80939 Munich, Bavaria (DE). BAERTHLEIN, Eva- EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
Maria; Gollierstr. 18a, 80339 Munich, Bavaria (DE). MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,

TR), OAPI (BF, BJ, CF, CG, CI, CM, GA, GN, GQ, GW,
(74) Agents: AGOSTI, Ann, M. et al; General Electric Com

KM, ML, MR, NE, SN, TD, TG).
pany, Global Patent Operation, 2 Corporate Drive, Suite
648, Shelton, CT 06484 (US). Declarations under Rule 4.17 :

(81) Designated States (unless otherwise indicated, for every — as to applicant's entitlement to apply for and be granted a
kind of national protection available): AE, AG, AL, AM, patent (Rule 4.1 7(H))

[Continued on nextpage]

(54) Title: SYSTEMS AND METHODS FOR REACTIVE POWER COMPENSATION

(57) Abstract: A method for compensating self-induced
voltage variations includes computing a first reactive power
value (Qi), obtaining a voltage value at a point of intercon
nection (POI) between at least one power source and a power
grid, comparing the voltage value with one or more pre

ICompute a first reactive power value Q i - defined voltage limits, computing at least one compensation
factor (CF) corresponding to at least one portion of the first

Obtain a voltage value at a POI between at least
reactive power value (Qi) based on an output of the compar

one power source and a power grid ison between the voltage value and the one or more pre
defined voltage limits, computing a second reactive power

ICompare the voltage value with pre-defined voltage limit(s) -- 906
value (Q2) as a function of the at least one portion of the first
reactive power value (Qi) and the at least one CF, generating
a reactive power compensation command based on the com

Compute at least one CF corresponding to at least one portii puted second reactive power value (Q2), and transmitting the
Q1 based on an output of the comparison between

the voltage value and the pre-defined voltage limit(s) reactive power compensation command to a power converter.

Compute a second reactive power value (Q2 ) as a function of at least
one portion of the first reactive power value (Q and the at least one CF

Generate a reactive power compensation command based
on the computed second reactive power value (Q2)

Transmit the reactive power compensation , 4
command to a power converter

00

00 FIG. 9

©

o

o



of inventorship (Rule 4.1 7(iv)) Published:



SYSTEMS AND METHODS FOR REACTIVE POWER COMPENSATION

BACKGROUND

[0001] The invention relates to a system and a method for reactive power

compensation in electrical power networks.

[0002] Electrical power networks are used for transmitting and distributing electricity

for various purposes. These networks experience voltage variations during operation that are

caused by the variation in generation of active and reactive power by different power

generating devices and variable consumption of active and reactive power by different loads

in the electrical power network.

[0003] Electrical power networks may have large and fast voltage variations (for

example, due to increasing amount of intermittent renewable energy) that may result in

excessive operation of voltage regulating devices such as on-load tap changing transformers,

voltage regulators and capacitors. Excessive operation of mechanically-switched transformer

taps and capacitors may lead to increased maintenance and diminished operating life of these

devices.

[0004] One existing approach for mitigating the voltage variation is to provide a

closed-loop voltage control. For example, in some renewable power generation systems, a

closed-loop controller adjusts a power factor of a power converter to provide the reactive

power needed for mitigating the voltage variation. The closed-loop controller, however, may

undesirably interact with other reactive power sources and voltage regulating devices in the

electrical power network during this process. Furthermore, the closed-loop controller may

tend to compensate for the reactive power demand of the network and connected loads, which

may result in increased losses in the source of reactive power and sub-optimal utilization of

its dynamic capabilities.

[0005] Another existing approach for mitigating voltage variations in the power

network varies the reactive power according to Q-V characteristics (or Q-V curve), where a

reactive power 'Q' is calculated as a function of a voltage 'V measured at a point of

interconnection (POI). However, in this approach, the controller may undesirably interact



with other reactive power sources, as well as with other voltage regulating devices in the

electrical power network. Also, in this approach, voltage variations caused by loads and

other power generating devices may be compensated, which is undesirable.

[0006] In yet another approach, the reactive power may be varied according to Q-P

characteristics (or Q-P curve), where the reactive power 'Q' is calculated as a function of an

active power 'P' injected by a power generating source into the electrical power network.

This approach compensates for only self-induced voltage variation, instead of compensating

for the reactive power demand of the loads and other generating devices. This approach may

however have an unwanted impact on the system since this approach may compensate for

voltage rise when low voltage conditions exist, for example, during peak load conditions.

The voltage rise caused by the power injection may be beneficial to improve the low voltage

conditions. However, due to dependence on the injected active power 'P' alone, regardless of

the state of the voltage at the POI for compensation, the controller may observe an increase in

the active power 'P' and therefore may provide reactive power compensation even though it

is not required. This approach may therefore lead to needless increased losses, both in the

network and the power source, due to unnecessary compensation.

[0007] Hence, there is a need for an improved reactive compensation system and

method to address the aforementioned issues.

BRIEF DESCRIPTION

[0008] In accordance with one embodiment, a method for compensating self-induced

voltage variations is provided. The method includes computing a first reactive power value

(Qi); obtaining a voltage value at a point of interconnection (POI) between at least one power

source and a power grid; and comparing the voltage value with one or more pre-defined

voltage limits. The method further includes, for at least one portion of the first reactive

power value (Qi), computing at least one compensation factor (CF) corresponding to the at

least one portion of the first reactive power value (Qi) based on an output of the comparison

between the voltage value and the one or more pre-defined voltage limits; computing a

second reactive power value (Q2) as a function of the at least one portion of the first reactive

power value (Qi) and the at least one CF; generating a reactive power compensation



command based on the computed second reactive power value (Q2); and transmitting the

reactive power compensation command to a power converter.

[0009] In accordance with another embodiment, a system comprises a controller

coupled to a power converter. The controller comprises a first computation unit for

computing a first reactive power value (Qi); a voltage determination unit for obtaining a

voltage value at a point of interconnection (POI) between at least one power source and a

power grid; a voltage comparator unit for comparing the voltage value with at least one pre

defined voltage limit. The controller further comprises, for at least one portion of the first

reactive power value (Qi), a compensation factor (CF) computation unit for computing at

least one CF corresponding to the at least one portion of the first reactive power value (Qi)

based on an output of the comparison between the voltage value and the at least one pre

defined voltage limit; a second computation unit for computing a second reactive power

value (Q2) as a function of the at least one portion of the first reactive power value (Qi) and

the at least one CF; and a command generation unit for generating a reactive power

compensation command based on the computed second reactive power value (Q2) . The

controller further comprises an input/output (I/O) unit for transmitting the reactive power

compensation command to the power converter.

DRAWINGS

[0010] These and other features and aspects of embodiments of the present invention

will become better understood when the following detailed description is read with reference

to the accompanying drawings in which like characters represent like parts throughout the

drawings, wherein:

[001 1] Fig. 1 is a block diagram representation of a prior art electrical power system

including electrical power sources electrically coupled to respective power converters.

[0012] Fig. 2 is a controller that may be used for compensating self-induced voltage

variations, in accordance with one embodiment.

[0013] Fig. 3 represents a map between an obtained voltage value and its

corresponding CF value, in accordance with one embodiment.



[0014] Fig. 4 is a graphical representation of a number of simulations conducted for

reactive power compensation in the electrical power system with one curve for complete

active power 'P' signal over a time period and another curve for a low frequency portion of

'P' over the same time period, in accordance with one embodiment.

[0015] Fig. 5 is a graphical representation of a number of simulations conducted for

comparing voltage curves for different conditions over a time period, in accordance with one

embodiment.

[0016] Fig. 6 is a graphical representation of a number of simulations conducted for

comparing required reactive power for different conditions over a time period, in accordance

with one embodiment.

[0017] Fig. 7 is a graphical representation of a distribution of CF over a time period,

in accordance with one embodiment.

[0018] Fig. 8 is a graphical representation of a number of simulations conducted for

comparing system losses under different conditions over a time period, in accordance with

one embodiment.

[0019] Fig. 9 is a flowchart depicting a method for providing selective reactive power

compensation, in accordance with one embodiment.

DETAILED DESCRIPTION

[0020] Unless defined otherwise, technical and scientific terms used herein have the

same meaning as is commonly understood by one of ordinary skill in the art to which this

disclosure belongs. The terms "first", "second", and the like, as used herein do not denote

any order, quantity, or importance, but rather are used to distinguish one element from

another. Also, the terms "a" and "an" do not denote a limitation of quantity, but rather denote

the presence of at least one of the referenced items. The term "or" is meant to be inclusive

and mean one, some, or all of the listed items. The use of terms such as "including,"

"comprising," or "having" and variations thereof herein are meant to encompass the items

listed thereafter and equivalents thereof as well as additional items. Additionally, for



purposes of explanation, specific numbers, components, and configurations are set forth in

order to provide a thorough understanding of various embodiments of the invention.

[0021] Embodiments of the present invention are directed to system and method for

providing selective reactive power compensation, which is based on one or more

compensation factors (CFs) that are determined using a voltage value at a point of

interconnection (POI) between a power source and a power grid. The system may include a

controller coupled to the power source in an electrical power system. The controller may be

implemented within a power converter or coupled to the power converter. The power source

may induce a voltage change in the electrical power system during its operation, which may

be compensated by the controller and power converter. The controller may compute a first

reactive power value (Qi) and may obtain a voltage value at the POI. The controller may

further compare this voltage value with one or more pre-defined voltage limits. The

controller may then compute one or more CFs based on an output of the comparison between

the voltage value and the pre-defined voltage limits. The controller may further compute a

second reactive power value (Q2) as a function of one or more portions of the first reactive

power value (Qi) and the one or more CFs. The controller may subsequently generate a

reactive power compensation command based on the computed second reactive power value

(Q2) . The controller further transmits this reactive power compensation command to the

power converter for use in compensating for the voltage variation induced by the power

source electrically coupled to the power converter. Various embodiments of the invention

described herein primarily relate to compensating for voltage variations being induced by the

power source; however, the invention may be extended to cater to other voltage variations

and applications without deviating from the scope of the invention.

[0022] Fig. 1 is a block diagram representation of a prior art electrical power system

100 (hereinafter 'system 100') including electrical power sources 102 and 104 electrically

coupled to respective power converters 110 and 112, each of which is further electrically

coupled to transmit power to a power grid 106 at respective point of interconnections (POI)

108 and 130. For the purpose of illustration, only two power sources 102 and 104 and two

respective power converters 110 and 112 are shown in the system 100; however, any number

of such electrical elements can be used. The power sources 102 and 104 may be renewable

energy sources such as, but not limited to, photovoltaic (PV) sources, wind farms, or



hydrokinetic energy sources. As shown in Fig. 1, the power converters 110 and 112 may

receive input power 114 and 116 from the power sources 102 and 104, respectively. Also,

the system 100 may further include controllers 126 and 128 coupled to the power converters

110 and 112, respectively.

[0023] Signals 118, 120 representing voltages at the respective POIs 108 and 130

may be transmitted to the respective controllers 126 and 128. Similarly, signals 122, 124

representing active power outputs of the respective power converters 110 and 112 may be

transmitted to the respective controllers 126 and 128. As shown in Fig. 1, the system 100

may optionally include measurement units 132 and 134 (either outside or within the

respective power converters 110 and 112) that may be configured to measure signals

representing voltages and/or active power outputs at the respective POIs 108 and 130.

During operation of the system 100, the power sources 102 and 104 may induce a voltage

variation (hereinafter referred to as 'self-induced voltage variation') in the system 100. The

controllers 126 and 128 may be configured to control the respective power converters 110

and 112 to compensate for the induced voltage variation. In one conventional embodiment,

upon receiving the signals 118, 120 representing voltages at the respective POIs 108 and 130

and signals 122, 124 representing active power outputs, the controllers 126 and 128 may

compute a value of reactive power using a known technique. For example, a state observer

method may be used to compute a reactive power value. In this method, the signals 118, 120

representing voltages at the respective POIs 108 and 130 and the signals 122, 124

representing active power outputs are used by a state observer (not shown) within each of the

respective controllers 126 and 128 to determine sensitivity coefficients. The sensitivity

coefficients are used as the parameters to calculate the value of reactive power output, which

is needed to compensate for the induced voltage variation. Each of the controllers 126 and

128 may further generate a reactive power command based on the value of the reactive power

output, and may transmit this command to the respective power converters 110 and 112 for

generating the calculated value of reactive power for compensating the induced voltage

variation.

[0024] The above-mentioned operation of computation of reactive power output, and

generation and transmission of a reactive power command is repeated continuously during

the operation of the system 100.



[0025] Another known technique (not shown) for compensating the induced voltage

variations uses a controller that determines power factor characteristics for a power converter

based on information regarding a plurality of network parameters representing a variety of

conditions to arrive at a curve representative of power factor along with information on an

active power output from a power converter to obtain a reactive power output value of the

power converter. The controller in this technique may then generate a reactive power

command and may transmit this command to the power converter to compensate for the

induced voltage variations.

[0026] Various embodiments of the present invention provide a new technique of

computing a reactive power value of a power converter in an electrical power system (such as

the prior art system 100) and use this value for compensating the self-induced voltage

variations. Fig. 2 is a controller 200 that may be used for compensating self-induced voltage

variations, in accordance with one embodiment. For the purpose of the description, various

components in the prior art system 100 will be referred to for describing the electrical power

system in which the controller 200 is being implemented. The controller 200 may be

configured to control the respective power converters 110 and 112 to compensate for the self-

induced voltage variations. For ease of reference, the control of the power converter 110 will

be described herein; however, the power converter 112 may be similarly controlled with a

respective controller. In some embodiments, as shown in Fig. 2, the controller 200 may

include a first computation unit 202 that may be configured to compute the reactive power

value 'Qi', which is hereinafter referred to as first reactive power value (Qi). In one

exemplary embodiment, the controller 200 may use Q-P characteristics (for example, using a

constant power factor) to determine the first reactive power value (Qi). In another exemplary

embodiment, Q-V characteristics may be used to determine the first reactive power value

(Qi). In yet another exemplary embodiment, the first reactive power value (Qi) may be

determined using prior knowledge or experience of the utility operator.

[0027] In some embodiments, the controller 200 may further include a voltage

determination unit 204 that may be configured to obtain a voltage value 'V at the POI 108

between the power source 110 and the power grid 106. In some embodiments, the voltage

determination unit 204 may obtain this voltage value from the measurement unit 132.

Alternatively, in some other embodiments, the voltage determination unit 204 may be same



as the measurement unit 132. As shown in Fig. 2, the controller 200 may also include a

voltage comparator unit 206 that may be configured to compare the obtained voltage value

'V with one or more voltage limits. In some embodiments, the voltage limit for comparison

with the obtained voltage value may be defined by a utility operator and hence this limit is

hereinafter referred to as 'pre-defined voltage limit.' In one embodiment, the pre-defined

voltage limits may include two voltage limits, for example, an upper limit and a lower limit

such that the controller 200 may be configured to compensate differently for a voltage value

closer to the lower limit than for a voltage value closer to the upper limit. In one exemplary

embodiment, the upper limit may be defined as 1.2 per unit (pu), and the lower limit may be

defined as 0.8 pu. In an alternate exemplary embodiment, the upper limit may have a value

within a range of 1 to 1.2 pu, and the lower limit may have a value within a range of 0.8 to 1

pu.

[0028] In yet another embodiment, the pre-defined voltage limits may include a

plurality of voltage values resulting in a plurality of voltage ranges such that the controller

200 may be configured to compensate differently for each of these voltage ranges. For

example, the controller 200 may compensate for a voltage value in the range of 0.8 pu and

0.9 pu differently as compared to compensating for a voltage value in the range of 0.9 pu and

1 pu.

[0029] The amount of reactive power output of the power converter 112 may be

limited by one or more CFs, in accordance with various embodiments. The controller 200

may include a CF computation unit 208 that may be configured to receive an output of the

comparison between the obtained voltage value 'V and the one or more pre-defined voltage

limits from the voltage comparator unit 206, and further may be configured to compute one

or more CFs based on this output. In one embodiment wherein upper and lower limits are

used, the reactive power output of the power converter 112 may be damped by decreasing the

CF value when the voltage value 'V is closer to the lower limit, whereas the reactive power

output may be amplified or not damped by either increasing the CF value or maintaining CF

at 1 or a value close to 1 when the voltage value 'V is closer to the upper limit. In other

words, different CFs may be defined or computed for different voltage values based on the

pre-defined voltage limits.



[0030] CFs may be computed using various techniques. One such technique is shown

in Fig. 3 that represents a map 300 between the obtained voltage value 'V and corresponding

CF value, in accordance with one embodiment. As shown in Fig. 3, in one embodiment,

when the obtained voltage value 'V is less than or equal to a pre-defined lower limit V mi , '

the CF computation unit 208 may define the CF to be a minimum value (CFmin). For

example, for voltage value 'V less than or equal to Vm i , the CF may be defined by the utility

operator as 0 or a value close to 0 . In another embodiment, when the obtained voltage value

'V is greater than or equal to a pre-defined upper limit 'Vmax,' the CF computation unit 208

may define the CF to be a maximum value (CFmax) . For example, for voltage value 'V

greater than or equal to Vmax, the CF may be defined by the utility operator as 1 or a value

close to 1. Since the CF approaches CFmax when the voltage value 'V is closer to the upper

limit and the CF approaches C F m when the voltage value 'V is closer to the lower limit, the

CF in the latter case may be less than or equal to the CF in the former case. In an alternate

embodiment, the utility operator may define a single CF for each voltage range. For

example, CF may be 0 when the voltage value is less than 0.9 pu, or any value between 0.1

and 0.9 (as defined by the utility operator) when the voltage value is anywhere between 0.9

and 1 pu, or 1 when the voltage value is greater than 1.

[0031] In yet another embodiment, when the obtained voltage value 'V is between

'Vmin' and 'Vmax, ' the CF computation unit 208 may define the CF as a function of the

obtained voltage value 'V. ' In one exemplary embodiment, the CF computation unit 208

may compute CF using the below equation.

max min

where,

CF is a compensation factor value computed at a time instance 't' ('first time instance'), and

Vt-i is a voltage value obtained at a time instance 't-1,' which is previous to the time instance

[0032] The voltage at the POI ('V') may undergo large fluctuations over a time

period, in accordance with some embodiments. In such embodiments, in order to smoothen



these voltage fluctuations, the CF computation unit 208 may average multiple CFs obtained

over respective time instances to ensure a damping effect on the voltage value 'V.' In one

such embodiment, a damped CF may be computed as a function of 'CF t ' and a CF computed

at a previous time instance 't- (CFt-1 or 'second time instance'). In one such embodiment,

the 'CFt_i' and 'CF t ' may be averaged to compute a damped 'CF' to smoothen the voltage

fluctuations.

\CFt + F _
CF = -— — ... e q - 2

where, the 'CF t-1 ' may be computed similar to CFt based on a voltage value 'Vt-2 ' obtained at

a time instance 't-2,' which is previous to the time instance 't-1.'

1 Vmax —Vm in

[0033] Although equation 2 considers only one 'CF t-1 ' computed at a previous time

instance, any number ("N number") of previously computed CFs may be averaged to obtain

the damped 'CF.' For example, 'CF t-2 ' and 'CF t-3 ' may be computed similar to 'CF t-1 ,' and

CFt_i, CFt _2 and CFt_3 may be averaged to compute a damped CF.

[0034] In some embodiments, CF may vary based on a utility operator's requirement,

geography in which the controller 200 is implemented, or any combination thereof, instead of

or in addition to the voltage value at the POL In one example, the utility operator may define

a certain value of CF corresponding to each voltage range. In another example, CF may be

different in the USA as compared to that in Europe. This difference may be due to different

values of voltage limits that may be defined by the utility operator in different countries.

[0035] As shown in Fig. 2, the controller 200 may further include a second

computation unit 210 that may be configured to compute a second reactive power value (Q2)

as a function of one or more portions of the computed first reactive power value (Qi) and the

CF corresponding to these portions. As will be described later, the second reactive power

value (Q2) may be computed for either the complete first reactive power value (Qi) signal, or

only a high frequency or low frequency portion ('one or more portions') of the first reactive

power value (Qi) signal, or a combination of these high and low frequency portions of the



first reactive power value (Qi). In one embodiment, the second computation unit 210 may

compute the second reactive power value (Q2) using below equation.

[0036] In various embodiments, as shown in Fig. 2, the controller 200 may further

include a command generation unit 212 that may be configured to generate a reactive power

compensation command based on the computed second reactive power value (Q2) . In one

embodiment, the reactive power compensation command may include a command to generate

the required value of reactive power or reactive current or adjust a power factor of the power

converter 110 during operation. The controller 200 may further include an input/output (I/O)

unit 214 that may be configured to transmit the reactive power compensation command to the

power converter 110 for compensating the self-induced voltage variation.

[0037] The above-mentioned operation of computation of the second reactive power

value (Q2) and generation and transmission of the reactive power compensation command

may be repeated continuously during the operation of the electrical power system.

[0038] In some embodiments, the controller 200 may be configured to compute one

or more CFs and the second reactive power value (Q2) either using the complete first reactive

power value (Qi) signal (for example, as shown in equation 4), or using a portion (high

frequency or low frequency) of the first reactive power value (Qi), or a combination of these

high and low frequency portions of the first reactive power value (Qi).

[0039] Fig. 4 is a graphical representation 400 of a number of simulations conducted

for reactive power compensation in an electrical power system with a curve 402 for complete

active power 'P' signal over a time period and a curve 404 for a low frequency portion of P

over the same time period, in accordance with one embodiment. In some embodiments, the

injected active power 'P' may be divided into a low frequency portion and a high frequency

portion. In one embodiment, a low pass or a high pass filter may be integrated with the first

computation unit 202 to separate the high frequency portion from the low frequency portion.

As shown in Fig. 4, the low frequency portion of P is indicated by the curve 404, whereas the

high frequency portion (not shown) may be the difference between the complete active power

'P' (indicated by the curve 402) and the low frequency portion or may be computed



differently such that the high frequency portion is at a higher frequency than the low

frequency portion, for example, depending upon threshold frequencies of the filter.

[0040] In one embodiment, the first computation unit 202 may be configured to filter

a low frequency portion of P from the complete P signal and then use this low frequency

portion of P to compute a low frequency portion of the first reactive power value (Qi),

hereinafter referred to as QLF- QLF may be multiplied with a CF for a low frequency portion

(CFLF) to compute one reactive power value. In one exemplary embodiment, the CFLF may

be computed as described above. Additionally or alternatively, in such an embodiment, the

first computation unit 202 may be configured to filter a high frequency portion of the

complete P signal and then use this high frequency portion of P to compute a high frequency

portion of the first reactive power value (Qi), hereinafter referred to as QHF - I such an

embodiment, this QHF may be multiplied with a CF for a high frequency portion (CFHF) to

compute another reactive power value. In still another embodiment wherein a combination of

the low and high frequency portions are used to obtain the second reactive power value (Q2),

the second reactive power value (Q2) may be computed as a sum of these two reactive power

values as given below in equation 5 .

Q 2 = (QLF CFLF + {QHF X CF ... e q - 5

[004 1] In one exemplary embodiment, the CF HF may be same as the CF MAX . In one

exemplary embodiment, the CFLF may be same as the CF mi . If instead the CFRF is same as

the CFLF (referred to as 'CF'), then equation 5 may be written as a product of 'QLF + QHF'

and CF.

[0042] In an alternate embodiment, the first computation unit 202 may compute the

complete first reactive power value (Qi) from the complete active power 'P.' In such an

embodiment, the first computation unit 202 may be configured to further filter QLF from the

complete first reactive power value (Qi). Similar to above, QLF may be multiplied with the

CF LF to compute one reactive power value. Additionally or alternatively, in such an

embodiment, the first computation unit 202 may be configured to filter QHF from the

computed first reactive power value (Qi). Also, this QHF may be multiplied with CF HF to

compute another reactive power value for QHF - The second reactive power value (Q2) may be

computed using equation 5 .



[0043] Fig. 5 is a graphical representation 500 of a number of simulations conducted

for comparing voltage curves for different conditions over a time period, in accordance with

one embodiment. Y-axis 502 represents voltage value at the POI in pu, and X-axis 504

represents time in seconds.

[0044] A first simulation is conducted without any active power or PV injection. The

voltage at the POI is shown by a curve 506. As shown in Fig. 5, as no network loads are

regarded, the voltage at the POI is constant at 1 pu without any voltage variations.

[0045] A second simulation is conducted with PV injection at unity power factor, that

is, without any reactive power being output by the power converter 110. The voltage at the

POI is shown by a curve 508. The voltage variations between 1 and 1.07 pu may be due to

the variation of active power 'P.'

[0046] A third simulation is conducted with PV injection and full reactive power

compensation (that is, when CF is CFmax) . The term 'full reactive power compensation' as

used herein signifies that the self-induced voltage variation has been fully or perfectly

compensated. The voltage at the POI is shown by a curve 510. The curve 510 overlaps with

the curve 506 and hence is hardly visible in Fig. 5 . In other words, the power converter 110

perfectly compensates the voltage variations at the POI and thus maintains the voltage

constantly at 1 pu.

[0047] A fourth simulation is conducted with PV injection and a selective reactive

power compensation, which is based on CF. The voltage at the POI is shown by a curve 512.

The voltage variations are due to the variation of active power 'P' and the second reactive

power value (Q2) . As shown in Fig. 5, the voltage variations shown by the curve 512 are

smaller (maintained between 1 and 1.03 pu) than the voltage variations in case no reactive

power compensation is being provided (which is shown by curve 508). Although Fig. 5

shows that the voltage variations by the curve 512 is maintained between 1 and 1.03 pu; the

voltage variations may be further lowered, for example, maintained below 1.03 pu, by

variation of parameters like pre-defined voltage limits or using other alternate embodiments

as described above.

[0048] Fig. 6 is a graphical representation 600 of a number of simulations conducted

for comparing required reactive power for different conditions over a time period, in



accordance with one embodiment. Y-axis 602 represents required reactive power 'Q 2 ' in kilo

volt amperes reactive (Kvar), and X-axis 604 represents time in seconds. The graphical

representation 600 represents the required reactive power for different conditions over a time

period.

[0049] A first simulation is conducted without any PV injection. The required

reactive power is shown by a curve 606. As shown in Fig. 6, since no PV is being injected,

no reactive power is required to be injected by the power converter 110.

[0050] A second simulation is conducted with PV injection at unity power factor, that

is, without any reactive power being output by the power converter 110. The required

reactive power is shown by a curve 608. The curve 608 overlaps with the curve 606 and

hence the curve 606 is hardly visible in Fig. 6 .

[0051] A third simulation is conducted with PV injection and full reactive power

compensation (that is, when CF is CFmax) . The required reactive power is shown by a curve

610. In order to fully compensate for the voltage variations, the power converter 110 needs

to inject a large amount of reactive power, which results in high system losses.

[0052] A fourth simulation is conducted with PV injection and a selective reactive

power compensation, which is based on CF. The required reactive power is shown by a

curve 612. As shown in Fig. 6, the reactive power required in the fourth simulation (shown

by the curve 612) is lesser (almost half) than the reactive power required in case of full

reactive power compensation (shown by the curve 610).

[0053] Fig. 7 is a graphical representation 700 of a distribution of CF over a time

period, in accordance with one embodiment. Y-axis 702 represents CF and X-axis 704

represents time in seconds. The graphical representation 700 represents different values of

CF obtained at different time instances. In some embodiments, the CF may vary based on the

voltage value at the POI, utility operator's requirement, geography in which the controller

200 is implemented, or any combination thereof.

[0054] Fig. 8 is a graphical representation 800 of a number of simulations conducted

for comparing system losses under different conditions over a time period, in accordance with



one embodiment. Y-axis 802 represents resulting system losses in kilo Watt (kW), and X-

axis 804 represents time in seconds.

[0055] A first simulation is conducted without any PV injection. The system losses

are shown by a curve 806. As shown in Fig. 8, since no PV is being injected, no reactive

power is required to be injected by the power converter 110 and therefore system losses are

nil.

[0056] A second simulation is conducted with PV injection at unity power factor, that

is, without any reactive power being output by the power converter 110. The system losses

are shown by a curve 808. Even though no reactive power is being fed into the system;

however, due to active power, some system losses will exist as shown by the curve 808 in

Fig. 8.

[0057] A third simulation is conducted with PV injection and full reactive power

compensation (that is, when CF is CFmax) . The system losses are shown by a curve 810. In

order to fully compensate for the voltage variations, the power converter 110 in this case

injects a large amount of reactive power and hence results in high amount of system losses.

[0058] A fourth simulation is conducted with PV injection and a selective reactive

power compensation, which is based on CF. The system losses are shown by a curve 812.

As shown in Fig. 8, the system losses in the fourth simulation (shown by the curve 812) are

reduced in comparison to losses caused during full reactive power compensation. The losses

in the fourth simulation are reduced by compensating only when required (for example, when

the voltage value is greater than Vmi ) and by reducing the reactive power compensation

using CF when the voltage value is within the pre-defined voltage limits.

[0059] In one embodiment, a method for compensating self-induced voltage variation

is provided. Fig. 9 is a flowchart depicting a method 900 for providing selective reactive

power compensation, in accordance with one embodiment. At step 902, a first reactive

power value (Qi) may be computed. In one exemplary embodiment, a controller (such as

200) may use Q-P characteristics to determine the first reactive power value (Qi). In another

exemplary embodiment, Q-V characteristics may be used to determine the first reactive

power value (Qi). In yet another exemplary embodiment, the first reactive power value (Qi)

may be determined using prior knowledge or experience of the utility operator.



[0060] At step 904, a voltage value 'V at a POI (such as 108) between a power

source (such as 110) and a power grid (such as 106) may be obtained. In some embodiments,

a voltage determination unit (such as 204) may obtain this voltage value from a measurement

unit (such as 132). In some other embodiments, the voltage determination unit may be same

as the measurement unit.

[0061] Further, at step 906, the obtained voltage value 'V may be compared with one

or more pre-defined voltage limits. In some embodiments, the pre-defined voltage limit may

be defined by a utility operator for comparison with the obtained voltage value. In one

embodiment, the pre-defined voltage limits may include two limits, for example, an upper

limit and a lower limit such that the compensation is performed differently for a voltage value

closer to the lower limit as compared to a voltage value closer to the upper limit. In one

exemplary embodiment, the upper limit may be defined as 1 pu, and the lower limit may be

defined as 0.8 pu. In an alternate exemplary embodiment, the upper limit may have a value

within a range of 1 to 1.2 pu, and the lower limit may have a value within a range of 0.8 to 1

pu. In an alternate embodiment, the pre-defined voltage limits may include a plurality of

voltage values resulting in a plurality of voltage ranges such that the compensation may be

performed differently for each of these voltage ranges. For example, the controller may

compensate for a voltage value in the range of 0.8 pu and 0.9 pu differently as compared to

compensating for a voltage value in the range of 0.9 pu and 1 pu.

[0062] At step 908, one or more CFs corresponding to one or more portions of the

computed first reactive power value (Qi) may be computed based on an output of the

comparison between the obtained voltage value 'V and the one or more pre-defined voltage

limits. Various embodiments described above for computing such CFs may be equally

applied to the method 900.

[0063] At step 910, a second reactive power value (Q2) may be computed as a

function of one or more portions of the computed first reactive power value (Qi) and

corresponding CFs. In some embodiments, the second reactive power value (Q2) may be

computed for either the complete first reactive power value (Qi) signal or for only a high

frequency or low frequency portion of the first reactive power value (Qi) signal, or a

combination of these high and low frequency portions. Equation 4 or 5 may be used to



compute the second reactive power value (Q2) using CFs and one or more portions of the first

reactive power value (Qi).

[0064] Further at step 912, a reactive power compensation command may be

generated based on the computed the second reactive power value (Q2) . Finally at step 914,

the reactive power compensation command may be transmitted to the power converter (such

as 110) for compensating the self-induced voltage variation. In one embodiment, the reactive

power output of the power converter may be damped when the voltage value 'V is closer to

the lower limit, whereas the reactive power output may be amplified or not damped when the

voltage value 'V is closer to the upper limit.

[0065] The above-mentioned operation of computation of the second reactive power

value (Q2), and generation and transmission of the reactive power compensation command

may be repeated continuously during the operation of the electrical power system.

[0066] Various embodiments described above in conjunction with Figs. 2 and 3 above

may be equally applied to the method 900 for the compensation of self-induced voltage

variation.

[0067] The systems and methods in accordance with embodiments of the invention

may provide selective reactive power compensation such that system losses in an electrical

power system are reduced. This is achieved by compensating only when required and by

reducing the reactive power compensation using one or more CFs when a voltage value 'V

at a POI is within pre-defined voltage limits. The reactive power compensation depends on

the voltage value 'V. When, for example during peak load, there are low voltage conditions,

the voltage rise caused by the power injection from a power source may be allowed by a

controller. This voltage rise may be beneficial to improve the low voltage conditions.

Moreover, the embodiments of the invention compensate primarily for self-induced voltage

variations.

[0068] Various embodiments may take the form of an entirely hardware embodiment,

an entirely software embodiment, or an embodiment containing both hardware and software

components. In accordance with one embodiment, the invention may be implemented in

software, which includes but is not limited to firmware, resident software, or microcode.



[0069] Furthermore, the invention may take the form of a computer program product,

accessible from a non-transitory computer-usable or computer-readable medium, providing

program code for use by, or in connection with, a computer or any instruction execution

system. For the purposes of this description, a computer-usable or computer readable

medium may be any apparatus that can contain, store, communicate, propagate, or transport

the program for use by, or in connection with, the instruction execution system, apparatus, or

device.

[0070] The medium can be an electronic, magnetic, optical, electromagnetic, infrared,

or semiconductor system (or apparatus or device), or a propagation medium. Examples of a

computer-readable medium include a semiconductor or solid-state memory, magnetic tape, a

removable computer diskette, a random access memory (RAM), a read-only memory (ROM),

a rigid magnetic disk, and an optical disk. Current examples of optical disks include compact

disk-read only memory (CDROM), compact disk-read/write (CD-R/W), and Digital Versatile

Disk (DVD).

[0071] A non-transitory computer-readable medium provided herein includes

computer-readable instructions of a computer program, which when executed by a processor,

causes the processor to perform a method. The non-transitory computer-readable medium

further includes computer-readable instructions to perform the method for computing a first

reactive power value (Qi). The non-transitory computer-readable medium further includes

computer-readable instructions to obtain a voltage value at a POI between at least one power

source and a power grid. The non-transitory computer-readable medium further includes

computer-readable instructions to compare the voltage value with at least one pre-defined

voltage limit. The non-transitory computer-readable medium further includes computer-

readable instructions to compute at least one CF corresponding to the at least one portion of

the first reactive power value (Qi) based on an output of the comparison between the voltage

value and the at least one pre-defined voltage limit, and compute a second reactive power

value (Q2) as a function of one or more portions of the first reactive power value (Qi) and the

at least one CF. The non-transitory computer-readable medium further includes computer-

readable instructions to generate a reactive power compensation command based on the

computed second reactive power value (Q2), and transmit the reactive power compensation

command to a power converter.



[0072] The skilled artisan will recognize the interchangeability of various features

from different embodiments. Similarly, the various method steps and features described, as

well as other known equivalents for each such methods and features, can be mixed and

matched by one of ordinary skill in this art to construct additional assemblies and techniques

in accordance with principles of this invention. It is, therefore, to be understood that the

appended claims are intended to cover all such modifications and changes as fall within the

true spirit of the invention.



CLAIMS

1. A method, comprising:

(i) computing a first reactive power value (Qi);

(ii) obtaining a voltage value at a point of interconnection (POI) between at least

one power source and a power grid;

(iii) comparing the voltage value with at least one pre-defined voltage limit; and

for at least one portion of the first reactive power value (Qi):

(iv) computing at least one compensation factor (CF) corresponding to the

at least one portion of the first reactive power value (Qi) based on an output of the

comparison between the voltage value and the at least one pre-defined voltage limit;

(v) computing a second reactive power value (Q2) as a function of the at

least one portion of the first reactive power value (Qi) and the at least one CF;

(vi) generating a reactive power compensation command based on the

computed second reactive power value (Q2); and

(vii) transmitting the reactive power compensation command to a power

converter.

2 . The method of claim 1, wherein the at least one pre-defined voltage limit

comprises a plurality of pre-defined voltage limits.

3 . The method of claim 2, wherein the plurality of pre-defined voltage limits

includes a lower limit and an upper limit, wherein at least one CF computed when the voltage

value is closer to the lower limit is less than or equal to at least one CF computed when the

voltage value is closer to the upper limit.



4 . The method of claim 2, wherein the plurality of pre-defined voltage limits

includes a lower limit and an upper limit, wherein the at least one CF is a minimum CF value

when the voltage value is less than or equal to the lower limit and the at least one CF is a

maximum CF value when the voltage value is greater than or equal to the upper limit.

5 . The method of claim 1, wherein computing the at least one CF comprises:

computing a N number of CFs at corresponding time instances; and

computing the at least one CF as a function of the N number of CFs.

6 . The method of claim 1, wherein the at least one portion of the first reactive

power value (Qi) comprises at least one of a low frequency portion of the first reactive power

value (Qi) or a high frequency portion of the first reactive power value (Qi).

7 . The method of claim 6, wherein the at least one CF is a maximum CF value

when the at least one portion of the first reactive power value (Qi) comprises the high

frequency portion of the first reactive power value (Qi), and the at least one CF is a minimum

CF value when the at least one portion of the first reactive power value (Qi) comprises the

low frequency portion of the first reactive power value (Qi).

8. A system, comprising:

a controller coupled to a power converter, the controller comprising:

a first computation unit for computing a first reactive power value (Qi),



a voltage determination unit for obtaining a voltage value at a point of

interconnection (POI) between at least one power source and a power grid,

a voltage comparator unit for comparing the voltage value with at least one

pre-defined voltage limit, and

for at least one portion of the first reactive power value (Qi):

a compensation factor (CF) computation unit for computing at least

one CF corresponding to the at least one portion of the first reactive power

value (Qi) based on an output of the comparison between the voltage value

and the at least one pre-defined voltage limit,

a second computation unit for computing a second reactive power

value (Q2) as a function of the at least one portion of the first reactive power

value (Qi) and the at least one CF,

a command generation unit for generating a reactive power

compensation command based on the computed second reactive power value

(Q2), and

an input/output (I/O) unit for transmitting the reactive power

compensation command to the power converter.

9 . The system of claim 8, wherein the at least one power source comprises a

renewable energy source.

10. The system of claim 8, wherein the at least one pre-defined voltage limit

comprises a lower limit and an upper limit, wherein at least one CF computed when the

voltage value is closer to the lower limit is less than or equal to at least one CF computed

when the voltage value is closer to the upper limit.



11. The system of claim 8, wherein the at least one pre-defined voltage limit

comprises a lower limit and an upper limit, wherein the at least one CF is a minimum CF

value when the voltage value is less than or equal to the lower limit and the at least one CF is

a maximum CF value when the voltage value is greater than or equal to the upper limit.

12. The system of claim 8, wherein the CF computation unit is configured to

compute the at least one CF by:

computing a N number of CFs at corresponding time instances; and

computing the at least one CF as a function of the N number of CFs.

13. The system of claim 8, wherein the at least one portion of the first reactive

power value (Qi) comprises at least one of a low frequency portion of the first reactive power

value (Qi), or a high frequency portion of the first reactive power value (Qi).

14. The system of claim 13, wherein the at least one CF is a maximum CF value

when the at least one portion of the first reactive power value (Qi) comprises the high

frequency portion of the first reactive power value (Qi), and the at least one CF is a minimum

CF value when the at least one portion of the first reactive power value (Qi) comprises the

low frequency portion of the first reactive power value (Qi) .

15. A non-transitory computer-readable medium comprising computer-readable

instructions of a computer program that, when executed by a processor, cause the processor

to perform a method, the method comprising:

computing a first reactive power value (Qi);

obtaining a voltage value at a point of interconnection (POI) between at least one

power source and a power grid;



comparing the voltage value with at least one pre-defined voltage limit; and

for at least one portion of the first reactive power value (Qi):

computing at least one compensation factor (CF) corresponding to the at least

one portion of the first reactive power value (Qi) based on an output of the

comparison between the voltage value and the at least one pre-defined voltage limit;

computing a second reactive power value (Q2) as a function of the at least one

portion of the first reactive power value (Qi) and the at least one CF;

generating a reactive power compensation command based on the computed

second reactive power value (Q2) ; and

transmitting the reactive power compensation command to a power converter.

16. The non-transitory computer-readable medium of claim 15, wherein the at

least one pre-defined voltage limit comprises a lower limit and an upper limit, wherein at

least one CF computed when the voltage value is closer to the lower limit is less than or equal

to at least one CF computed when the voltage value is closer to the upper limit.

17. The non-transitory computer-readable medium of claim 15, wherein the at

least one pre-defined voltage limit comprises a lower limit and an upper limit, wherein the at

least one CF is a minimum CF value when the voltage value is less than or equal to the lower

limit and the at least one CF is a maximum CF value when the voltage value is greater than or

equal to the upper limit

18. The non-transitory computer-readable medium of claim 15, wherein

computing the at least one CF comprises:

computing a N number of CFs at corresponding time instances; and



computing the at least one CF as a function of the N number of CFs.

19. The non-transitory computer-readable medium of claim 15, wherein the at

least one portion of the first reactive power value (Qi) comprises at least one of a low

frequency portion of the first reactive power value (Qi) or a high frequency portion of the

first reactive power value (Qi).

20. The non-transitory computer-readable medium of claim 19, wherein the at

least one CF is a maximum CF value when the at least one portion of the first reactive power

value (Qi) comprises the high frequency portion of the first reactive power value (Qi), and

the at least one CF is a minimum CF value when the at least one portion of the first reactive

power value (Qi) comprises the low frequency portion of the first reactive power value (Qi).
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