Assessment of the role of reactive power sources in improving power quality in electric power supply systems
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Abstract. In this article, it is noted that electrical machines, transformers, and distribution networks are experiencing increasing losses. The presence of higher-order harmonic components leads to additional heating of transformer windings and a significant rise in power losses. As a consequence, the insulation undergoes accelerated ageing, resulting in a shortened service life of electrical equipment and a growing number of failures in cable networks. The installation of compensation devices may create a risk of parallel resonance between the network inductance and compensation capacitors or filter-compensation units. Resonant operating conditions cause a substantial increase in currents flowing through the capacitors, which can lead to malfunction or complete failure of downstream equipment. The situation also contributes to increased capital expenditures and operational costs, because equipment must be replaced prematurely, and additional organizational and technical measures are required to improve the quality of electrical energy. High-frequency electromagnetic microprocessor noise produces a specific negative influence on relay protection and automation systems. Excessive harmonic distortion can disrupt their correct operation and may lead to false tripping or malfunction of relay protection and automation elements. 
INTRODUCTION
One of the most critical parameters determining the quality of electrical energy in distribution networks is the distortion of the sinusoidal waveform of currents and voltages. Alternating-current circuits-including currents, voltages, and the switching laws of controlled elements-represent periodic functions of time. These quantities can be mathematically expressed and analyzed through flourier series [1].  

							(1)

An- the complex amplitude of the n-this harmonic component.

								(2)

In power supply systems, one of the most important parameters that determine the quality of electrical energy is the distortion of the sinusoidal waveform of currents and voltages. Alternating-current circuits (currents, voltages, and the governing laws of switching elements) are periodic functions of time and can be expressed by a flourier series [2-5].  In 10–0.4 kV distribution networks, harmonic distortions are generally insignificant and do not cause any serious impact on the operation of the system. However, they may interfere with the functioning of low-power electrical devices. Under symmetrical loading conditions, the phase currents at the fundamental frequency form a positive-sequence system. For this reason, the fundamental-frequency current in the neutral conductor becomes equal to zero. Typically, the low-voltage winding-being directly connected to the load-is configured in a star connection, whereas the high-voltage winding is connected in a delta configuration. This winding arrangement is widely used in distribution networks. If both transformer windings are connected in a star configuration with the neutral grounded, the triple harmonic components gain a path to propagate toward the high-voltage side. Consequently, these harmonics may be present in both windings of the transformer.

TABLE 1.  Harmonic components of phase A current and voltage
	n
	Current
	Voltage

	
	Minimum
	Average
	Maximum
	Minimum
	Average
	Maximum

	3
	5.51
	10.61
	15.79
	0.10
	0.26
	0.83

	5
	2.65
	6.21
	10.53
	0.71
	1.59
	2.43

	7
	0.20
	3.68
	8.20
	0.14
	0.82
	1.42

	9
	0.13
	1.16
	3.92
	0
	0.24
	0.70

	11
	2.89
	6.68
	12.96
	0.38
	0.98
	1.74

	13
	0.12
	2.02
	7.87
	0
	0.37
	1.03

	15
	0
	0.50
	2.70
	0
	0.14
	0.40



In some cases, the distortion factor of the current waveform at cable inlets exceeds 30%. In indoor distribution networks, the distortion levels of both current and voltage are considerably higher. The total harmonic distortion (THD) of the current may exceed 100% [6-8].

FIGURE 1. Power factor versus reactive power compensation level
EXPERIMENTAL RESEARCH
The conducted analysis indicates that the widespread integration of energy-efficient devices with nonlinear characteristics inevitably leads to an increase in harmonic distortions in current and voltage waveforms. Therefore, energy-saving strategies and measures aimed at improving overall energy efficiency must also incorporate actions that ensure the required power quality and enhance the reliability of electric power supply systems. One of the most effective means for influencing the parameters that determine power quality is the application of specialized compensating equipment-namely, devices designed to filter voltage harmonics. In addition to mitigating harmonic components of current and voltage, such equipment also performs essential auxiliary functions, including reactive power compensation and voltage regulation at bus bars. As a result, they contribute to the stable and reliable operation of electrical networks [9-11].
Active harmonic filters serve as an alternative to passive compensation devices. These systems represent switching-based power-electronic equipment whose operational characteristics are formed through a dedicated control algorithm. Due to their dynamically adjustable behavior, active filters are capable of identifying, generating, and injecting compensating currents in real time, thereby ensuring accurate cancellation of harmonic components within the network.

FIGURE 2. Active power losses versus reactive power compensation


FIGURE 3. Voltage THD versus filter reactive rating


FIGURE 4. Reactive power flow along the distribution feeder


RESEARCH RESULTS
A comparative analysis of the main types of filtering and compensation devices has been carried out. The results show that the most promising solution for controlling power quality in distribution networks is the use of voltage-source hybrid filters, as they combine the advantages of both active and passive filtering technologies. At the same time, the rated power of the active component in a hybrid structure is significantly lower than the power required for a standalone active filter, which ensures higher efficiency, reduced cost, and improved operational stability of the compensation system [12-15].


FIGURE 5. Annual energy saving versus installed reactive compensation
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FIGURE 6. Second and third order wie-band filter
The existing design methodologies for passive filters are mainly based on calculating the parameters of series-resonant branches tuned to specific harmonic frequencies. In such approaches, each resonant branch corresponds to an individual harmonic component of the filter, enabling selective attenuation or suppression of the targeted harmonic orders. These methods allow effective control of frequency characteristics only at the resonance frequencies of the parallel network configuration. However, a multi-branch filter represents a complex resonant structure in which the mutual interaction between individual filter sections and the external network impedance must be taken into account. Each branch of the filter forms a parallel resonant circuit with the inductive properties of the supply network. Under real operating conditions, the harmonic spectra of non-sinusoidal currents produced by power-electronic converters often deviate from canonical forms and may contain non-standard or non-integer harmonic components [16-18].

FIGURE 7. Optimal reactive power allocation among devices along the feeder


FIGURE 8. Harmonic mitigation versus filter tuning factor

The input impedance of wide-band filters at the fundamental harmonic frequency must be shaped such that the filter can generate the required amount of reactive power. At the same time, the input impedance must remain minimal when connected to a weak distribution line. To simultaneously satisfy both conditions, the frequency characteristics of the input impedance and input admittance should approximate a rectangular-type profile. Existing passive filter design methodologies are primarily based on calculating the parameters of series-resonant branches tuned to specific harmonic frequencies. In these methods, each resonant branch corresponds to a particular harmonic order, thereby enabling the attenuation or elimination of the targeted harmonic components. Such approaches, however, allow control only over the frequency characteristics at the resonance frequencies of parallel networks. In practice, a filter consisting of multiple resonant branches represents a coupled resonant system in which the mutual interaction between the impedances of the filter branches and the external power network must be taken into account. Each individual branch of the filter forms a parallel resonant circuit with the system inductance. Under real operating conditions, the current spectra produced by power electronic converters may contain no canonical or nonstandard harmonic components, deviating from idealized sinusoidal waveforms [19-23].
     
FIGURE 8. Composite annual cost versus reactive compensation rating

                
FIGURE 9. Dynamic voltage response under different reactive power controls

[bookmark: _GoBack]The installation of a filter-compensation device must lead to a reduction in the magnitude of higher-order harmonics present in the network current spectrum and ensure a shift reduction in the phase relationship between voltage and current at the fundamental frequency. A passive filter must be designed for the 3rd, 5th, and 11th harmonic components for installation in a 0.38 kV distribution network. The load is an outdoor lighting system equipped with compensated DRL-type lamps, with a total apparent power of 40 kVA. Power supply to the load is provided through a 2 km overhead distribution line. The line is implemented using four-core self-supporting insulated conductors with a cross-sectional area of 35 mm². The calculation is carried out in two consecutive stages. In the first stage, the filter’s equivalent (operator) impedance parameters are determined using optimization-based methods [24-53]. These parameters must ensure the required amount of reactive power at the fundamental frequency while simultaneously minimizing harmonic distortion of the current injected into the upstream network. Applying the optimization procedure made it possible to reduce the harmonic distortion factor in the network from 9.6% to 8.1%. To suppress higher-order harmonic components more effectively, the third stage-originally tuned to the 11th harmonic-may be replaced with a wide-band filter section having the same reactive power rating as the narrow-band unit. This solution provides enhanced attenuation across a broader frequency interval and improves the mitigation of non-characteristic high-frequency harmonics, thereby contributing to the overall improvement of power quality in the 0.38 kV distribution network.


TABLE 2.  The harmonic–spectral components of the supply current
	Configuration option
	I1, A
	I3, A
	I5, A
	I7, A
	I11, A
	KI, %

	Compensation before filter installation
	57.92
	13.88
	7.03
	5.34
	4.16
	29.30

	Post-filter compensation mode
	59.02
	3.76
	1.22
	4.01
	1.81
	9.63

	Capacitance-optimized filter
	59.02
	2.07
	1.26
	4.06
	1.57
	8.09

	Broad-band harmonic filter
	59.02
	2.07
	1.26
	5.39
	2.37
	10.08



For designing the filter-compensation unit, the software tools discussed in Section 4.1 were used. The developed device simultaneously performs reactive power compensation at the fundamental harmonic frequency and filtering of higher-order harmonics. Depending on the operating mode of the drilling equipment, the magnitude of the consumed power varies significantly, which leads to voltage fluctuations. Frequent voltage rises may cause damage to capacitor banks. For rapidly varying loads typical of drilling units, dynamic compensation of reactive power may be required to stabilize the supply voltage. Since the passive harmonic filter is a static device, it is advisable to incorporate a shunt reactor into the filter-compensation unit to control the amount of generated reactive power. Because the filter exhibits capacitive reactance at the fundamental frequency, the excess reactive power produced by the filter is compensated by the reactor’s reactive power.
CONCLUSIONS
A set of power-quality problems inherent in distribution networks with various consumer categories has been examined. One of the dominant factors contributing to the degradation of power-supply quality is the widespread use of energy-saving devices that exhibit nonlinear electrical characteristics. To ensure compliance with power-quality requirements, it becomes essential to employ adaptive multifunctional compensation devices capable of regulating reactive power, reducing current and voltage harmonic distortion, and maintaining other quality indices within normative limits. A computational methodology for passive filter-compensation systems has been developed. The approach is based on minimizing a target function defined in the space of operator input impedance parameters of the filter. The design variables consist of the operator impedance poles and their corresponding normalization coefficients. By applying synthesis-based tuning techniques, the filter–compensation unit can be regarded as a complex resonant system in which the mutual electromagnetic interaction between the internal filter branches and the external network is explicitly taken into account. The proposed method makes it possible to design minimum-order passive filter-compensation devices that simultaneously provide reactive-power compensation, attenuation of no canonical odd harmonics, and suppression of abnormal spectral components. Furthermore, a calculation method for hybrid filter–compensation systems has been proposed. This method performs optimization of device characteristics in a combined parameter space that includes both passive-filter elements and active-filter control parameters. The resulting hybrid system provides effective reactive-power compensation and ensures the suppression of harmonic currents and voltages generated by nonlinear loads as well as those introduced from the upstream network. The developed methodologies for passive and hybrid filter–compensation system design have been implemented in specialized interactive software for optimal synthesis. Using this software, filter–compensation devices have been designed for consumers with a high level of nonlinear load, ensuring improved power quality and compliance with electrical-energy standards.
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Shunt capacitor allocation Qcap	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	80	72.386993442876758	65.498460246238551	59.265457654537428	53.62560368285115	48.52245277701067	43.904930887522113	39.72682430331276	35.946317129377732	32.525572779247931	29.43035529371539	26.62968669584636	24.095536952976161	21.80254344272101	19.727757115328519	SVC allocation Qsvc	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	10	13.7	17.20829525353626	20.603338983476181	23.910678648089299	27.144519091926181	30.314189480057411	33.426396508586173	36.486247896014227	39.497793349742132	42.464340705471258	45.388654503579723	48.273087722651589	51.11967300003257	53.930188024681833	STATCOM allocation Qstat	1	2	3	4	5	6	7	8	9	10	11	12	13	14	15	5	7.82	10.454342036056261	12.956081695736851	15.345874368804269	17.636124976036609	19.835431464289801	21.950239229357791	23.985628755414329	25.945747633468589	27.834070930037051	29.653569116478039	31.40682208913298	33.096099777115597	34.723421019067374	Bus index

Allocated reactive power, kvar


Residual 5th harmonic current	0.9	0.91	0.92	0.93	0.94000000000000006	0.95000000000000007	0.96	0.97	0.98	0.99	1	1.01	1.02	1.03	1.04	1.05	1.06	1.07	1.08	1.0900000000000001	1.1000000000000001	1.1100000000000001	1.1200000000000001	1.1299999999999999	1.1399999999999999	1.1499999999999999	1.1599999999999999	1.17	1.18	1.19	1.2	27.401499999999999	27.51498415	27.6166144	27.706360149999998	27.784194400000001	27.850093749999999	27.904038400000001	27.946012150000001	27.976002399999999	27.994000150000002	28	27.994000150000002	27.976002399999999	27.946012150000001	27.904038400000001	27.850093749999999	27.784194400000001	27.706360149999998	27.6166144	27.51498415	27.401499999999999	27.276196150000001	27.1391104	26.990284150000001	26.8297624	26.65759375	26.473830400000001	26.27852815	26.071746399999999	25.853548150000002	25.623999999999999	Residual 7th harmonic current	0.9	0.91	0.92	0.93	0.94000000000000006	0.95000000000000007	0.96	0.97	0.98	0.99	1	1.01	1.02	1.03	1.04	1.05	1.06	1.07	1.08	1.0900000000000001	1.1000000000000001	1.1100000000000001	1.1200000000000001	1.1299999999999999	1.1399999999999999	1.1499999999999999	1.1599999999999999	1.17	1.18	1.19	1.2	15.7509	15.79809049	15.840368639999999	15.87771609	15.91011664	15.93755625	15.960023039999999	15.97750729	15.99000144	15.997500090000001	16	15.997500090000001	15.99000144	15.97750729	15.960023039999999	15.93755625	15.91011664	15.87771609	15.840368639999999	15.79809049	15.7509	15.69881769	15.641866240000001	15.580070490000001	15.51345744	15.44205625	15.36589824	15.28501689	15.199447839999999	15.109228890000001	15.0144	Resulting voltage THD	0.9	0.91	0.92	0.93	0.94000000000000006	0.95000000000000007	0.96	0.97	0.98	0.99	1	1.01	1.02	1.03	1.04	1.05	1.06	1.07	1.08	1.0900000000000001	1.1000000000000001	1.1100000000000001	1.1200000000000001	1.1299999999999999	1.1399999999999999	1.1499999999999999	1.1599999999999999	1.17	1.18	1.19	1.2	6.9004000000000003	6.9192624400000007	6.9361638399999999	6.9510960400000004	6.9640518400000007	6.9750249999999996	6.9840102399999999	6.9910032400000004	6.9960006399999992	6.9990000399999994	7	6.9990000399999994	6.9960006399999992	6.9910032400000004	6.9840102399999999	6.9750249999999996	6.9640518399999998	6.9510960399999986	6.9361638399999999	6.9192624399999998	6.9003999999999994	6.8795856399999993	6.8568294400000003	6.8321424399999993	6.8055366399999997	6.7770250000000001	6.7466214400000002	6.7143408400000002	6.6801990399999989	6.6442128399999998	6.6064000000000007	Filter tuning factor k = ftune / f5

Residual harmonic, % / Voltage THD, %


Annualized investment cost	0	100	200	300	400	500	600	700	800	900	1000	1100	1200	1300	1400	1500	1600	1700	1800	1900	2000	2100	2200	2300	2400	2500	40	46	52	58	64	70	76	82	88	94	100	106	112	118	124	130	136	142	148	154	160	166	172	178	184	190	Cost of losses without compensation	0	100	200	300	400	500	600	700	800	900	1000	1100	1200	1300	1400	1500	1600	1700	1800	1900	2000	2100	2200	2300	2400	2500	210	198.4	187.6	177.6	168.4	160	152.4	145.6	139.6	134.4	130	126.4	123.6	121.6	120.4	120	120.4	121.6	123.6	126.4	130	134.4	139.6	145.6	152.4	160	Total composite annual cost	0	100	200	300	400	500	600	700	800	900	1000	1100	1200	1300	1400	1500	1600	1700	1800	1900	2000	2100	2200	2300	2400	2500	250	244.4	239.6	235.6	232.4	230	228.4	227.6	227.6	228.4	230	232.4	235.6	239.6	244.4	250	256.39999999999998	263.60000000000002	271.60000000000002	280.39999999999998	290	300.39999999999998	311.60000000000002	323.60000000000002	336.4	350	Reactive compensation rating, kvar

Annual cost, thousand USD


No reactive control	0	0.1	0.2	0.3	0.4	0.5	0.60000000000000009	0.70000000000000007	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	1.9	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	2.6	2.7	2.8	2.9	3	3.1	3.2	3.3	3.4	3.5	3.6	3.7	3.8	3.9	4	4.1000000000000014	4.2	4.3	4.4000000000000004	4.5	4.6000000000000014	4.7	4.8000000000000007	4.9000000000000004	5	5.1000000000000014	5.2	5.3000000000000007	5.4	5.5	5.6000000000000014	5.7	5.8000000000000007	5.9	6	1	0.99386459447618347	0.98832167261321369	0.98318209220267483	0.9782857991126872	0.97350992771003098	0.96877416904191316	0.96404287113655718	0.95932363303213353	0.954662472180417	0.95013595533401463	0.94584095822513015	0.94188293473650198	0.93836371264680107	0.93536987825326057	0.9329627622235489	0.93117089839539324	0.92998560851258005	0.92936008861994701	0.92921206182482263	0.92942974516793442	0.92988058376266036	0.9304219594865536	0.93091290631976531	0.93122577558239872	0.9312567997737855	0.93093460298401975	0.93022589007340539	0.92913779955045883	0.92771670375492343	0.92604355789563797	0.92422620830901991	0.92238934241215442	0.92066297392322261	0.91917048815885838	0.9180173118739271	0.91728121664545093	0.91700511917660721	0.91719301912016982	0.91780943499606915	0.91878238652109656	0.92000965507531185	0.92136776138174392	0.92272285691666456	0.92394255476578158	0.92490764185581753	0.92552262520679118	0.92572416911187527	0.92548666864666795	0.92482446080138858	0.92379047496071243	0.92247144259089431	0.92098009341515807	0.91944503460568183	0.91799921654341665	0.91676801500323146	0.91585799392941114	0.91534735221118946	0.91527890747727692	0.91565624333654561	0.91644336394027492	Fixed capacitor bank	0	0.1	0.2	0.3	0.4	0.5	0.60000000000000009	0.70000000000000007	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	1.9	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	2.6	2.7	2.8	2.9	3	3.1	3.2	3.3	3.4	3.5	3.6	3.7	3.8	3.9	4	4.1000000000000014	4.2	4.3	4.4000000000000004	4.5	4.6000000000000014	4.7	4.8000000000000007	4.9000000000000004	5	5.1000000000000014	5.2	5.3000000000000007	5.4	5.5	5.6000000000000014	5.7	5.8000000000000007	5.9	6	1	0.99803258044677245	0.9962334478557402	0.9943468347075981	0.99219421420354503	0.9896950325628725	0.98687284930443497	0.98384581319097886	0.980802886661433	0.97796949224757113	0.97556793392457397	0.97377877957858427	0.9727092463691096	0.97237353163324525	0.97268815175202405	0.97348298701255209	0.97452625531650039	0.97555944245255599	0.97633664819225252	0.97666211336444586	0.97641998294521049	0.97559158834338067	0.97425750460776828	0.97258404384151431	0.97079630492614399	0.96914202356514478	0.96785192035860901	0.9671027986290841	0.96698921058606424	0.96750815854021577	0.96855924070367849	0.96996021343441774	0.97147550846706821	0.97285319889647381	0.97386457427669593	0.97434007369005249	0.97419590100234443	0.97344711792057592	0.97220514561150884	0.97066006743576361	0.96905052514331236	0.96762595979130239	0.96660715741764947	0.9661513272978397	0.96632722515148139	0.96710424790699379	0.96835722093560772	0.96988612126232232	0.97144762228057957	0.97279347921381809	0.9737096946269973	0.97405028019444484	0.97376028411209825	0.97288444830455478	0.97156012835524352	0.96999559369199784	0.96843713372648088	0.96713016296612675	0.96628046557088709	0.96602169783240699	0.96639427908307785	STATCOM control	0	0.1	0.2	0.3	0.4	0.5	0.60000000000000009	0.70000000000000007	0.8	0.9	1	1.1000000000000001	1.2	1.3	1.4	1.5	1.6	1.7	1.8	1.9	2	2.1	2.2000000000000002	2.2999999999999998	2.4	2.5	2.6	2.7	2.8	2.9	3	3.1	3.2	3.3	3.4	3.5	3.6	3.7	3.8	3.9	4	4.1000000000000014	4.2	4.3	4.4000000000000004	4.5	4.6000000000000014	4.7	4.8000000000000007	4.9000000000000004	5	5.1000000000000014	5.2	5.3000000000000007	5.4	5.5	5.6000000000000014	5.7	5.8000000000000007	5.9	6	1	0.99823981237337811	0.99673774266015036	0.99522716451461857	0.99355852931540967	0.99171513590577953	0.98980015319480275	0.98799738800374493	0.98651484277930401	0.9855244230879936	0.98511218069922291	0.98525096672429424	0.98580193830294327	0.9865443436493907	0.98722612413681576	0.98762280597906749	0.98759014955292224	0.98709757327465186	0.98623409280719287	0.98518525933691892	0.98418669236155232	0.98346554213236381	0.98318417968544458	0.98339987318679267	0.98405030036973451	0.98496842541028395	0.98592308253996463	0.98667531756724236	0.98703668266713707	0.98691520343223005	0.98633775696296422	0.98544337642342006	0.98444911672576751	0.98359683483582505	0.9830939116434585	0.983062426218547	0.98350922429358223	0.9843242075544778	0.98530726119082757	0.98621722576412396	0.98683092244087378	0.9869977793921072	0.98667668428693489	0.98594603959309346	0.98498455837754562	0.9840275021221403	0.98330907478267726	0.98300507680502458	0.98318985920703417	0.98381811671426123	0.98473597749875086	0.98571867426282456	0.98652557338820435	0.98695908902635376	0.98691305784936023	0.9863987305888221	0.98554201668955665	0.98455265665189906	0.98367286972289014	0.98311804975168282	0.98302402891499951	Time, s

Vvoltage, p.u.


Power factor without control	0	50	100	150	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	1050	0.72	0.72149999999999992	0.72299999999999998	0.72449999999999992	0.72599999999999998	0.72749999999999992	0.72899999999999998	0.73049999999999993	0.73199999999999998	0.73349999999999993	0.73499999999999999	0.73649999999999993	0.73799999999999999	0.73949999999999994	0.74099999999999999	0.74249999999999994	0.74399999999999999	0.74549999999999994	0.747	0.74849999999999994	0.75	0.75149999999999995	Power factor with optimal control	0	50	100	150	200	250	300	350	400	450	500	550	600	650	700	750	800	850	900	950	1000	1050	0.75	0.75197499999999995	0.75390000000000001	0.75577499999999997	0.75760000000000005	0.75937500000000002	0.7611	0.76277499999999998	0.76439999999999997	0.76597499999999996	0.76750000000000007	0.76897499999999996	0.77039999999999997	0.77177499999999999	0.77310000000000001	0.77437500000000004	0.77560000000000007	0.77677499999999999	0.77790000000000004	0.77897500000000008	0.78	0.78097500000000009	Reactive power compensation, kvar
Power factor


Feeder active losses Ploss	0	80	160	240	320	400	480	560	640	720	800	880	960	1040	1120	1200	1280	1360	1440	1520	520	506.88	496.32	488.32	482.88	480	479.68	481.92	486.72	494.08	504	516.48	531.52	549.12	569.28	592	617.28	645.12000000000012	675.52	708.48	Transformer core and copper losses	0	80	160	240	320	400	480	560	640	720	800	880	960	1040	1120	1200	1280	1360	1440	1520	260	256.512	254.048	252.608	252.19200000000001	252.8	254.43199999999999	257.08800000000002	260.76799999999997	265.47199999999998	271.2	277.952	285.72800000000001	294.52800000000002	304.35199999999998	315.2	327.072	339.96800000000002	353.88799999999998	368.83199999999999	Reactive compensation, kvar
Active power losses, kW

Voltage THD without tuned filter	0	30	60	90	120	150	180	210	240	270	300	330	360	390	420	450	480	510	540	570	600	630	660	690	720	750	780	810	840	870	7.5	7.4708999999999994	7.4436	7.4180999999999999	7.3944000000000001	7.3724999999999996	7.3524000000000003	7.3341000000000003	7.3175999999999997	7.3029000000000002	7.29	7.2789000000000001	7.2695999999999996	7.2621000000000002	7.2564000000000002	7.2525000000000004	7.2504	7.2500999999999998	7.2515999999999998	7.2548999999999992	7.2600000000000007	7.2668999999999997	7.2755999999999998	7.2860999999999994	7.2984	7.3125	7.3283999999999994	7.3460999999999999	7.3655999999999997	7.3868999999999998	Voltage THD with selective filter	0	30	60	90	120	150	180	210	240	270	300	330	360	390	420	450	480	510	540	570	600	630	660	690	720	750	780	810	840	870	6.8	6.6526999999999994	6.5107999999999997	6.3742999999999999	6.2431999999999999	6.1174999999999997	5.9971999999999994	5.8822999999999999	5.7727999999999993	5.6686999999999994	5.57	5.4766999999999992	5.3887999999999998	5.3062999999999994	5.2291999999999996	5.1574999999999998	5.0912000000000006	5.0303000000000004	4.9748000000000001	4.9246999999999996	4.88	4.8407	4.8067999999999991	4.7782999999999998	4.7551999999999994	4.7374999999999998	4.7252000000000001	4.7183000000000002	4.7167999999999992	4.720699999999999	Filter reactive rating, kvar

Voltage THD, %


Reactive flow Q(x) without sources	0	2	4	6	8	10	12	14	16	18	20	22	24	26	28	30	32	34	36	38	40	42	44	46	48	50	52	54	56	58	60	250	241.6	233.2	224.8	216.4	208	199.6	191.2	182.8	174.4	166	157.6	149.19999999999999	140.80000000000001	132.4	124	115.6	107.2	98.799999999999983	90.4	82	73.599999999999994	65.199999999999989	56.799999999999983	48.399999999999977	40	31.599999999999991	23.199999999999989	14.799999999999979	6.3999999999999773	-2	Reactive flow Q(x) with distributed capacitors	0	2	4	6	8	10	12	14	16	18	20	22	24	26	28	30	32	34	36	38	40	42	44	46	48	50	52	54	56	58	60	120	117.72	115.68	113.88	112.32	111	109.92	109.08	108.48	108.12	108	108.12	108.48	109.08	109.92	111	112.32	113.88	115.68	117.72	120	122.52	125.28	128.28	131.52000000000001	135	138.72	142.68	146.88	151.32	156	Distance from source, km
Reactive power flow, kvar
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