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Controlled shunt reactor 500kV 180MVA with new design.

Field experience at NELYM substation.
L.MAKAREVICH, L.MASTRYUKOV, V.IVAKIN*, V.KOVALEV, N.SULDIN

ELEKTROZAVOD OJSC

Russia


SUMMARY
The operation of electric power systems in Russia is characterized by high voltage levels during minimum load periods due to excessive reactive power. Long extension of power lines from electric power sources and alternating load conditions causes increased voltage deviations from nominal values and high losses due to reactive power flows. Technical and economic analysis as well as comparison of different machines demonstrate that the application of controlled shunt reactors (CSR) is the most effective method of reactive power compensation, maintenance of required voltage level in extra high voltage power lines and loss reduction for several points in electric power systems in Russia. 

ELEKTROZAVOD OJSC has developed a controlled reactor 180 MVA,  500 kV   of conceptually new design, which was put into operation at Nelym substation in Western Siberia in Russia in 2012.

Three-phase reactor is structurally made in the form of three single-phase reactors, electrically connected in three-phase group. Inside a three-phase group single-phase reactors are wye-wye connected. Neutrals of three-phase groups are grounded via active-reactive resistance. Single-phase reactors are equipped with additional compensating winding. Inside a three-phase group compensating windings have delta  connection for compensation of current harmonics multiple of three. 
Features of new CSR design include: 
- conceptually new circuit diagram, when DC magnetizing  current is supplied directly to reactor power winding from the split neutral side.  There is no separate control winding; 
- a special rod  design with variable cross-section and gaps;
- distribution of alternating and constant components of magnetic flux through the columns and yokes. 
A new CSR design provides almost two times reduction of no-load losses in the reactor, and  1,5 times nominal  losses at rated power in comparison with losses in CSR of other manufacturers.   
The adjustment of reactor power is performed by magnet system  DC magnetizing from magnetizing  system converter.  Converter  is supplied  from the compensating winding delta through intermediate transformer. Moreover, a CSR basic circuit diagram provides for possibility of magnetizing system power supply from external 10 kV AC  network. .

The magnetizing system includes: controlled rectifier bridge, protective reactors and capacitor bank in DC circuit. The availability of capacitor bank permits providing a high quality of magnetizing voltage as well as protecting the conversion bridge in transient and emergency operation modes. For normal operation of rectifier bridge, especially in maximum capacity mode, a liquid cooling system is used for semi-conducting devices.  
Considering the environmental condition, for the purpose of more easy maintenance all bias device equipment is installed in the container equipped with temperature maintaining devices and devices ensuring guaranteed auxiliary power supply. Cooling of power semi-conducting devices of rectifier bridge in the container is provided by liquid cooling system with external heat exchanger of liquid-air type.
The reactor is equipped with digital control system, providing for manual and automatic adjustment, local and remote (via optical channels) control modes, as well as performing functions of power equipment protection and monitoring of magnetizing system components condition.

Controlled shunt reactor is intended for controlled compensation of reactive power of 500 kV power lines, voltage stabilization in the connection point, voltage limitation, arc extinction in case of single-phase short circuit during single-phase autoreclosing.  In case of switching overvoltage in transmission line reactor may operate at no-load as a saturable reactor due to special form of magnetic characteristics, withstanding double overexcitation. The reactor permits a short-term 30% overload for 20 min.
The use of controlled shunt reactor allows to eliminate daily and seasonal variations of 500 kV power lines voltage, to improve sustainability and reliability of power line operation, to increase power line capacity and service life of switching equipment due to reduction of number of switches.
New controlled reactor has improved technical and economic properties in comparison with controlled reactors based on other principles. Due to special magnetic characteristics the reactor almost absolutely does not distort current consumed from the network.  Harmonic content in current is reduced to 2% without application of power filters and special winding connections. 
The report describes CSR operation principles and design features. 
The report contains detailed description of magnetizing system of CSR .  Technical characteristics, results of tests and operation practice of CSR installed at 500 kV substation Nelym are also represented in the report. Oscillograms of transient processes in several CSR operation modes, demonstrating its performance features and response rate, are also included in the report. Possible areas of further improvement and enhancement of CSR capabilities are considered. 

KEY WORDS
Controlled shunt reactor – design – test results.

By the present time several devices providing possibility of active control of electric power transmission modes, i.e. intended for creation of flexible (controlled) power transmission, are developed and already used in electric grids in many countries. These devices are based on application of powerful converter equipment and power electronics with use of microprocessor control, protection and automatics systems. Devices providing reactive power compensation, adjustment and voltage stabilization in electric network assemblies, attract the greatest interest of power engineers. The field related to the use of controlled shunt reactors (CSR) is the most actively improved area in Russia, and, CSR, which are based on the principle of magnetic core biasing, are most widely used. To improve technical and economic parameters the designers and manufacturers continue to improve the design of this type of reactors. 
ELEKTROZAVOD OJSC has developed a controlled reactor  180 MVA 500 kV of conceptually new design, which was put into operation at Nelym substation in Western Siberia in Russia in 2012.

CSR is structurally made in the form of three single-phase reactors, electrically connected in three-phase group. Each single-phase reactor contains the magnetic core with side yokes and two columns with network and compensating winding  located on them. Network winding of each CSR phase is made of two parts, each of them located on a separate column, high voltage terminal has connection at mid height of the winding.  Compensating windings of each phase are realized as two parts on different columns connected in serie. In  three-phase diagram of CSR compensating windings have delta type connection for compensation of current harmonics multiple of three.
Neutrals   of network windings of three reactors phases are connected in threes, forming the connection diagram of network windings of three phases "double wye with split neutral" (fig.1). Neutrals of network windings of CSR are grounded via neutral reactor.

Line ends of single-phase CSR reactors are connected to respective phases of substation buses or power lines by means of high-voltage switches.

A three-phase controlled thyristor converter (rectifier) , which provides changing the equivalent impedance of network winding of reactor, and, respectively, the reactor capacity, due to DC adjustment of in magnetic core rods bias circuit, is connected between neutral terminals of three-phase controlled reactors. 

The power is supplied to the converter from 18 kV compensating CSR winding delta  through the converter transformer. The supply of the converter from 10 kV external network is also possible. Power supply from 10 kV external network is used as a standby one. 
Thyristor converter (rectifier) together with control, protection, automatics, cooling systems, protective and switching equipment form CSR BD (biasing device) reactor control device (fig.2).  

Basic parameters of biasing device:
- nominal LV winding voltage – 18 kV, 50 Hz
- maximum capacity taken from LV winding – 5.5 MVA,
- rectified voltage (continuous mode) –  900 V, 

- rectified voltage (boosting) –  14 850 V, 
- rectified current –  400 А,
- boosting time – 0.3 s,
- auxiliary power supply – 3х380V,  7500 W
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Fig. 1 – CSR circuit diagram.
1 – reactor phase; 2,3 – network winding; 4,5 – compensating winding; 

6 – neutral reactor; 7 – controlled rectifier; 8 – control system; 9 – converter transformer.
All power supply control equipment (except for power supply transformer) is located in 2 special containers.  Most of equipment is installed in container unit 1, equipped with heating and ventilation systems, maintaining temperature level inside the room within 5…40°C range. Protective reactors and capacitors are located in container unit 2 without heating and ventilation. During assembly containers are connected together.
Type of converter cooling – liquid (liquid-air). Liquid-air heat exchanger is installed on the cover of container unit 1.
The reactor is equipped with digital control system, providing manual and automatic control. The control system is designed on the basis of processor module (PM), which uses a digital signal processor (DSP) and set of programmable logic integrated circuit (PLIC). 
The converter control may be performed from local control panel, installed in the container, as well as remotely, from control panel of duty operator at the substation through remote control channel via optic fiber cable.
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Fig.2. Electric diagram of CSR BD.
QN –
power switch;
QM – 
disconnectors;
Ld1, Ld2  
– 
gate reactors;
Cd  

–
gate capacitance;
Ru
 
– 
arresters;
HVT
 
–
high voltage thyristor;
CC 

– 
control cabinet;
VPU

– 
thyristor supply unit;
CSC 

– 
cooling system cabinet;
VD 

– 
voltage divider;
CS 

– 
current sensor;
ADC 

– 
analogue-digital converter;
VCP 

–
thyristor control panel;
PU 

– 
processor unit;
DSIOB 
– 
discrete signals input and output board;
TN 

– 
converter power supply transformer;

CU1, CU2 
– 
container units 1 and 2.
Digital automatic control system provides the following operation modes for CSR:

- maintenance of set voltage on buses (Ub = const); 
- maintenance of set reactor capacity (Qr = const)
- maintenance of set reactor current (Ir = const);  
- maintenance of set bias current (Id = const).
When selecting operation mode the restrictions on maximum reactor current rates   (Ir <  Ir max) and bias current( Id <  Id max) are provided.
Besides, the control system performs functions of protection and fault detection in converter equipment performance, it has wide system of oscillography, reproduction and remote data transfer in normal and emergency CSR operation modes. 
Fig.3 represents view of CSR BD at Nelym polar station.
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Fig.3 View of CSR BD at Nelym substation.

The design of CSR developed and manufacture by ELEKTROZAVOD OJSC significantly differs from CSR of other manufacturers.

Traditionally, shunt reactors of 500kV  rate and above are made in the form of single-phase reactors for the purposes of  substation equipment layout, as well as transport dimensions restrictions. Requirements to controlled shunt reactors are to a large extent similar to the requirements to the design of non-controlled shunt reactors (SR).
CSR is subjected to the same electrical influence as usual shunt reactor. After of core DC saturation CSR turns to usual shunt shell-type reactor with non-magnetic rod. Technical requirements to shunt reactor design result from its functional features. As electromagnetic device shunt reactor represents a high-powered inductive store that accumulates network energy in the process of continuous energy network exchange. The design of shunt reactor shall provide the creation of limited magnet field area (active area), in which energy is accumulated, with high energy density per volume unit with the lowest rate of active materials and loss level per 1 kVAr of power.
The design of shunt reactor shall withstand impact of network voltage and overvoltage applied to the winding electric insulation, impact of pulse electromagnetic forces to the magnetic system, causing mechanical oscillations (vibration) of the device, as well as impact of alternating magnetic fields, causing eddy-currents, and as a result, additional losses and heating of winding wires, magnetic system plates and structural elements of the reactor.
That is why it was decided to design a CSR on the basis of shunt reactor design, which is more suitable for localization of electromagnetic field, not the transformer. In  electrotechnics there are two types of shunt reactor designs: 

- reactor with shell-type magnetic core and non-magnetic rod; 

- shell-core reactor, ferromagnetic core of which contains non-magnetic gaps.

CSR electromagnetic design is based designed on the basis of such SR  and includes a magnetic system with two radial rods split into parts with minimum gaps, with lateral yokes, yoke in the form of rectangular frame with rectangular section, with winding on columns, plain magnetic shields (shunts) between columns and yokes, covering winding end faces and edges (fig.4) and performing magnetic shielding of stray fluxes.   Use of magnetic system with radial rods and plain magnetic fields has allowed to localize the operation area of the reactor magnetic field and achieve homogeneous distribution of magnetic flux in yoke cross-section.
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Fig.4 CSR magnetic system.

Another feature of such CSR is the absence of separate control winding. The analysis of functioning of CSR controlled by magnetizing demonstrates that magnetic system rods operates in turn during network frequency period.However, in CSR with a separate control winding a power transformation process still remains in not-saturated rod, current passes through the control winding, and, accordingly, power losses occur, while in the circuit of CSR without separate control winding there is no current in non-saturated rod in the winding, and no losses. In this way, losses in CSR without separate control winding may be two times less than in the circuit with separate control winding.
Windings are directed in such a way that in case of biasing DC current is closed through the rods and lateral yokes; and AC – through rods and horizontal yokes, alternating magnetic flux is small in lateral yokes, because the magnetic resistance of lateral yokes is much higher than magnetic resistance of horizontal yokes. The selection of such of direction of direct and alternating magnetic fluxes provides for significant reduction of no-load  losses.
CSR includes a radial rod with areas of different cross-section and non-magnetic gaps (fig.4). Application of rods with different cross-section areas technically allows to achieve any form of flux-current characteristics.

A flux-current characteristics consisting of three linear sections was applied for this CSR (fig. 5). The size of sections and coordinates of curve knee points are calculated separately. In practical terms this may be achieved by stamping special profiled plates, which are used to assemble radial parts of rods. Areas with smaller section are evenly distributed along the rod length, when the rod is saturated these areas first turn into non-magnetic gaps and form intermediate section of flux-current characteristics. 
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Fig.5 Flux-current characteristics of CSR rod.

As there is simple one-to-one connection between magnetic characteristic curve and gap profile  ΔФ/ΔI = S/δ, Ф = В·S, a dynamic inductance in the point of magnetic characteristics equals the ratio of rod cross-section to the size of gap in respective point of curve S/δ.

This phenomenon is used to reduce higher harmonics in the reactor current. Experimentally, the fifth harmonic was reduced to 1.6%. In case of natural magnetic characteristics the 5 current harmonics is approximately 5%. As it was mentioned above, for compensation of harmonics, multiple of three, CSR design includes compensating winding gathered into delta. However, the suggested method of magnetic characteristic formation also provides to reduce the rate of the third current harmonics to permissible value of 3% without application of compensating winding,
As the yoke of CSR magnetic core is designed for total flux: constant and alternating, i.e. it has a double margin in relation to alternating flow, at no-load  operation (without magnetizing) the reactor may operate as a saturable one, and restrict overvoltage during a pause until the reactor power reaches nominal value at the voltage equal approximately 2Uph. This way, the idea of saturable reactor is incorporated in the suggested reactor design.
The CSR design shall be convenient for transportation. Weight of high-power CSR to extra-high voltage and its dimensions shall not exceed permissible values and are limited by means of transport and railway clearance. From the transportation point of view, the suggested reactor has significant advantages, because the reactor capacity is distributed for two rods and its cross dimensions are considerably smaller than in CSR with split rod and separate control winding,

Active part of CSR phase is placed in the tank filled with oil equipped with lower main joint and it is installed at the tank bottom on spring shock-absorbers. Oil in the reactor tank is protected against contact with environment by rubber bag conservator. Cooling of single-phase unit is natural oil circulation and forced air cooling (ONAF).  The following elements are located on the tank cover: high- voltage 500 kV bushing, neutral bushings and compensating winding bushings  with built-in current transformers.  There are 4 groups of finned radiators on the tank wall. The reactor is equipped with measuring, control and protection equipment and slinging  devices. On site the reactor is tracked on flange type rotary carriages. Climatic version – for outdoor installation in moderate and cold climate (УХЛ1). The view of CSR phase at Nelym substation is shown on fig.6.

During CSR engineering calculations for all elements and reactor main components, biasing devices (BD) were performed, as well as calculation of mutual operation of electromagnetic part of the reactor and bias device, all basic modes were simulated for factory tests and network tests at the Customer's Site.
A pilot CSR has successfully passed all factory and operation tests and was put into operation at 500 kV Nelym substation in Western Siberia.

During factory tests all standard control tests were performed: characteristics of oil, winding resistance, CSR winding turn ratio, parameters of winding and active part insulation, tank oil tightness, built-in -current transformers  tests, etc. Special test of magnetic core with installed LV winding were carried out at nominal flux density without tank. Magnetic core vibration was measured. Using thermal vision device a temperature image of the magnetic core with structural elements was investigated. Also winding insulation tests were performed with use of full and chopped lighting impulses, as well as switching impulses. Using static frequency converter (SFC) the reactor was tested at nominal power in synthetic (resonant) network.
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Fig.6 View of CSR phase at Nelym substation.
The results of no-load losses during factory test for all three phases of reactors 50.9 – 54.1 kW with specified value of 55 kW. During long duration  power frequency voltage (424 kV) tests the rate of partial discharges was 150-240 pC with specified value not more than 300 pC. Impedance voltage and short circuit losses for three CSR phases: Uk = 5.8%, short circuit losses 12.3 – 12.7 kW with preset values 6 % and 14 kW respectively.
The following tests were performed at Nelym substation:
- CSR test during switching on and continuous no-load operation.
- CSR test together with biasing device in manual magnetizing current control, recording of adjustment characteristics, measurement of harmonic current content and determination of CSR response.
- CSR test during continuous operation at nominal power.
The following parameters were monitored during the test: bus voltage 500 kV, currents of three CSR phases, vibration rates for tanks and radiators, noise levels, temperature of CSR parts, content of dissolved gases in oil, control current, bias voltage. Measurements were performed in steady and in transient modes. 
No-load operation mode was provided by the high voltage supply from 500 kV power line side, bias current is at zero level (biasing device of CSR is switched off). Test duration is 86 hours. 
When supplying voltage to the reactor the amplitude of the largest start current is 276 A, which almost equals the reactor current at nominal power (280 A). 
The reactor power at no-load  operation is 8.2 MVA (4.6% of nominal capacity). Consequently, the depth of the reactor power adjustment from minimum to maximum is 21.7.
Reactor heating at no-load :
- upper oil levels to 41 ºС.
- tank, radiators, HV adapter to 35 ºС.
Vibration and noise: maximum vibration of tank walls reached 34 mcm, of coolers – 24 mcm. 
Level of noise pressure at 2 m distance with cooling system switched on – 86 dBA.
Before and after test oil samples were taken to perform chromatography analysis of dissolved-in-oil gases. 
CSR test together with CSR magnetizing device in manual control current  mode was performed with CSR connected to500 kV grid. Network voltage during measurements was 503-512 kV. 
The recording of adjustment characteristics was conducted at voltage different from nominal one (525 kV), that is why measurements results during processing were brought to nominal voltage.
In manual control current adjustment mode in the range from 0 to 300 A, the capacity of 180 MVA is reached when the control current is 273 A, i.e. there is power adjustment margin over nominal power: when the control current is 300 A, the capacity is 194 MVA. Phase currents are symmetrical: when the reactor capacity varies from 20 to 100% current asymmetry is  0.3 – 0.8 %, i.e. within measurement error limits. CSR adjustment characteristics are shown in fig.7. It is almost linear. 
Fig.8 includes measured function of harmonics content of CSR phase current vs the reactor capacity in %. As it is seen from the figure, 5 and 7 harmonics predominate in CSR current. RMS value of higher harmonics current component at capacity  lower than nominal one is below 3.7 A, basically due to 5 harmonics. At nominal capacity the higher harmonics rate is considerably lower, and reaches 1.2 A. 
For comparison purposes – in single-phase non-controlled reactor 60 MVA 500 kV the third 3 harmonics predominates in current, its content is 0.57 %, i.e. 1,1 А, the frequency of predominating higher harmonic is 150 Hz. 
In controlled reactor the higher harmonic content in current at nominal capacity is practically the same as in non-controlled ones, the frequency of predominating higher harmonic is 250 Hz.

Fig.9 demonstrates processes of CSR boosting and reboosting upon the commands of substation automatic control means (oscillograms of mean and instantaneous phase current of the reactor). Processes may be  characterized as aperiodic ones, with insignificant over-adjustment (when boosted) and last within preset duration of 0.3 s.
CSR test in continuous operation mode with nominal capacity lasted 70 hours. Network voltage was 501 – 525 kV,  current was automatically maintained by the control system at the rate of 198 – 199 А. During tests night temperature of ambient air was 14 ºС, and day temperature up to 33 ºС.
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Fig.7 CSR adjustment characteristics.
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Fig.8 Function of harmonics content of CSR current vs its capacity.
At the end of test the following heating was registered:
- upper oil levels to 66 ºС.
- winding up to 72 ºС
- upper section of the tank up to 52 ºС
- radiators up to 50 ºС
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Fig.9 Oscillograms of CSR boosting and reboosting processes.
Tank walls vibration was 34 mcm and below. Maximum vibration on coolers was 44 mcm and below. Level of noise pressure at 2 m distance with cooling system switched on – 86.3 dBA. 
Table 1 includes technical characteristics of CSR. 
Table 1 
	Manufacturer
	UNShRTD 180000/500
ELEKTROZAVOD OJSC

	Nominal voltage, kV
	525/√3

	Nominal current, A
	198

	No-load current ., А
	9.1

	No-load losses , kW
	3х50

	Losses in nominal 
load mode, kW
	3х200

	Active part weight, t
	80

	Oil weight, t
	27

	Transport weight, t
	115

	Total weight, t
	132

	Shipping dimensions (plan view), mm
	2950х5990

	Shipping height, mm
	4290

	Overall dimensions (plan view), mm
	4040х6580

	Overall height, mm
	9980


Operation practice demonstrated that the basic operation mode of CSR is maintenance of bus voltage at Nelym substation. 
The sub station bus voltage significantly varies from 495 to 525 kV depending on load of Ural power system, changes in power generating equipment of the Tyumen region, accompanied by change of power flow through power lines, adjacent to Nelym substation. . However, CSR capabilities with respect tovoltage stabilization are restricted by its capacity and equal approximately 8 kV. For a period starting from its commissioning until 2013 no cases of CSR equipment damage were registered, which is the evidence of its high reliability. The operating experience shows that CSR maintains voltage in situations when voltage preset value, set by the station operator for Nelym substation buses, correspond to the mode, in which CSR operates within its adjustment range (fig. 10, section 1). Deviation of substation bus voltage increases, if the preset voltage value of CSR is outside its adjustment range (fig.10, section 3). This shows that the coordination of preset values for all CSRs is required to improve the effectiveness of voltage stabilization, if several CSRs operate within   one regional grid.
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Fig. 10. Diagram of CSR voltage, capacity and current change for a month period.
Conclusion.

Controlled shunt reactors, base on the principle of magnetic core DC biasing, are widely used in electric power systems in Russia. 

ELEKTROZAVOD OJSC (Russia) has developed a CSR with 180 MVA capacity, 500 kV voltage of a new design, providing:

1. Small losses (600 kW at nominal power). 

2. Low harmonics rate in the reactor current (2%).

3. It permits double over-excitation of the reactor. At no-load operation mode (no biasing) the reactor may operate as a saturable reactor.  

4. Possibility of designing a CSR with voltage up to 1200 kV within permissible transportation clearances (in single-phase version).
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