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Nowadays the development of electrical power 
engineering is characterized by the 
implementation of controlled (flexible) grids with 
fluctuating load and also wind and solar power 
stations with variable modes of generation. This 
leads to the necessity of development and 
adaption of innovative controlled power 
equipment which is able to modify its parameters 
during operation, practical implementation of 
information technology and microprocessor 
systems for control, monitoring and protection of 
such equipment. Such equipment are special VAR 
compensators: controlled shunt reactors (CSR), static thyristor compensators (SVC) and thyristor-
reactor units (TRU). 

In many cases during fast fluctuating loads and reactive power fluxes, the use of controlled 
reactors, using mechanical step-by-step commutation of switches or integral switches, does not 
guarantee the required regulation speed and decreases control reliability. The voltage regulation 
range in such reactors usually does not exceed 30% and the transition time for switching from one 
tap position to another is 5-6 seconds. 

Magnetically Controlled Shunt Reactors (MCSR) ensure smooth and faster regulation. During the 
last 40 years, different designs of reactors with magnetic biasing have been developed and 
improved. Reactors with circular, crosscut, transverse-longitudinal and lengthwise biasing of 
different parts of magnetic system have been studied. Reactors with various locations and 
numbers of windings, single-phase and three-phase, with planar and space magnetic systems have 
been studied. However, the most common used are designs of single-phase and three-phase 
reactors, the limb of magnetic system of which is split vertically into two parts. Control windings, 
connected in series opposition, and parts of compensation windings, connected in series, are 
located on each of these parts. Power winding envelopes both parts of the limb. Compensation 
windings of separate phases are delta-connected, neutral leads of different phases of power 
winding are star-connected and line leads are connected to the grid. Control winding leads of 
different phases are connected to the controlled constant voltage device, which is fed by 
compensation winding or station auxiliary grid. Special automatic control system (ACS) performs 
change of rectified voltage at the control winding leads. Change of the rectified voltage and 
current of the control windings according to special algorithms lead to axial biasing of separate 
vertical parts of magnetic system limb. As a result, it  changes the power winding inductance and 
the amount of reactive power absorbed by MCSR. 

During the last 10 years, PJSC “Zaporozhtransformator” (Ukraine) commercialized reactors of such 
type. 129 phases of single-phase and three-phase MCSRs have been installed and are in successful 
operation in Russia, Belarus, Kazakhstan and Lithuania. The total number of reactors is 97, 
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including reactors with the following powers: 25 MVAr (35 kV, 110 kV and 220 kV); 63 MVAr (110 
kV and 220 kV); 100 MVAr (110 kV, 220 kV, 400 kV); 180 MVAr (330 kV, 500 kV).  

The scope of supply includes equipment indicated in figure 1. The examples of manufactured 
MCSRs, which are in operation, are shown in figure 2.  

As for design, operation conditions and ease of operation, MCSRs can be compared with standard 
transformers or reactor equipment. According to functional features, MCSR is an automatically 
regulated equipment which allows to:  

 automatically, according to the set algorithm, perform stabilization of voltage at the point 
of reactor connection to the grid or reactive power (current) absorbed by reactor; 

 increase up to 30% the transfer capability of the grid according to the allowable voltage 
range; 

 decrease the power loss on the grids and increase reliability of their operation as a result of 
sharp decrease of the number of commutations of equipment and tap changers of 
transformers installed on the grid; 

 increase the limit of transmitted power by condition of steady-state and transient stability 
of the transmission system; 

 together with capacitor banks perform the functions of reactive power sources and 
compensators, i.e. fully replace revolvable  synchronous compensators, static thyristor 
compensators (SVC) and thyristor-reactor units (TRU). 

Writing [1] contains technical details of manufactured MCSRs, electric circuits, results of FATs and 
grid tests, separate issues of design and calculation methods of MCSR parameters are indicated in 
the writing. Writing [2] contains results of investigations of MCSR influence on different 
characteristics of networks during various steady-state and transient modes, including the 
influence of transmission modes on the values of steady-state stability, decrease of active power 
loss and increase of transfer capacity, system-generated overvoltage in lines, containing MCSR. 
Peculiarities of MCSR relay protection, field experience and commissioning works are described in 
writing [3]. Analysis of MCSR installation efficiency in operation is described in writing [4]. 

 As an example of effective application of reactors manufactured at PJSC 
«Zaporozhtransformator» (Ukraine) we can indicate 10-year operation of three-phase 25 MVAr 
110 kV MCSR installed ar Kudymkar substation (Russia). As a result of reactor installation, the 
substation voltage fluctuations at the point of connection to the grid do not exceed ± 1,5 % of the 
set voltage. At the same time the number of commutations of capacitor bank and transformer tap 
changers was reduced about hundredfold. During maximum load, the reduction of grid energy loss 
was 2,0 MW. There was the uninterruptible electrical power supply which allowed the 
postponement of a planned construction of a new 220 kV line. 

Operation of three-phase 25 MVAr 110 kV MCSRs at three substations of oil-production enterprise 
in Siberia (Russia) was also very successful. After installation of capacitor bank and MCSR at the 
substations the transmission capacity increased by 30÷50 %, voltage levels rose up to 105÷110 % 
of the nominal value and allowed to perform regulation within the wide range depending on the 
mode. Optimization of reactive power fluxes allowed the increase of the transmitted power up to 
the permitted level, according to the wire section value, provide 100% mutual load reservation of 
adjoining transmission lines, reduce up to 35% active power losses of line wires, reduce in tenfold 
the number of capacitor bank and transformer tap changer commutations, provide smooth 
automatic voltage stabilization during steady-state modes in accordance with set values (settings). 

The main task of a three-phase 100 MVAr 220 kV reactor, which is in operation for more than 9 
years at «Chyta» substation (Siberia), is reactive power regulation and voltage stabilization. 
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Measurement data received during grid tests at this substation are shown in figure 3. The price of 
the required reactor turned out to be significantly less (30% less) than the price of the complex 
(autotransformer with uncontrolled reactor) which determined the choice of reactor installation at 
«Chyta» substation. In addition to cost parameters, the important advantage of installation of 100 
MVAr MCSR with automatic smooth regulation is loss-saving. Autotransformer load losses are 315 
kW, no-load losses – 65 kW, losses of three single-phase uncontrolled reactors are 3 
× 125 kW = 375 kW, total – 755 kW. 100 MVAr MCSR losses at minimum power (no-load) 87,7 kW, 
at rated load – 558 kW. It was established that the daily average reactor power is 60% of its rated 
power. At the same time the daily average load losses (winding losses and additional losses) are 
188 kW. When summarized with steel losses of 87,7 kW (no-load losses) operational (real) daily 
average losses are about 275 kW, around 56% towards losses at rated power – 558 kW. Losses of 
275 kW are almost three times less than the losses of the complex (autotransformer and 
uncontrolled reactor). 

Field experience of 100 MVAr 220 kV MCSR at «Chyta» substation (Russia) and three-phase 180 
MVAr 330 kV at «Baranovichy» substation (Belarus) showed that controlled reactors can be 
installed not only far from power plants but also close to power plants at which voltage regulation 
can be performed by the change of generator excitation. MCSRs allow the lightening of the work 
of generators (which have service limit) and have a positive impact on the mode of reactive power 
generation and absorption  

Main operational characteristics of MCSR manufactured at PJSC «Zaporozhtransformator» are 
indicated in table 1. Installation of these MCSRs on the grids which use nonlinearity of magnetic 
materials requires additional explanation regarding three characteristics: 

 unsinusoidality of power winding current; 
 higher losses in comparison with uncontrolled shunt reactors; 
 longer response time in comparison with SVC (transition time from no-load mode to 

nominal mode). 

For analysis of the first characteristic there has been registered current harmonic content of 
reactor power winding at each power step during MCSR grid tests. Analysis showed that at 
nominal mode and at no-load mode current distortions are minimal (less than 1% of the rated 
current) and at 70÷80 % of reactor power – maximal. The maximum distortion level is 3÷5 %. 
Meanwhile the connection of capacitor bank to compensation winding significantly (about twice) 
reduces reactor current distortion. The maximum of distortion current becomes 2,5% at  70÷80 % 
of reactor power and at other power distortions are significantly less. In addition to that, not the 
value of reactor distortion current, but percentage grid voltage distortion at the point of reactor 
connection is important for operator. The percentage of voltage distortion is not defined by MCSR. 
It depends on grid consumers, proportion of reactor and grid resistance. Measurements on the 
grid show that additional grid voltage distortion during reactor actuation in percentage terms is 
much lower than the percent of reactor current distortion. In particular, during three-phase 100 
MVAr 220 kV reactor testing the voltage at the connection point had very low additional 
percentage of voltage distortion by higher harmonics (less than 1%) both when capacitor bank was 
connected to the reactor and when it was not. Similar situation was during field testing of three-
phase 25 MVAr 110 kV MCSR when there was no additional increase of higher harmonics in the 
grid voltage even during reactor maximum distortion current. It shall be indicated that in case of 
installation of other equipment for smooth regulation of reactive power (SVC, TRU, controlled 
shunt reactors of transformer type) when thyristor converters are used, the power of which 
equals the total power and they can not be overloaded. The power of MCSR converter is low 
(about 1%) and they can carry short extreme overloading (according to voltage - up to 110÷130 %, 
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according to power – up to 200%). Current and power overloads happen during single-phase faults 
on the grid. 

When we compare the losses, uncontrolled reactors have no advantage over MCSR if we take into 
account actual coefficients of their daily load and the fact that one MCSR substitutes the whole 
complex. SVC and TRU have no high-voltage windings. For these devices converter is 
manufactured for total power as they are economically advantageous at low voltage and not at 
110÷500 kV grid voltage. As a result additional step-up transformers are required. MCSR has high-
voltage windings, connected directly to the grid, which allows it to perform power regulation at 
high-voltage buses which is more effective. Losses of different devices for reactive power 
compensation can also be compared with regard to rated power. For MCSRs the losses are 
0,5÷0,7 % of rated power (lower values for higher power). For controlled reactors of transformer 
type (with 100% reactance) such losses are 1,5÷2 times higher due to high transformer (with 100% 
reactance) losses and converter losses (about 0,2÷0,3 %). TRU losses are about two times higher 
than MCSR losses because they emerge in converter, uncontrolled shunt reactors connected to it 
and step-up transformer permanently connected to the grid. SVC losses are about three-times 
higher than MCSR losses also because of step-up transformer and other equipment losses and, 
initially, because of significant losses of semiconductor devices – turn-off thyristors (about 2% of 
the rated power). 

MCSR response time during operation depends on the mode of magnetization device and 
automatic control system operation. These devices of MCSR manufactured at PJSC 
«Zaporozhtransformator» can operate in three modes (without boosting, with boosting by 
converter with the power up to 1%, and with boosting by powerful converter). The results of  tests 
showed that power gain from no-load up to nominal mode without boosting with converter power 
about 0,2% is 5 sec. Such mode is used only as a test mode for comparison of calculations and test 
data. Converter total power, which is about 1% of reactor power, is used during the mode with 
boosting. Power gain time according to measured oscillograms of transients is 0,3÷0,7 sec. In most 
cases such response time is enough. 

In case 0,03÷0,07 sec. response time is required the power of the converter feeding excitation 
windings shall be increased. In fact, controlled shunt reactor becomes inertial less, if converter 
power equals around 25% of reactor power, but this is a very high power, though it is not 100% as 
it is with alternative options (SVC, TRU, controlled shunt reactors of transformer type). It shall be 
indicated that increased power of magnetization source in case of such mode of MCSR operation 
shall not be used permanently, as it is with alternative devices, but only during short period of 
time (second tenths) during boosting transients. Converter power at the level of 1% of reactor 
power is usually enough for satisfaction of operator real requirements.   

In each case, for more effective MCSR usage and correct choice of reactive power compensation 
device, there shall be performed process modeling in real grid and defined required permitted 
values of the level of nonlinear distortions of power winding current, level of losses and required 
response time. For MCSR there have been designed and tested experimental mathematical 
models which allow simulation of steady-state and transient processes on the grids with MCSR of 
different designs with different algorithms and control modes [2,5]. 

Experience shows that a MCSR’s price is 2 times less when compared with alternative options for 
reactive power compensation (SVC, TRU) and payback period is 1,5÷2 years. 

Therefore theoretical studies and more that ten-year experience proves that a wide application of 
magnetically controlled shunt reactors manufactured at PJSC «Zaporozhtransformator» is an 
effective and  economical way of optimization of grid modes, which leads to higher quality of 
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energy, improvement of operation conditions. This equipment is reliable and is competitive 
among alternative equipment for reactive power compensation and generation. 

 

 

 

EMP – electromagnetic part; 

SRT – transformer with semiconductor converter unit; 

ACS – automatic control system; 

UNET – grid voltage – 35÷750 kV; 

VT – voltage transformer; 

CT – current transformer; 

USS – station service voltage – 0.4 or 6, 10, 35 kV; 

UEMP – voltage of reactor compensation windings – 0.4, 6, 10, 35 kV; 

U – voltage of secondary circuits of station supply. 
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Figure 1 – Connection diagram of MCSR complex supplied by PJSC «Zaporozhtransformator» 

  

a) b) 

 

  

c) d) 

a) 180 MVAr, 330 kV at Ignalinsk NPP (Lithuania) 

b) 180 MVAr, 330 kV at Baranovichy substation (Belarus) 

c) 180 MVAr (3×60 MVAr), 500 kV at Barabynskaya substation (Russia) 

d) 100 MVAr, 220 kV at Chyta substation (Russia) 
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Figure 2 – Examples of magnetically controlled shunt reactors manufactured at                       PJSC 
«Zaporozhtransformator», which are in use 

 

Figure 3 – Daily load curve of three-phase 100 MVAr 220 kV MCSR 

1 – voltage of 220 kV grid, 2 – reactor phase current, 3 – reactor power 

 

 

 

 

Table 1 – Main operational characteristics of MCSR manufactured at PJSC 
«Zaporozhtransformator»  

MCSR type 
Losses, 

kW 

Response time, 
sec., with 

boosting but 
without initial 
magnetization 

Power setting, 
MVAr 

Voltage setting, kV 

Coefficient of 
smooth 

regulation of 
settings, % 

range step range step range step 

3 phases 

180 МVAr 500 kV 
990 0,3 9÷234 1 475÷550 1 1÷5 1 

3 phases 

180 MVAr 330 kV 
950 0,7 9÷234 1 300÷363 1 1÷5 1 

3 phases 

100 MVAr 220 kV 
580 0,7 5÷130 1 200÷250 1 1÷5 1 
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3 phases 

63 MVAr 220 kV 
450 0,5 3÷82 1 200÷250 1 1÷5 1 

3 phases 

25 MVAr 110 kV 
230 0,7 1,5÷32,5 1 100÷126 1 1÷5 1 
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