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Magnetically Controlled Shunt Reactors (MCSR) is a new type of devise used for flexible AC 
transmission systems.  

Depending on the control algorithm, MCSR ensures stabilization of the grid voltage or power in 
the connection point. At the same time, MCSR is controllable reactive power consumer of the grid. 
Both consumption and injection of the reactive power to the grid are ensured in case of combined 
use of MCSR and capacitor bank. 

There are a lot of designs of such reactors. Different principles of magnetization (longitudinal, 
transversal, longitudinal-transversal, circular), magnetic system and winding designs are used. 
However, single-phase and three-phase reactor designs with longitudinal biasing and control 
windings CtrW1 and CtrW2 allocated in separate concentrs and nonlinear distortion compensation 
by means of compensation windings CW1 and CW2 located on the separate vertical part of the 
magnetic system limbs, are practically used [1,2]. At the same time, parts of the control winding 
CtrW1 and CtrW2, located on the same parts of the limb are connected in series opposition with 
each other, parts of the compensation winding CW1 and CW2 are connected in series; and grid 
winding surrounds both vertical parts of the limb (figure 1(a)).   

 

 
 

(a) (b) 

 

Figure 1 – Scheme of the electromagnetic part of the MCSR phase (a) and diagrams (b) of changing 
of the induction B and intensity H of the alternating magnetic field of ω frequency during biasing 

of the limbs by the permanent induction Bo 
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The MCSR’s operational principle facilitates the alternate biasing, till saturation, of the magnetic 
system limb parts with separate concentrs of the control windings allocated on it (control winding 
currents creates magnetic fluxes F1CtrW and F2CtrW). Diagrams of changing of the magnetic field 
intensity during time t without biasing H(B) and with biasing Н(Bo+В) are shown on the lower 
vertical axe of the figure 1(b) for comparison. The level of limb saturation (value of the biasing 
induction Bo) is determined by the value of the rectified current flowing in the control winding 
CtrW1 and CtrW2. Source of the rectified current is the semiconductor converter. The parameters 
of the rectified current are regulated by the automatic control system.  

 

Changing of the limbs saturation level causes changing of the power winding inductance. At the 
same time then more saturation level than less inductance. As a result it will change the power 
winding current and change the reactive power absorption from the grid.  

More than 10 years ago PJSC Zaporozhtransformator (Ukraine) commercialized reactors of such 
type. 120 phases of voltage classes from 110 kV to 500 kV and power from 25 MVAr to 180 MVAr 
have been installed. The scope of MCSR set includes electromagnetic part (EMP) and 
magnetization system. 

 

 

Figure 2 – Block diagram of three-phase MCSR equipment set produced by PJSC 
Zaporozhtransformator  
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MCSR EMP, figure 2, includes bushings for reactor connection to the grid, windings (power 
winding PW, compensation winding CW and control winding CtrW), magnetic system and block of 
active resistances R connected between ends of control winding. Connection of different phases of 
the compensation winding CW in “delta” allows improving of the harmonic content of the reactor 
current and ensuring of the root-mean-square amplitude values of the highest harmonics in 2÷3 % 
range from the amplitude of the first harmonic.  

Magnetization system (MS), figure 2, includes several transformer-converter units (SRT) which 
ensures generation of the rectified currents by semiconductor converters (SC) and transformers 
(ST) for power supply of these units.  Figure 2 shows two such units (main SRTm and back up 
SRTb). SC power supply can be performed either from the auxiliary substation grid (SRTb) or from 
the reactor compensation winding (SRTm). It is possible to increase the number of SRT units (and 
connect additional unit in serious) or add special unit for forcing of the biasing (and connect 
additional unit in parallel) in order to increase response speed. SRT blocks are connected with 
reactor EMP compensation winding and auxiliary grid by means of the switchers. Figure 2 shows 
main SWm and back up SWb switchers of the transformer-converter units.  

Automatic control system (ACS), figure 2, is also attributed to the magnetization system. ACS 
ensures automatic or manual control of SC in accordance with different MCSR algorithms. Initial 
data for these algorithms is values of the voltages and currents measured on the substation in 
point of MCSR connection to the grid and requirements for the acceptable ranges of voltage and 
power changing set by the grid operator (by settings). Results of ACS operation are signals of SC 
thyristors control ensures values of currents and voltages generated by these SC and required by 
the control algorithms. Measurements of generated current and voltages are performed by the 
special direct current transducers (DCT) and direct voltage transducers (DVT). Nonlinear 
overvoltage suppressors are installed for MS protection (figure 2). Mentioned transducers and 
voltage suppressors are also included in MCSR delivery set. 

MCSR EMP design and manufacturing processes are similar to the powerful single-phase or three-
phase power transformer (figure 3).  

 

 

 

Figure 3 – Three-phase MCSR 100 MVAr, 220 kV 
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EMP consists of: 

– Magnetic system, the difference of which from transformer, is that the limb of each phase of 
magnetic system is divided into two parts and forms two semi limbs, with round or oval form of 
section (figure 4); 

– Control winding, each phase of which consists, of two equal parts located on the two semi limbs 
and interconnected with wind way opposite to each other. Control winding leads are brought out 
to the tank cover and with the help of bushings, are connected to the «+» and «–» bushings of 
magnetization system;  

– Main high-voltage power winding connected to the grid at the point of reactor connection and 
wrapping both semi limbs; 

– Compensation winding which can be of two types: it can consist of two semi windings located on 
two semi limbs similar to control winding, or it can consist of one winding, with cylindrical form 
and wrap two control semi windings. Compensation winding leads are brought out to the tank 
cover and with the help of bushings are connected to transformer which is the part of SRT; 

– System of oil-barrier insulation between the windings, between the windings and magnetic 
system, between the windings and EMP tank; 

– Tank constructional parts of which are similar to the tanks of power transformers; 

– Cooling system similar to the cooling system of power transformers. Cooling system can be EMP 
tank mounted or installed separately on the foundation and can be of different types (ONAN, 
ONAF, OFAF), depending on the level of losses; 

– Equipment of technological protections and monitoring system similar to those used for power 
transformers; 

– Conservator and gas outlet system similar to those used for power transformers. 

Components (bushings, control equipment, equipment of technological protection) and materials 
(electric steel, winding wire, oil, cardboard) used for manufacture of MCSR are similar to those 
used for manufacture of power transformers. 
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          Figure 4 – Single-phase and three-phase magnetic systems of MCSR EMP 

 

All components of the magnetization system, except ACS are placed at the substation near the 
electromagnetic part. At the same time, each SRT is two tanks with transformer oil mounted on 
the separate metallic frame. One tank contains SC and the other one contains ST, figure 5(a). ACS 
is mounted in a separate cabinet and installed in the substation room, figure 5 (b). Connection 
between ACS and SRT are realized by the standard fiber-optic cable. 

 

  

(a) (b) 

Figure 5 – Transformer-converter unit (а) and ACS cabinet (b) 

 

The design and manufacture of MCSR is performed on the basis of technical specification 
presented by the Client. Technical requirements for functional and design parameters of the 
whole MCSR complex are indicated in such specification. At the same time modeling of the real 
electrical grid process and determination of the required acceptable values of the power winding 
current nonlinear distortions, losses level and response speed are necessary executed in each 
particular case for more efficient MCSR using and selection of one or other reactive power 
compensation device. 

Following initial functional parameters of MCSR set shall be indicated in the Client technical 
specification:  

– Reactor type (single-phase or three-phase). 

– Type of connection to grid (to the substation bus bar or directly to the line). 

– Rated power, MVAr. 

– Rated voltage at the point of connection, kV. 

– Rated operating voltage, kV. 

– Rated frequency, Hz. 
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– Range of reactor smooth power change, in % from the rated power (minimum and maximum 
values). 

– Range of acceptable voltage change (during voltage stabilization in the grid), in % from rated 
voltage. 

– Acceptable discreteness of the range, indicated in the previous item, in % from the rated 
voltage. 

– Range of acceptable power/current change (during power/current stabilization in the grid), in % 
of the rated power/current. 

– Acceptable discreteness of the range, indicated in the previous item, in % from the rated power. 

– Range of acceptable time values for power change from minimum to maximum and backwards, 
sec. 

– Maximum root-mean-square value of higher harmonics current in the current of reactor winding 
connected to the grid in the rated symmetric three-phase mode, in % from the rated current. 

– Level and cost of loss compensation at the rated power. 

 

The parameters indicated in the last three items are indicated by the Client approximately and are 
agreed with the manufacturer of MCSR after examination of a technical and commercial proposal. 
In addition to above-indicated functional parameters, Client indicates general technical 
requirements for transformer and reactor equipment set by various standards: 

– Environmental condition and placement category [4], including: maximum and minimum 
ambient temperature, installation altitude, seismic stability etc. 

– Reactor winding test voltage [5], including: lightning impulse and switching impulse test 
voltages, level of power-frequency voltage for testing and measurement of partial discharge etc. 

– Temperature rise requirements [6], including acceptable temperature rise of separate elements 
of MCSR above ambient temperature, type of cooling system etc. 

– Requirements for mechanical strength and vibration [7], including: maximum vibration of the 
tank wall, maximum acceptable excess pressure, maximum acceptable pressure under vacuum 
etc. 

– Requirements for ability to withstand short circuit [8]. 

– Requirements for equipment of technological protection, including system for protection of oil 
from the contact with environment, pressure-relief devices, dehydrating filter breathers, gas relay 
etc. 

– Requirements for reliability, including: maximum time period before equipment failure, reactor 
life time, guarantee period. 

MCSR EMP is designed the same way as non-controlled shunt reactors and transformers, taking 
into account the peculiarities of the MCSR design. The following calculations of the main 
characteristics are performed in accordance with data indicated in the technical requirements: 

– Optimization calculations of the main MCSR EMP geometrical dimensions. 

– Modeling of the steady state and transient processes in the electrical grid with MCSR for 
calculations of currents and voltages in windings, current-voltage characteristics and regulating 
characteristics.  
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– Electromagnetic calculations including electromagnetic field calculation; calculation of losses in 
windings, taps, magnetic core, tank and other elements; windings inductive impedance 
calculation. 

– Heat calculation: evaluation of the temperatures of windings, oil in middle and upper layers, 
metalware components. 

– Calculation of main and longitudinal insulation: electric fields and acceptable values of dielectric 
strength of the spaces of main and longitudinal insulation. 

– Mechanical calculations: calculation of electrodynamic stability of the windings during short-
circuit, calculation of tank and metalware components mechanical strength, calculation of 
vibration and seismic stability. 

PJSC Zaporozhtransformator (Ukraine) uses the following software for these calculations: 

– Specialized software complex of their own development for optimization calculations of the 
transformers, controllable and non-controllable reactors. 

– Software complexes for general purposes MATLAB/Simulink/SimPowerSystems [9,10] and 
DIgSILENT PowerFactory [11] with new developed program blocks [12,13]. Complexes are used for 
modeling of the electrical grids with MCSR. 

– Specialized software complex of the own development for electromagnetic, heat and insulation 
calculations in two-dimensional mathematical models.  

– Software complexes for general purposes ANSYS [14] and COMSOL [15] for mechanical, 
electromagnetic, heat and insulation calculations in three-dimensional mathematical models.  

 

For example, figure 6 shows modeling results of the power increasing during operation of single-
phase MCSRs 60 MVAr 500 kV group. 
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Figure 7 shows calculations results of the over voltages on the control winding during 
commutations of the single-phase MCSR group.  

 

   

 

Upw – power winding voltage 

Ipw – power winding current 

Bma – induction in semilimb 

Ictrw – control winding current 
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Figure 6 – Modeling results of the power increasing during operation of single-phase MCSRs 60 
MVAr 500 kV group 

 

Upw – power winding voltage 

Ipw – power winding current 

Bma – induction in semi limb 

Uctrw – control winding voltage 

 

Figure 7 – Example of calculations of the over voltages on the control winding during 
commutations of the single-phase MCSR group 

Figure 8 shows examples of calculations of magnetic field induction (а), temperature field (b), field 
of tank movement during vibration (с) and electric field intensity in the insulation spaces between 
the windings of MCSR EMP different phases (d) 
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(a) (b) 

  

(c) (d) 

 

Figure 8 – Examples of calculations of magnetic field induction (а), temperature field (b), field of 
tank movement during vibration (с) and electric field intensity in the insulation spaces between 

the windings of MCSR EMP different phases (d) 

 

After performance of above-indicated calculations and a specification of dimensions of the 
elements, types of materials and scope of elements, 3-D parametric models of MCSR EMP are 
developed, using Pro/ENGINEER program complex [16] (figure 9). With the help of these models, 
drawings for manufacture are developed with separate details and assembly drawings for 
manufacture of assembly units and elements of design. 

The model of the three-phase MCSR magnetic system is indicated in figure 9(a). The peculiarity of 
the design of such magnetic system is that it has six oval limbs (2 per each phase) and magnetic 
shunts installed at both sides of magnetic core. In figure 9(a) these shunts are orange. The main 
difference of such magnetic shunts from the shunts usually used at transformers is that they are 
used not only for direction of leakage fluxes but also to pass the part of the main magnetic flux. 

There is a set of windings on each limb. The model of a three-phase MCSR windings set is shown in 
figure 9(b). The main peculiarity of the windings is a combination of their forms (oval-circle). 
Windings are manufactured out of different types of  wires – single-wire, multi-cored, transposed. 
Protective dead turns are used for overvoltage protection in power windings of the voltage range 
220 kV and higher.  

The model of a three-phase MCSR active part is shown in figure 9(c). The active part is a 
combination of magnetic system, windings, leads and oil-barrier insulation. The insulation design is 
similar to the insulation design of transformers, of a similar voltage range.  
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(a) (b) 

 

(c) 

Figure 9 – Examples of 3-D models of magnetic system (а), set of windings (b) and active part (c) of 
three-phase MCSR EMP developed in Pro/ENGINEER 

 

The following actions are performed during design of MCSR MS SC on the basis of data indicated in 
technical specification and on the basis of calculation of MCSR EMP main parameters: 

– calculation of SC main electrical parameters; 

– selection of power semiconductor devices (thyristors and diodes); 

– calculation of electrical and heating modes of operation of power semiconductor devices; 

– selection of radiators for cooling of power semiconductor devices; 

– calculation of SC ability to withstand short-circuit at its outlet; 

– selection of SC and its coupling cabinet components. 

For example, results of the SC thyristors heating calculation are shown on figure 10. Results of 
these calculations correspond well with measurement results. Measurement of thyristors 
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temperature was done at PJSC Zaporozhtransformator test shop during MCSR temperature rise 
test with the help of the Qualitrol fiber-optic sensors installed on the thyristors and EMP windings. 

 

 

 

Figure 10 – Distribution of the thyristors and cooler temperature rises  

 

Electrical and optical schemes of SC drawings for manufacture of separate details, assembly 
drawings for manufacture of SC units and structural elements are developed after the fulfillment 
of indicated calculations and the selection of components. At the same time, software for 
programmed elements of SC coupling cabinet (controllers, programmed logical integrated circuits) 
is developed. 

The following actions are performed during design of MCSR ACS on the basis of data indicated in 
technical and commercial offer and on the basis of calculation of MCSR EMP main parameters: 

– preliminary elaboration of implementation of ACS external interfaces with control system of 
upper level, SC coupling cabinets and human-computer interface with operator; 

– preliminary elaboration of implementation, calculation of the parameters of the devices for 
normalization and transformation of input relay and analog signals received from MCSR 
equipment, substation equipment and substation relay protection system, output signal formers; 

– preliminary elaboration of MCSR control algorithms;  

– determination of the required software and hardware parts of MCSR control algorithm;  

– selection of ACS components. 
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Electrical and optical schemes of ACS, drawings for manufacture of separate details, assembly 
drawings for manufacture of ACS units and structural elements are developed after the fulfillment 
of indicated calculations and selection of components. At the same time, software for 
programmed elements of ACS (controllers, programmed logical integrated circuits) is developed. 

 

Designs styles of EMP, SRT and ACS design presented in the article have been tested at PJSC 
Zaporozhtransformator during design, manufacture and operation of more than 120 pcs of 
controlled reactors with various voltage (110÷500) kV and power (25÷180) MVAr ranges. 
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commutations of the single-phase MCSR group 
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