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Abstract: Magnetic-valve controllable reactor (MCR) has become 
many researcher’s topic of the day because of its versatile use in 

power systems. MCR utilizes the concept of magnetic saturation to 
control power flows in the power grid. It is as simple to operate 
and maintain, and reliable as an ordinary transformer. However, 
magnetic-valve controllable reactor works under a more variety of 
complex excitation condition because of the superposition action 
of AC and DC excitations.  This paper carefully discusses the 
distribution of magnetic field of MCR core, provides an 
understanding of the range of inductance adjustments and 
further analyzes the working current waveform. Based on that, the 
finite element analysis software ANSYS Maxwell is used to design 
and examine a 3-D prototype model under different control 
voltage levels. The method of transient solution is applied for the 
reason being that it simultaneously has both AC and DC voltages. 
The AC voltage is kept constant while the DC voltage is varied 
from the minimum to the maximum rated value. The simulation 
results confirm that the magnetic-valve controllable reactor works 
in the saturation region of the magnetization curve under the 
combined excitation of AC and DC. The inductance adjustment 
range shows that the MCR inductance value can be smoothly and 
continuously varied. In addition, the working output current 
contains little odd-order harmonics that can be mitigated if 
filtering device is used or the magnetic valves are designed 
carefully. By observing the simulation results and analysis, one 
can gain a thorough understanding of MCR under actual 
working condition. It provides a reliable basis for the performance 
design of magnetic-valve controllable reactor. 
 

Index Terms: Magnetic-valve Controllable Reactor (MCR); 

Magnetic Field Distribution; Magnetic Saturation; Inductance 
Adjustment.  

I. INTRODUCTION 

Nowadays, magnetic-valve controllable reactor (MCR) is of a 
great use in long distance high and extra high voltage 
transmission lines, and substations with high voltage 
fluctuation. It is also highly recommended for large-scale 
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factories that need their own regulated source of reactive 
power. In practical application, MCR reduces grid losses, 
improves power quality, optimizes power transmission, 
control operations automatically, increases reliability and 
simplifies maintenance [1-7]. The research and application of 
MCRs have been greatly developed thereby, leading to many 
different types [8-10]. Many articles focus on MCR power 
losses, and some others also study into vibration and 
harmonic optimization. It is generally known that MCR works 
under a more variety of complex excitation conditions since 
the core has both AC and DC excitation conditions, and it is 
therefore, of great significance to study the specific 
characteristics of MCR under actual working conditions. 
This paper mainly discusses the distribution of magnetic field 
of a core of MCR, the range of inductance adjustments and 
output waveform of working current, respectively. Finally, a 
simulation model is built with the use of ANSYS Maxwell 
Electromagnetic software to achieve excellent correlation to 
the practicality of MCR.     

II. THE STRUCTURE AND WORKING PRINCIPLE  

The core structure and winding arrangement of a single phase 
MCR are shown in Fig.1(a) and Fig.1(b), respectively. These 
consist of an iron core with magnetic valves, AC windings and 
DC windings. The AC windings are referred to as working 
windings and DC windings are referred to as control windings. 
The iron core has two parallel limbs and two side yokes. 
Working windings and control windings are fixed onto two 
limbs of the core. The equivalent circuit and simulation circuit 
of the single phase magnetic-valve controllable reactor are 
shown in Fig.2(a) and Fig.2(b), respectively. Where NA is the 
number of working winding turns, ND is the number of control 
windings turns, RA is working winding resistance and RD is 
control winding resistance. Terminals of the working 
windings are directly connected in parallel to the power grid. 
Terminals of the control windings are reversely connected in 
series to DC voltage so that the fundamental component of the 
voltages, cancelled. This helps in reducing the insulation of 
the equipment and achieving a better level in control 
characteristics [11-14]. 
To obtain control of the magnetic saturation for MCRs, not 
only the winding connection but also the magnetization 
characteristics is important. When the DC control excitation 
current is zero, the working windings inductance is at a 
maximum, and the current in the winding is at a minimum. In 
this case, the MCR is equivalent to the transformer no-load 
operation. 
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 However, when the DC control excitation current is 
introduced and gradually increased, the working windings 
current also increases. This implies that when the control 
current (excitation) changes, the magnetic saturation level of 
the iron core also changes. Therefore, the magnetic 
permeability of the core alters and the impedance value of the 
MCR is adjusted accurately according to the formula: 

2
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                           (1) 

Where 2 f  is angular frequency, Sc is cross sectional 

area of the core, lc is effective length of the magnetic circuit, μ 
is magnetic permeability, and NA is winding turns. The 
magnetization curves are shown in Fig.3(a) and Fig.3(b). The 
ab segment is a linear region and the bc segment is a 
saturation region where the relative magnetic permeability μ 
is gradually reduced, and it is, therefore, convenient for the 
inductance adjustment. 

  

(a) Core structure 

 

(b) Winding arrangement 

Fig.1. structure of MCR 

 

(a) Equivalent circuit 

 

(b) Simulation circuit 
Fig.2. circuit of MCR 

 

(a) Magnetization curves and permeability curve  

 

(b) Simulation B-H magnetization curve 

Fig.3. Magnetization performance of a core 
The average magnetic path length of the MCR is l, the 
magnetic flux and the magnetic field strength of the core 1 and 
core 2 are Φ1, Φ2, H1, H2, combined with the structure of the 
MCR and the equivalent circuit, its basic equation can be 
expressed as follows: 

1 2
AC m A A A

1 2
DC D D D

1 A A D D

2 A D D D

sin
d d

E E t i R N
dt dt

d d
E i R N

dt dt

lH i N i N

lH i N i N

 


 

  
    

 
  

    
 

  


 

                   (2) 

 Moreover, the relationship between magnetic flux and flux 
density is: Φ = B·Sc. Since the core structure and the winding 
arrangement of the reactor are both symmetrical structures, 
the magnetic flux density has the following relationship: 
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Under a normal working condition, the magnetic flux 
density is generally a non-sinusoidal wave. 
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The induced voltage of the working winding can be derived 
as: 

1 2
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    A A c 1m 1 3m 32 cos cos 3e N S B t B t         
 (7)     

It can be seen from (7) that the MCR working current iA does 
not contain even-order harmonics but only contains odd-order 
harmonics. 

III. SIMULATION MODEL OF MCR 

A single phase magnetic-valve controllable reactor prototype 
used to carry out this experiment has the following circuit 
parameters: NT=200, ND=6, Bs=1.8T, RT=0.32Ω, 

EAC=220V/50Hz, EDC=6.12V. Moreover, the structural 
parameters are shown in Tab.1. A three-dimensional model is 
built by ANSYS and the method of transient analysis was 
applied in the simulation because it simultaneously has both 
AC and DC voltages. The magnetic field distribution, the 
range of the inductance adjustments and output waveform of 
the working current are mainly analyzed with control voltages 
of 0V, 0.3V, 2V, 3.06V, 4V and 6.12V. 

Tab.1. Structural Parameters of MCR 
Main Core 

(mm3) 
Side Yoke 

(mm2) 
Core Limb  

(mm2) 
Magnetic Valve 

(mm2) 

440×65×310 65×65 65×65 21.7×65 

 
(a) Magnetic flux direction (b) Magnetic flux density 

Fig.4 Magnetic flux distribution of MCR in a cycle at t = 
9.99s 

  
(a) Magnetic flux direction (b) Magnetic flux density 

Fig.5 Magnetic flux distribution of MCR in a cycle at t = 
3.01s 

  
(a) Magnetic flux direction (b) Magnetic flux density 

Fig.6 Magnetic flux distribution of MCR in a cycle at t = 
3.02s 

  
(a) Magnetic flux direction (b) Magnetic flux density 

Fig.7 Magnetic flux distribution of MCR in a cycle at t = 
0.515s 

 
Fig.8 MCR inductance curve 

 
Time[s] 

(a) Steady state IAC=3.0336A at EDC=0.3V 

 
Time[s] 

(b) Steady state IAC=10.0390A at EDC=2V 
 

 
Time[s] 

(c) Steady state IAC=21.2343 at EDC=6.12V 
Fig.9. Simulation waveforms of working current 
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IV. ANALYSIS 

The magnetic flux distribution inside the core in one cycle 
during the steady state under different operating conditions is 
shown in Fig.4 to Fig.7. It can be seen that magnetic flux in 
the side yokes is uniformly distributed whereas magnetic flux 
in the core limbs is unevenly distributed due to the magnetic 
valves in them. However, in this special although common 
case, the magnetic valves caused the MCR to operate in the bc 
section of the saturation region. 
 
 
It can be seen from Figs.4(a) and (b) that the magnetic flux is 
mostly concentrated in-between side yokes and core limbs, 
leaving middle of upper yoke and lower yoke with least flux. 
In this instance, there is no DC current in the control winding, 
and the core limbs have mainly the AC flux generated by the 
working winding. Therefore, most of the AC flux flow 
through the side yokes and core limbs, so the working state of 
the MCR is equivalent to a no-load transformer, and the 
reactive value of the working winding is very large with small 
flow of current. The maximum magnetic flux density is 
approximately 1.805T. 
From Figs.5(a) and (b), it can be seen that when control 
voltage is set to 2V, at time t=3.01s, the left core limb of the 
MCR has more magnetic flux, followed by the left-side yoke, 
the right-side yoke and the right core limb respectively. This 
is because, at this moment, the AC in working winding of the 
MCR has a magnetic flux direction in the left and right core 
limbs, and DC in control winding controls the winding in the 
direction of the left core limb but produces DC flux opposite 
to the flux of the working winding in the right core limb. 
Therefore, the magnetic fluxes of opposite directions acting 
on the right core limb cause the magnetic flux density to the 
right core limb to be weakened, and the magnetic fluxes in the 
left core limb are in the same direction, thereby, enhancing the 
magnetic flux density. The magnetic flux density maximum 
value is approximately 2.2865T. 
From Figs.6(a) and (b), it can be seen that at time t=3.02s in 
the second half cycle when control voltage is maintained at 
2V, the magnetic flux on the right side of the core limb is 
denser, followed by the right-side yoke, left-side yoke, and the 
magnetic flux on the left limb is the least. This is because over 
time, the working winding current value is reversed and the 
magnetic flux generated by the working winding on the right 
core limb goes in the same direction as the magnetic flux 
generated by the control winding, thereby increasing the 
magnetization. The working winding generates a magnetic 
flux on the control winding which causes the left core limb to 
demagnetize. The maximum magnetic flux density is 
approximately 2.3106T. 
When control voltage is set to the maximum rated value 
(6.12V), it can be seen from figs.7(a) and (b) that at time 
t=0.515s, most of the magnetic flux are circulating between 
the left and right core limbs. In this case, over some period of 
time, the working winding current is zero, and the core limbs 
have mainly the DC flux generated by the control winding. 
Therefore, most of the DC flux flow through the left and right 
core limbs, and a small amount of DC flux passes through the 
left-side yoke and right-side yoke, which is consistent with the 

basic principles of MCR. 
The impedance of the MCR is Z = EAC/IAC. According to the 
given data and simulation results, XL is far greater than RT, 
therefore, Z is used as XL. The relationship between reactance 
and inductance is XL =ωL = 2πfL. The control voltage is 
adjusted in the range 0V to 6.12V and the change of 
inductance value can be obtained as shown in Fig.8. It can be 
seen from the figure that the equivalent AC inductance value 
of the working winding can be smoothly varied with the 
change of the control excitation.    
The operating current of the MCR is also analyzed based on 
the above working principle and equations. The waveforms 
shown in Fig.9 are simulation waveforms of the AC working 
current. It can be seen that steady state period in Fig.9(a) is the 
longest, followed by Fig.9(b) and Fig.9(c) respectively. In 
addition, the harmonic content in Fig.9(a) is the largest, 
followed by Fig.9(b) and Fig.9(c) respectively. This implies 
that time for AC working current to reach steady state and 
harmonics in MCR vary in proportion to the control excitation. 
After harmonic decomposition, the 3rd harmonic content is the 
largest, followed by 5th, 7th, and other odd harmonics, which 
are all very small. In case of a three-phase MCR, different 
connections can be used to cancel the 3rd harmonic without 
taking any other measures. However, filters can be installed 
for improvement. 

V. CONCLUSION 

A magnetic-valve controllable reactor worked in the 
saturation region of the magnetization curve under the joint 
action of AC and DC excitations. The magnetic flux density at 
magnetic valves was comparatively the largest of all magnetic 
field distributions, and the magnetic valves of the left core and 
the right core were alternatively saturated in one cycle. 
Therefore, the MCR could adjust the inductance as well as the 
reactive power output smoothly over a wide range while the 
DC voltage was changed. In addition, the working output 
current contained little odd-order harmonics that could be 
mitigated if filtering device is used or magnetic valves are 
designed carefully. This research has provided a reliable basis 
for the performance design of a magnetic-valve controllable 
reactor. 
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