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Abstract: The inherent complexity leads to intricate equations, making it challenging for
design engineers and researchers to model and analyze MCRs effectively. Despite the
increasing attention given to MCRs in power systems, the need for simplified theoretical
foundations and design models persists. This paper addresses the challenges posed by the
complex excitation conditions of magnetic controlled reactors (MCRs), which are subject
to both alternating current and direct current excitations by presenting the theoretical
basis, ontological structure, working principle, and design model of MCRs in a systematic
manner for enhanced comprehension. Graphical and equivalent electric circuit
approaches are employed to derive mathematical expressions, while ANSYS simulation is
utilized to create a 3D structure model of the MCR. The simulation results, compared with
theoretical analyses, demonstrate that the MCR exhibits alternate magnetization and
demagnetization between its two core limbs in a cycle. This suggests that the magnetic
valves on both sides alternate between saturation and unsaturation in each cycle.
Furthermore, the research reveals that the MCR's entire capacity can be smoothly adjusted
by varying the saturation degree of the magnetic valve core. Overall, this research
contributes to a deeper understanding of MCRs under actual operating conditions and
serves as a crucial foundation for further investigations into their performance design.

1. INTRODUCTION

Although transformers are inevitable in power generation, power transmission and
power distribution stations, in recent years, however, MCR has also become one of the most
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essential equipment used in long distance EHV and UHV transmission lines, as well as
substations with high voltage fluctuations, because of its good control flexibility, high
reliability and simple maintenance [1] [2] [3] [4]. MCR is a type of reactive power
compensation equipment which can reduce grid losses, eliminate generator self-excitation,
control power frequency over-voltage, limit short-circuit current and control operations
automatically [5] [6] [7]. Currently, more than 8 GVA of total reactor capacity have been
successfully installed around the world in various voltage buses, from 10 to 500 kV and still
counting [8] [9]. On the basis of that, there are currently considerable worldwide research
activities all over the world especially, Russia, America, Germany, United Kingdom, Brazil
and China.

From the early 1950s, General Electric Company of England installed more than fifty
magnetic controlled reactors with the capacity from few to hundreds MVA in electric grids
of different countries [10]. However, due to economic and technical performance limitations,
such as high material cost, low speed, limited control range and low power efficiency,
manufacturing of these machines were brought to a halt. In 1971, H. Becker studied on the
first three-phase three-winding magnetic controlled reactor model which the magnetic iron
core legs have cylindrical winding [11]. Many modern designs of MCR can be traced as a
prototype of his construction. A suggestion was also made by him that MCR would be useful
for compensating reactive power. In the 1980s, Alma-Ata University in USSR investigated
and developed more prototypes. In the year 1990 to 1992 at Zaporozhye Transformer Factory
(ZTR) in collaboration with V.l.Lenin All-Soviet Electrotechnical Institute built a full-scale
500 kV / 60 MVA single-phase MCR and successfully put into test at a high-voltage test
facility near Moscow, Russia. Since then, many different capacities have been designed and
produced, including the first commercialized 60 MVVA / 500 kV 3-single-phase units in 2005,
and the first three-phase 180 MVA unit in 2009 [12]. In September 2007, China Electric
Power Research Institute cooperated with Shenyang Transformer Factory also proudly
produced the first 120 MVVA / 500 kV magnetic controlled reactor in China, which was
successfully put into operation at Jiang Ling Converter Substation [13]. In June 2013, the
three-phase 110 MVVA / 750 kV magnetic controlled reactor developed by TBEA Shen Chang
Company was also successfully put into operation at Qinghai Yuka Switch Station.

MCR is mostly designed either a single-phase or three-phase, where its cooling system can
be air type or oil-immersed type depending on the application it is subjected to. Its technical
core involves ferromagnetic material characteristics, magnetic circuit design, nonlinear
theory, AC and DC co-excitations and control system characteristics. Along with its good
developmental trend, simplification in modeling and analysis has become more and more
difficult, deterring new and young researchers to dive into.

This paper thoroughly analyzes MCR’s theory, provides simplified mathematical calculations
and establishes a 3D MCR prototype model in ANSYS Maxwell. Hence, providing
convenience for design engineers and research works as a whole.

101



Carpathian Journal of Electrical Engineering Volume 17, Number 1, 2023

2. THE CORE STRUCTURE AND WORKING PRINCIPLE

2.1. Core structure and winding configurations

The configuration of the Magnetic Controlled Reactor (MCR) resembles that of a
transformer but functions on the principle of a magnetic amplifier. Its adaptability has led to
various core structures and connections. Fig. 1 and 2 depict the typical core structure and
winding arrangements for a single-phase MCR, featuring an iron core with magnetic valves,
working winding, and control winding [14].
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Fig. 1. Core structure of a single phase MCR
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Fig. 2. Winding arrangements

The iron core comprises two parallel limbs and two side yokes, offering a closed-loop
path for magnetic flux during excitation [15]. Both working and control winding are affixed to
the core limbs, with Na representing the number of working winding turns and Np representing
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the number of control winding turns [16] [17]. Upc represents a DC source of voltage that
creates DC current Ipc flowing within the control winding which induces DC magnetic flux in
the core limb i and core limb ii with an equal magnitude but opposite direction [18]. The
working winding are sometimes referred to as AC winding because their terminals are directly
connected in parallel to the power network and control winding are also referred to as DC
winding because their terminals are connected to DC source where the MCR is being controlled
[19]. The DC winding are wired in reverse-series so that the fundamental component of the
voltages is annihilated. This helps to minimize the insulation of the equipment and achieve a
better level in control characteristics [20].

To achieve control over the magnetic saturation in Magnetic Controlled Reactors
(MCRs), both the winding connection and magnetization characteristics play crucial roles.
When the DC control excitation current is nil, the inductance L of the working winding is
maximized, and the current in these winding is minimized. This scenario characterizes the MCR
as functioning equivalently to the ideal operation of a transformer [21]. However, as the DC
bias excitation current starts flowing and gradually intensifies in the control winding, the current
in the working winding also proportionally increases. This implies that variations in the control
current lead to changes in the magnetic saturation level of the iron core. Consequently, the
magnetic permeability of the core fluctuates, allowing precise adjustment of the impedance
value of the MCR in accordance with the formula [22]:

2
X=a)L=ww (1)

le

where @=27fis the angular frequency, Ac is the cross sectional area of the iron core, I is the
effective length of the magnetic circuit, o is the vacuum permeability, p, is the relative
permeability of the core material and Na is the winding turns.

2.2. Ferromagnetic materials and magnetizing curve of MCR

Ferromagnetic materials are key elements in all instances of generation, transmission, and
conversion of electrical energy. They have great technological and social value, far beyond their
mere economic significance [23]. The characteristics of ferromagnetic materials play a very
essential role as long as MCR is a concern, because they determine how the saturable core will
behave. The magnetic properties of the iron core material determine the performance of the
magnetic device and are the basis for the analysis and calculation of magnetic devices. At the
same time, the properties of magnetic devices are also largely related to the structure, shape,
size and manufacturing process of iron cores. At present, the ferromagnetic materials that are
widely used in the area of saturable reactors can be grouped into the following three parts
according to their properties and chemical composition [24]:

(1) Silicon steel sheet is mainly used in power frequency high power reactor and power
transformers.
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(2) High conductivity magnetic nickel alloy is mainly used in magnetic amplifiers, DC current
transformers, magnetic modulators, power transformers with special requirements and low
power sensitive high frequency pulse saturable reactor.

(3) Ferrite is commonly used for high frequency and pulse excitation components.
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Fig. 3. Magnetization curve of ideal and actual model

The basic magnetizing curve of the silicon steel sheet used for MCR and its ideal
magnetizing curve is shown in fig. 3. Where the solid green line represents the ideal model and
the dot red line represents the actual DC magnetizing curve. However, it should be noted that
the core magnetic material used in this paper is the B30G130 grain-oriented magnetic steel
sheet type, which its data was published by Wuhan Iron and Steel Mining Company. Moreover,
the characteristics and magnetization curves of many different kinds of ferromagnetic materials
are presented in detail in literature [23] [25] [26]and [27].

2.3. Magnetic valve of MCR

2.3.1. Characteristics of magnetic valve

Magnetic controlled reactor is said to have a magnetic valve if the core magnetic path
is made up of a large area (Ac), (Iength Ic) and a small area (Av), (length 1) in series. Essentially,
the magnetic valve can easily be saturated with a small DC bias when has a small area, which
of course can greatly save cost. Because the iron core in the large area is always in the
unsaturated linear region, the entire capacity of the MCR is determined by changing only the
saturation degree of the magnetic path in the magnetic valve [28]. The greater the DC bias, the
higher the saturation degree of the valve, and the smaller the equivalent inductance of the MCR.
In addition, the magnetic valve can contribute to the mitigation of harmonics when it is carefully
designed [29].
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Fig. 4. Characteristics of magnetic valve

Fig. 4 shows unsaturated and saturated characteristics of the magnetic valve. Where I+
is the length of the core limb (m), Ac is the core limb cross-sectional area (m?), Bc is the core
limb flux density (T), lv is the valve length, Ay is the valve cross-sectional area (m?), By is the
valve flux density (T), lo is the air-gap length, Ao is the air-gap cross-sectional area (m?) and Bo
is the air-gap flux density (T). In fig. 4(a), under unsaturated condition, the iron core cross
sections, Ay and A are in the unsaturated linear zone, and almost all the magnetic lines of force
pass through the iron core. The magnetic reluctance is at a minimum and the magnetic valve is
said to be fully open. At this point MCR is equivalent to a no-load transformer. In fig. 4(b)
under saturated condition, only the iron core cross-section, Ay is fully saturated, and its
permeability is very small and close to the permeability of the air gap. The reluctance is at a
maximum and the magnetic valve is said to be almost close. At this point, the MCR s said to
be operating at its maximum design capacity. In other cases where the condition lies in between
unsaturated and fully saturated, part of the magnetic lines will pass through the air gap with an
area of Ao. The other part of the magnetic line will pass through the magnetic valve, Ay. The
magnetic reluctance of Ao is linear, but that of Ay is non-linear.

2.3.2. Magnetic circuit and equations of magnetic valve

According to Ampere’s law relating to current in the coil or turns of wire, the magnetic
field created by current following any path is the integral of the fields due to segments along
the path. And Faraday’s law relating to the voltage applied across the inductor can be expressed
in (2):
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where H is the magnetic field intensity, R is the magnetic reluctance, N is the number of
winding, | is the length of the magnetic path (m), A is the magnetic cross-sectional area (m?),

[ = Wi, is the permeability of the medium (H/m), and po is the permeability of air, 4 <107
(H/m), wr is the relative permeability and @ is magnetic flux. The magnetic path of the MCR
can be equivalent to the series-parallel circuit shown in fig. 5 can be expressed in (3).

@fl @, @,
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Figure 5. Equivalent circuit (including R.) Figure 6. Equivalent circuit (excluding R.)

_ RoRy
Re =R + Ro+Ry 3)

where @ is the core limb magnetic flux, @ is the air gap magnetic flux and @y is the valve
magnetic flux, R, is the magnetic reluctance in the core limb, R, is the magnetic reluctance in
the air gap, Ry, is the magnet c reluctance in the valve. From Equation (3), magnetic reluctance
R, can be ignored as shown in fig. 6, for the reason being that the iron core in the large segment
is always in the unsaturated linear region within the entire adjustment range of the MCR, as a
result, its magnetic reluctance is much smaller than the magnetic valve segment reluctance [30]

_ Ro%Ry
mt - Ro+Ry (4)

It can be seen from (4) that if saturation degree across magnetic-valve can be smoothly
changed in the purpose of adjusting the reluctance, then its reactive power can be adjusted
accordingly to achieve flexible continuous regulation of output power of the power network.

Now, when the small sectional area of the iron core is in saturation state, and the fringing
effect shown in fig. 4(b) is neglected, then equations is as below [30]:

Q) = AcB = AOBO + AVBV (5)
The equation (6) can be obtained through equation (5).

A A
B=A—ZBO+ﬁBV (6)
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Since the small sectional area of iron core and air-gap have the same magnetic field
intensity f (Bv), Bo can be written as:

By = uf (By) (7
Substituting equation (7) into equation (6), B is given by:

B =22uof(By) +5By ®
c Cc

According to the supposition of small slope magnetization curve, when By, < By ., the
magnetic field intensity of the small sectional area of the iron core f (By) = 0, then B is expressed
as [30]:

—4Av
B = e By 9)
So, the magnetic field intensity of the equivalent iron core is zero in0 < B < (Ay/

A¢)Bysar = Bsqr range. On the other hand, when By, > By, the small sectional area of iron
core is then saturated, so magnetic field intensity is expressed as:

H — By—Bysat (10)
Ho

Substituting equation (8) into equation (10), the magnetization curve model of MCR s
given in equation (11). And its magnetization curve is presented in fig. 7.

B+Bgq A
H_ot B < —Bgyt = _A_ZBVsat
A
H= f(B) =10 — Bsgt < B < Bggt = A_ZBVsat (11)
B—B A
#_Osat B > Bggr = _A_ZBVsat
B
-BsaL
0 H
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Fig. 7. Ideal core magnetization curve
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2.4 Magnetic field analysis of MCR under excitation

To simplify the analysis, the working winding resistance of the magnetically
controlled shunt reactor is ignored. Again, it is assumed that the MCR is connected to the
power supply with a sinusoidal voltage, Uy = Upnax Sin wt. The basic equations of the MCR
can be expressed as follows [31]:

(.UAC = Epax sin(wt) = Ay Ny (% + %)
Upc = Rpipc + AyNp (% - d;tii)
9 liH; = iy¢Ny + ipcNp (12)
liiH;; = iacNay — ipcNp
H; = f(B;)
\ Hy = f(By)

According to fig. 2, the induced EMF in the control winding can be obtained as:

dB; dBj;
Upc = Up; — Upy; = AyNp (E - ?) (13)
And the induced EMF in the working winding can also be obtained as:
dB; dBj;
Uac = Uni = Uni = AyN, (52 +22) (14)

where Up;j and Upii are the induced EMFs in the control winding while Uai and Ui are the
induced EMFs in working winding on core | and 11, respectively.

Since the working state of the two core structures and winding arrangements are

symmetrical, the corresponding magnetic flux density should have the following relationship:

{Bi(wt) = —B;;(wt + m) (15)

B;i(wt) = —B;(wt + m)

When there is no DC current in the control winding, thus Ipc =0, Bpc = 0, as well, and
the AC magnetic flux density B;, Bii varies only between -Bsst and +Bsat, and the amplitude
ISBimax = Bsqt- NOW, increasing the DC bias excitation in the control winding increases the
DC component in B, Bij, so that their top rises (drops) beyond the +Bsa ~ -Bsat range as shown
in fig. 8.
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Fig. 8. DC bias core magnetic saturation schematic diagram

The horizontal axis portion corresponding to the shaded portion in the fig. (electrical
angle is 2f) indicates the core saturation time of the half core limb in the power frequency for
one cycle and is expressed by g, which is called magnetic saturation. In the theoretical
analysis of MCR, a magnetic saturation g plays a very essential role. When the control current
is zero, Bpc = 0, the half core limb is not saturated in a complete power frequency cycle,
so £ = 0. As the control current increases, the saturation time of the half core limb in one
cycle increases. When the half core limb is fully saturated in one complete cycle, the magnetic
saturation, B = 2m . At this moment, § reaches the maximum limit. Therefore, the magnetic
saturation S reflects the degree of saturation of the core, and its values vary from 0 to 2.
Ignoring the effect of flux density harmonics, magnetic saturation can be obtained from
Equation (16).

B = 2arcos (M) (16)

sat

And DC flux density is
Bpc = Bsat [1 — cos (g)] (17)
Through the corresponding B-H curve, the magnetic field strength of the core limb |
and Il can be obtained as follows:

When
(n—é)ﬁwts(n+§>

H; = Bsat (— cos wt — cos g) (18)

Ho
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But when
0<wt<—= or (n+—><wt£2n
Hi=0
OSwt<§ or (2n—§><wt§2n
_ Bsat (_ —cacP
H;; = #0( cos wt cosz) (19)
But when
g <wt < (271—%)
H; =0

If the working current of MCR is given as iy = #(Hl- + H;;) , then the amplitude
A

of current fundamental component is:

T

2 (™ 2 [
lacn = ;j- igc cOs wt dwt = gf m (H; + H;;) coswt dwt
0 0

B
_ lBsat " .B 2 ﬁ
— cos wt — cos—=) cos wt dwt + — cos wt + cos=) cos wt dwt
B 2 0 2

TN,

lBsat

tacn = (B — sin B) (20)

" 2mpgNga

The working current of MCR reaches maximum at 8 = 2m is:

lBsat

lac max = ol A (21)

It is realized from Equation (21) that the maximum working current of the MCR
depends only on the effective length of the magnetic circuit, magnetic flux density, winding
turns and vacuum permeability.
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On the other hand, if the control currentis ip, = ﬁ (H; — Hy) , then the
A

amplitude of control current fundamental component is:

[
27TNA

Un(Hl- + H;;) dwt l

T
Ipcav = ;j— ipc dwt =
0

B
lB T 2z
sat f (— cos wt — cos E) dwt — f (— cos wt + cos E) dwt
21Ny n_g 2 0 2

— 1Bsat (sin E_5 os g) (22)

mUuoN 4 2 2

The control current of MCR reaches maximum at § = 2m is:

. LB
Ipc max = Moj:,l: (23)

2.5 Harmonic characteristics of MCR

The magnetic controlled reactor takes advantage of the saturation of the small cross-
sectional area of the core and the nonlinearity of the core magnetization curve. The working
region must be in the nonlinear region; therefore, it will inevitably produce harmonics [32].
It should be noted that the core saturation corresponding to the capacity of the MCR is the
rated magnetic saturation, which is gn. The harmonic characteristics of MCR are analyzed by
comparing the maximum value of each harmonic current with the rated fundamental current
in the range of the reactor capacity. The calculation of the maximum value of each harmonic
wave at0 < < 2m is shown in Equation (16), in which the base value is the maximum value
of the rated fundamental current.

I = 5= (B — sin B)

" _ 1 sinnfg  sin(n+1) B 24
I(2n+1)m - 27r(2n+1)[ n n+1 ] (24)

(n=123,..)

The harmonic current distribution of the magnetic controlled reactor is shown in fig.
9 using Equation (24). The curves of the per-unit value of fundamental wave, 3rd, 5th and 7th
harmonic current with saturation £ calculated by Equation (24) are also shown in fig. 9. It is
clear from the fig. that the nth harmonic component of the current of the MCR has n zero
points and (n-1) extreme points. Each extreme point is symmetrically distributed with 8 =«
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as the center, and the maximum extreme points of each harmonic are all close to f = .
Again, the whole capacity of the MCR, the maximum content of the total harmonic is not
more than 8%. It can also be observed that the maximum amplitude of the 3rd harmonic is
about 6.89% of the rated fundamental current, the maximum amplitude of the 5th harmonic
is about 2.52%, and the maximum amplitude of the 7th harmonic is about 1.29%, respectively.
The distortion coefficient of the current waveform will be smaller because the maximum
value of each harmonic wave is staggered.

0 50 100 150 pl2 250 300 350 400

B(°)

Fig. 9. Harmonic current distribution of MCR

2.6 Equivalent Circuit of MCR

Under rated sinusoidal power supply voltage, the relationship between the amplitude
of the fundamental current and the change of the control angle a of MCR is called control
characteristics [33]. To control the DC bias excitation current in the control winding, the
thyristor control angle needs to be adjusted. So, by adjusting the thyristor angle, however, we
can control the added DC bias excitation current to vary the unsaturated regions to change
their degree of saturation. Therefore, the magnitude of MCR excitation current depends on
the control angle. The smaller the angle, the greater the excitation current, and the
magnetization intensity of the unsaturated region and the saturated region is enhanced at the
same time. In this way, the reactance value can be continuously and smoothly adjusted. By
increasing the DC excitation current, the speed of excitation can be improved, and the
dynamic performance of MCR becomes better.
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Dy;

Fig. 10. MCR equivalent circuit

2.6.1 Relationship between control angle and magnetic saturation
The relationship between the control angle « and the saturation $ can be obtained from
the electromagnetic equation of MCR. From the equivalent circuit in fig. 10, if the internal

resistance %RA of the power supply is ignored, and the control angle of MCR is a, then the

DC component of control voltage Upc can be derived:

T §Emay Sin wtd __ 8Emax(1+cosa)

1
Upe ~ 7 Jo =555 dot = =05 (23)

Where Ra is the winding resistance, Emax is the maximum working voltage, « is the control
angle of the thyristors and tap ratio & = N /N, , is the factor which is determined by varying
range of reactance in MCR and is usually in between 0.015 to 0.05. A suitable selection of ¢
can make the wave form better, harmonic components small of the reactor current [33].

By Upc = ipcR4 , considering the equations (22) and (25) are:

_ SEmax(1+cosa) _ 1BsgtRa( . B B B
Upc = (1-5) T muoNa (sm 2 208 2) (26)

When the control angle « = 0, the saturation § = 2, substituting into Equation (26)

U — 25Emax — lBsatRA
DC max (1-5) LoN 4

(27)

The relationship between the control angle o and the saturation £ can be obtained by
combining the above two Equations (26) and (27):

— 2 (sinf® — B cosB) —
cosa—n(sm2 2cosz) 1 (28)
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The relationship between control angle and magnetic saturation using Equation (28)
can be obtained graphically as shown in fig. 11. The observation result is relatively intuitive.
As a matter of engineering practice, the core magnetic saturation S can be obtained according
to the fundamental reactive current value lim, and then the control angle of thyristor o can be
calculated.

Pldeg)

afdeg)
Fig. 11. Relationship between trigger conduction angle and magnetic saturation

2.6.2 Relationship between control angle and working current

When the control angle a of the thyristor changes, the core magnetic saturation degree
changes, and then the inductance changes, thereby leading to the adjustment of the working
current. The combination of Equations (24) and (28) can be used to obtain the relationship
curve of the control angle o and lim" Of the thyristor in the magnetic controlled reactor, as
shown in fig. 12. It can be seen that there is an obvious nonlinear between the current value
and the control angle of the MCR, and it is an approximate cosine relationship.

IJ.rn
(_p.u}

Fig. 12. Control characteristic curve of MCR
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The average output voltage of the single-phase controlled rectifier bridge type shown
in fig .10 is:

) 26
Upc = ipc (RA + BRA) (29)

From Equations (27) and (29), at steady state, the average control current ipc can be
written as:

, __ 0Emax(1+cosa)
bc = Ram(1-8) (30)
Equating Equations (22) and (30) will yield:
_ 8Emax(1+cosa) _ IBsatRa( .. B B B
Upc = Ram(1-8)  muoN4 (sm 2 208 2) (31)

Therefore, control current amplitude of MCR when the control angle @ = 0, the
saturation f = 2m:

286Emax
D¢ = Ram(1+6) (32)
Combining Equations (23) and (31) is:
26 Emax __ TlBgsqt
Ram(1-8)  poNg (33)
Combining Equations (20) and (31), average working current is:
. 8Emax :
lacn = 7215y B~ sinfp) (34)

Therefore, the working current amplitude of MCR when the control angle = 0 , and
the saturation g = 2m:

26 Emax

lacm = (35)

Ram(1+6)

It is evident from Equation (35) that the working current amplitude of the MCR does
not depend only on the applied voltage, but also on the winding resistance and tap ratio.
Combining Equations (21) and (35), we obtain:
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ZaEmax — lBsat
Ramt(146)  poNg

(36)

Therefore, tap ratio d can also be written as:

”lBsatRA

(37) (37)

(210N AEmax)~TlBsqeRa "

This is to say that, when designing the MCR, the effective length of the magnetic circuit, the
flux density of the core material, winding resistance, winding turns and rated voltage should
satisfy Equation (37) else, there is a possibility that the magnetic controlled reactor will not
function properly.

3. SIMULATION MODEL OF MCR AND RESULTS
3.1. Simulation

The dimensions and specifications of the magnetic controlled reactor used for the
simulation are shown in Table 1. A 3D model shown in fig. 13 is successfully designed using
ANSYS. The 3D simulation calculation was adopted in this paper over the 2D because of its
high accuracy of simulation results, howbeit it can take an appreciable time. The method of
transient solution is also applied because it simultaneously has AC and DC sources. As shown
in the simulation circuit (fig. 14), the excitation source uses voltage source in place of the
current source, because the use of the current source will produce excessive harmonics in the
working winding that will seriously affect the current waveform which is not consistent with
the actual waveform. The magnetic field distribution, magnetic saturation degree, winding
currents and control angle are mainly obtained with a varied control voltage of 0 V t0 6.12 V.
fig. 15 to fig. 24 show the simulation results of the MCR under the same control voltage.
Furthermore, the numerical values are presented in Table 2.

Table 1. Dimensions and specifications of the MCR

Parameter Numerical Value
Total Winding Turns Na 194
Control Winding Turns Np 6
Winding Resistance (m€) Ra 320
Valve Cross-Section (mm?) A 1408
Valve Length (mm) [ 10
Magnetic flux density (T) Bsat 1.8
DC Voltage (V) Ubc 6.12
AC Voltage (V) Uac 220
Frequency (Hz) f 50
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Fig. 13. 3D simulation model of MCR
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Fig. 14. Simulation circuit of MCR

3.2 Simulation results
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Fig. 18. Magnetic flux distribution of MCR in a cycle at t = 3.355s
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Fig. 22. Simulation results at Upc=3.6 V
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Fig. 23. Simulation results at Upc=5.41V
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Table 2. Calculation results of the MCR model

Unc (V) inc (A) iac(A) a (09 B (09) Bnc (T)
0.000 0.00 0.00 180.00 0.00 0.00
0.19 0.54 1.04 160.00 76.48 0.09
0.72 2.11 3.76 140.00 123.10 0.23
1.53 4.51 7.38 120.00 163.52 0.38
2.53 7.45 11.06 100.00 200.68 0.52
3.60 10.58 14.17 80.00 235.60 0.65
4.59 13.52 16.33 60.00 269.00 0.75
5.41 15.92 17.52 40.00 300.00 0.82
5.94 17.49 17.97 20.00 331.00 0.87
6.12 18.03 18.03 0.00 360.00 0.88
Table 3. Simulation results of the MCR model
Upc (V) inc (A) iac (A) a (0°) B (0°) Bpc (T)
0.00 0.00 0.58 180.00 0.00 0.00
0.19 1.83 2.25 161.70 72.00 0.12
0.72 4.63 5.01 138.64 126.00 0.25
1.53 7.73 7.98 120.80 162.00 0.38
2.53 11.13 11.34 111.31 180.00 0.53
3.60 13.92 14.07 80.94 234.00 0.64
4.59 16.49 16.61 70.25 252.00 0.73
5.41 18.40 18.65 48.04 288.00 0.80
5.94 19.54 19.81 36.51 306.00 0.84
6.12 21.12 21.10 24.68 324.00 0.85
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4. RESULTS. DISCUSSION

4.1. Analysis of MCR magnetic field distribution

The ultimate purpose of the magnetic controlled reactor with regards to regulating the
grid voltage is achieved by adjusting the control winding current value to change the core
magnetic saturation. Therefore, in order to obtain the accurate electromagnetic characteristics
of the MCR, it is necessary to analyze the characteristics of each working state, and finally
summarize if it is in conformity with electromagnetic characteristics of the MCR. The
magnetic field distribution can effectively judge whether the simulation calculation result is
accurate or not. In order to comprehensively analyze the magnetic field distribution of
magnetic controlled reactor in the whole working interval, this paper mainly analyzes the four
most critical stages of the magnetic field distribution of MCR.

Fig. 15 to 18 present magnetic field distribution inside the MCR core in a complete
cycle during steady-state under different working conditions. The results of the simulation
showed that magnetic flux distribution in the side yokes is uniform but nonuniform in the
core limbs because of the magnetic valves in them. However, the introduction of these
magnetic valves helps the MCR to function in the saturation region of the B-H magnetic
characteristic curve.

It can be observed from fig.15 (a) and (b) that concentration of the magnetic flux is
mostly in-between core limbs and side yokes, leaving the middle of the lower and upper yokes
with least flux. In this instant, there is no DC excitation current in the control winding, so no
DC flux is present and as a result, the core limbs mainly have AC flux produced by the
working winding. Moreover, most of the AC flux circulates via the core limbs and side yokes,
so the working winding reactive value is very large, allowing a very small amount of current
to flow in the winding. In this case, the MCR is equivalent to an unloaded transformer,
because both the core and magnetic valves are in an unsaturated state. The magnitude of
magnetic flux density is almost 1.8T.

Fig. 16(a) and (b) show the influence of the superimposed magnetic field generated
by the AC flux and the DC flux when 1.53 V was applied to the control winding. It can be
observed that, in the first half cycle at time t =3.389s, the core limb | has more magnetic flux,
followed by the left-side yoke, the right-side yoke and the core limb Il respectively. This is
because, at this moment, the AC voltage and current of the power supply are in positive and
negative directions, and the DC excitation current is in the same direction with the AC on
core limb I, which plays a role of enhancing magnetism, while the AC on core limb Il is in
opposite direction to the DC excitation current, which plays a role of demagnetization.
Therefore, the magnetic valves on core limb | are largely in a saturated state, while the
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magnetic valves on core limb Il are still in an unsaturated state as expected. The magnetic
flux density is obviously greater than 1.8T.

Fig. 17(a) and (b), show the behavior of the magnetic flux in the second half cycle
when the control voltage is still maintained at 1.53 V. It can be seen that at time t =3.399s,
the magnetic flux on the core limb 11 is denser, followed by the right-side yoke, left-side yoke,
and the magnetic flux on the core limb I is the least. This is because, over time, the AC
reverses direction and follows the DC excitation current direction on core limb I, thereby,
increasing the magnetization. At the same time, the AC on core limb | turns in the opposite
direction to the DC excitation current, which leads to demagnetization. The magnitude of
magnetic flux density is almost 2.1921T.

Fig.18 (a) and (b), demonstrate the behavior of the magnetic flux when the control
voltage is set to the half of the rated value, 3.6 V. It is obvious that at time t=3.355s, most of
the magnetic flux is circulating between core limb | and core limb Il. In this instant, there is
no AC excitation current in the working winding, so no AC flux is present and as a result,
most of the DC flux flow through core limb I and core limb I1, and a small amount of DC flux
flows through the side yokes. Thus, conforming to the principle of MCR.

4.2. Analysis of MCR control characteristics

The control characteristic refers to the correspondence between the working winding
current and the control DC bias excitation of the magnetic controlled reactor.

Through the simulation, working winding current values of the MCR under different
control DC bias excitations can be obtained.

The comparison between calculation and simulation of the MCR control
characteristics is shown in Table 1 and 2 respectively. When the control angles of the
calculation and simulation are at 0°, the working winding current is at a maximum, and when
both are at 180° the working winding current is at a minimum. This means that, in the range
between 0° and 180°, the output capacity of MCR can be smoothly regulated. It can also be
seen from the same tables that when the control voltage value is 0 V, corresponding working
current value with respect to the calculation is also 0.00 A, but the simulation current value
is 0.58 A. This is because the calculation method is modeled based on an ideal situation while
the simulation model adopted the actual working situation.

So, the simulation current value represents the magnetization current of the MCR
under no-load condition. Again, it can be seen from fig. 25 that the simulation current curve
is slightly larger than that of the calculation curve. This is due to the small difference in the
B-H curve data. Nevertheless, there is a good correlation among them and in line with the
principle of MCR.
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Fig. 25. Control characteristic curve of MCR

4.3. Analysis of MCR harmonics and time difference

It can be seen from fig. 20 that when control winding current value is relatively small,
the working winding current distortion is relatively large and the harmonic content is
relatively high. As the control winding current increases, the working winding current
waveform tends to be smooth with positive and cosine function waveform as shown in fig. 21
to 24. This is caused by the nonlinear magnetic properties of the ferromagnetic material.
When the control current is relatively low, the MCR core works at the inflection point of the
B-H magnetic characteristic curve, and the working winding current distortion rate is
relatively high. It can also be seen that the steady-state period in fig. 19 is the longest, followed
by fig.20, 21 to 24 respectively. This is possible because when the control excitation is low,
the core operates below the inflection point of the B-H magnetic characteristic curve. But
when control current starts to increase to a higher value, the time during which the core
operates at the inflection point of the magnetic characteristic curve is decreasing
continuously. At this juncture, the time for operating in the saturation state is due, and the
distortion rate of the winding current waveform is decreased and appeared as a sine wave.
This implies that for MCR working current to reach steady-state, harmonics and time vary in
proportion to the control DC bias excitation.

4.4. Calculation and simulation of magnetic saturation degree results

The comparison between calculation and simulation of the MCR magnetic saturation
degree is shown in fig. 26, it can be seen that the magnetic saturation curve measured by
simulation is in good agreement with that of the calculation values. With the increase of
control voltage from 2 V, the magnetic saturation degree obtained from calculation tends to
be a little higher than that measured by the simulation. This is because assumptions were
made in the calculation in arriving at idealizing the magnetic characteristic curve, while the
simulation results exhibit the real working performance of the magnetic controlled reactor.
However, there is a good correlation among them and in line with the principle of MCR.

123



Carpathian Journal of Electrical Engineering Volume 17, Number 1, 2023

400 4
350 4
300 4
250 4
200 4
1580 4 cal

100 ——sim

B (0%

a0

‘5D T T T T T
0 1 2 3 4

o (V)

Fig. 26. Magnetic saturation degree of MCR

o4
o
-

4.5. Analysis of MCR Inductance

The impedance of the MCR is = Uy /I, - In reference to the data given and results
of the simulation, reactance X. is far bigger than winding resistance Ra, therefore, Z can be
considered as X.. The relationship between X_ and L isX; = wL = 2rfL. The control DC bias
excitation is varied in the range 0 V to 6.12 V, in which the change of inductance values is
obtained as shown in fig. 27. It can be observed from the fig. that with the increase of control
voltage the saturation degree of the core increases and the reactance value of the winding
decreases. This is because the inductance of a coil is directly proportional to the permeability
of its core material. When the voltage level of control winding increases to a certain extent,
the core is completely saturated and the winding reactance value tends to be constant. It can
also be seen from the same fig. that the inductance curve of the simulation is steeper than that
of the calculation curve which truly reflects the difference in the B-H curve data. It is
evidentiary from fig. 27 that the AC inductance value equivalent of the working winding can
be smoothly regulated with the change of the control DC bias excitation to achieve the
purpose of adjusting the output capacity of the MCR. The simulation results are consistent
with the theoretical analysis.
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Fig. 27. Inductance curve of MCR
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5. CONCLUSIONS

This paper mainly discussed the theoretical basis, structure, working principle and
design model of a magnetic controlled reactor. The engineering simulation tool ANSYS
Maxwell was used to establish the MCR model and calculate the magnetic field distribution
and working characteristics.

Comparison of the calculation and simulation of the MCR model produced
encouraging results under no-load to full-load working conditions. The results show that
MCR alternately magnetize and demagnetize in between the left and right core limbs in one
cycle which means that, the magnetic valves on both sides are alternately saturated and
unsaturated in the cycle. At the same time, it has been verified that no matter how deep the
magnetic valves saturate, no saturation phenomenon will occur in the core with large cross-
section within the entire adjustable range. Therefore, the whole capacity of the MCR is
smoothly adjusted by changing only the magnetic saturation degree of the magnetic valve
core. The magnetic controlled reactor has approximately linear control characteristic curve,
but when the current value of the control winding is increased to the rated value, the slope of
the curve increases slowly and finally tends to a stable value. Through simulation and
comparison, it is found that a small difference in the magnetic saturation characteristic curve
can significantly affect the performance of MCR.

This research has given impetus to the understanding of MCR under actual operating
condition. In addition, it has provided a vital basis for further research on the performance
design of MCR.
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