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Abstract: Since the transmission distance of submarine cable transmission is inversely proportional
to the input frequency, to solve the problem of large losses in the transmission process of offshore
wind power, this paper proposes a three-frequency transformer which enables the output of 50 Hz
at the input of 50/3 Hz excitation. In this paper, the magnetic flux of a three-dimensional wound
core transformer is analytically modeled, the existing condition of magnetic flux harmonics of a three-
dimensional wound core transformer is analyzed, the distribution of harmonic content in magnetic
flux is obtained, and the principle of realizing frequency conversion is expounded. Secondly, the
finite element analysis of the frequency converter is carried out. Finally, a prototype of a frequency
transformer is made and tested to verify the correctness of the proposed scheme.

Keywords: three-dimensional wound core transformer; frequency conversion; magnetic flux; zero

phase sequence harmonics wave

1. Introduction

With people’s attention to the living environment, people begin to strengthen the
development and utilization of some clean energy, such as solar energy, wind energy, and
so on. Among them, offshore wind power has the advantages of no occupation of land,
clean, small seasonal deviation, and so on. Each country begins to increase the investment
in offshore wind power, but the transmission mode of offshore wind power is faced with
the problems of large losses and high cost.

Professor Wang Xifan of Xi’an Jiaotong University proposed a low-frequency AC
transmission mode. Frequency division transmission is a frequency division transmission
method. In electric power transportation and distribution, changing the voltage frequency
can achieve great economic benefits in transmission, transmitting electricity at lower fre-
quencies and using electricity at higher frequencies. The key equipment of this technology
is a frequency doubling transformer. Based on the three-phase low-frequency transmission
method, Professor Wang has conducted a lot of research on its basic principle, feasibility,
simulation and experimental platform construction [1-3]. The transmission distance of
submarine cable is inversely proportional to the frequency used. If the transmission fre-
quency is reduced to about 15 Hz, the economic and reasonable transmission distance of
submarine cable can reach 300 km, which can completely solve the problem of offshore
wind power transmission. Reducing the operating frequency of AC transmission lines can
reduce the ground susceptance of the line and the reactive power required by the operation
of the charge, to improve the active power transmission capacity of the transmission line.

On this basis, a kind of three-dimensional wound core transformer (three times fre-
quency) is proposed. Compared with other types of same ration transformer, the three-
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dimensional wound core transformer with silicon steel sheet of the same material has many
advantages, such as light weight, small volume, fewer core losses, and low noise. Therefore,
more and more people began to study the three-dimensional wound core transformer.
Alessandra Follo discussed three of them, which are discussed in his paper: the technologi-
cal gap at the component level, controllability of DC collection systems, and compliance of
all-DC OWPPs with current requirements for their connection to the onshore grids [4]. Pei
Huang’s proposed method of studying the electric field distribution and analysis results are
expected to contribute to the improvement of electric field distribution in transformers [5].
M. Rizwan Khan presents a digital simulation of a variable frequency transformer (VFT).
The variable frequency transformer (VFT) is a device that produces desired voltage and
frequency supply for constant and variable V/f control of an ac drive. The main part of
the VFT is a rotary transformer with three-phase windings on both the stator and rotor.
A controlled drive system is mechanically coupled with the VFT to control the speed of
the rotor, therefore controlling the magnitude of rotor voltage and frequency [6]. Bharath
Babu Ambati presents a detailed working principle of VFT technology and proposes a
new hierarchical control strategy for establishing the VFT connection with two power
systems to achieve bidirectional power transfer between them. Additionally, to restrict
the grid fault propagation from one side of the VFT to the other side, a series dynamic
braking-resistor-based fault ride-through scheme is proposed [7]. Zhou Pan proposes
a flexible tuning device based on VFT to obtain different operating frequencies, so that
the transmission line can meet the characteristics of half-wavelength AC transmission [8].
Vinod Khadkikar proposes a new VFT configuration (with an integrated partially rated
series voltage compensation scheme and corresponding control) to achieve full control
over reactive power flow. The proposed configuration can achieve the bidirectional and
decoupled active and reactive power flow through VFT [9]. Traditional VFT requires a sep-
arate drive motor and winding asynchronous motor coaxial connection, unit shafting long,
complex system structure, shaft vibration and tile amplitude value is high. To solve this
problem, Guo Qifeng proposed a new structure variable frequency transformer integrating
driving motor [10].

Based on the duality principle of three-dimensional wound core transformer, Pedram
Elhaminia established the low-frequency model of three-dimensional wound core trans-
former, which is used to study steady-state and low-frequency transience [11]. Yagian
Yang presents a piecewise method for calculating the equivalent conductivity of a three-
dimensional wound core transformer [12]. Based on the above method, the finite element
model is established and the three-dimensional eddy current field is simulated. The effect
of eddy current loss on wound core at different folding angles is studied. It is concluded
that the magnetic flux density within the core is uneven and the third harmonic component
is higher [13].

However, the current research on the magnetic flux in each frame of a three-dimensional
wound core transformer is not perfect enough, and the realization of the frequency con-
version function is not described from the perspective of magnetic flux of each frame. In
this paper, based on magnetic circuit Kirchhoff’s Current Law and Kirchhoff’s Voltage Law,
the constraint equation of the fixed solution of the magnetic flux in the frame is obtained,
and the harmonic characteristics of the analytical solution are further analyzed. Finally,
through the relationship between voltage and magnetic flux, SZ-RL-400/10 was used for
finite element simulation, and a test platform was built to obtain voltage waveform, to
verify the correctness of the proposed scheme.

2. Analytical Solutions of Framed Flux

Assume that the magnetic flux flowing through the three independent frames of the
three-dimensional wound core transformer is @, (t), P, (t) and P.(t), respectively, in which
frame a and frame c constitute the A phase center column, frame b and frame a constitute
the B phase center column, and frame b and frame c constitute the C phase center column,
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as shown in Figure 1 [14]. A, B and C are both windings and the locations where the phase
flux converges.

b box

Figure 1. Schemes follow the same formatting.

It is known that the magnetic flux of phase A, phase B and phase C are ®4(t), ®p(t)
and P (t), respectively. The constraint equation is obtained from the relationship between
the magnetic flux of each frame and the phase magnetic flux as follows:

Dy(t) — Do(F) = Dy(t)
Dy (t) — Py (t) = Pp(
— ()

~
~
~

)

The determinant of the coefficients of the above equations is zero, and there is no
unique solution to the equations, so another potential constraint equation needs to be
introduced. Assume that the number of turns of the excitation coil is N, the reluctance
of each frame is Ry, and the three-phase excitation current are i, (t), ig(t) and ic(f),
respectively. Since magnetic properties of iron core materials have obvious nonlinear
characteristics, the reluctance R, of each frame is a function R, (H;) of the magnetic field
intensity H; of frame i as the independent variable. Based on magnetic circuit KVL, the
constraint equation is created as follows.

q’u(t)Rm(Ha(t)) = NiA(t) - NiB(t)
@y ()R (Hp(t)) = Nig(t) — Nic(t) , )
D ()R (He(t)) = Nic(t) — Nia(t)

According to (2), it can be obtained:
q’a(t)Rm(Ha(t)) + q)b(t>Rm<Hh<t)) + q)c(t)Rm(Hc(t)) =0, 3)

When the working points of magnetic circuits in each frame are located in the linear
segment of magnetization curve, the reluctance of each frame is basically equal, then:

Da(t) + Py (t) + Pc(t) = 0, )

In the three-phase excitation system, the working point of the magnetic circuit in each
frame is often different at any time [15-17]. At any time, the difference of three-phase
reluctance increases with the increase in the magnetic circuit operating point. Then (4) is
not equal to zero, let:

Dy (t) + Pp(t) +Pc(t) = C, ®)

C is the zero-sequence component, C = ZCIDm(ko) sin(kowt +00), K=6n+3,n=0,
1,2,3 ..., the zero-sequence component C increases with the increase of magnetic circuit
operating point.
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Combined with (1) and (5), the fixed solution equations are obtained as follows:

Da(t) = Pe(t) = Pa(t)
Dy (t) — Pa(t) = Pp(t) / (6)
Dy (t) + Dp(t) + Pe(t) =C
solution:
@)\ [ Palt) ~@p(0) c
oy(t) | = 2| ®sh)-@c) | +5| C |, )
D (t) De(t) = Pa(t) C
according to (1), the following can be obtained:
Da(t) +Pp(t) +Pc(t) =0, ®)

that is, there is no zero-sequence harmonic component in the phase flux, then let:

q)A(t) = Zq)m(k*) Sil’l(k+a)t + 9k+> + Zq)m(k*) Sil’l(kiwt + gk*)
Dp(t) = L Py per) sin(k T wt + O — ) + LDy sin(k~wt + 60— + ) (9)
(Dc(t) = Zq)m(k+) sin(k+wt —+ 9k+ -+ 2%) —+ Zq)m(k*) sin(k_wt -+ Gk* — ZTT[)

where: kT =6n+1,1n=0,1,2,3,...;k- =6n+5,1n=0,1,2,3 ...
Then substitute (9) into (7), and get:

@, (1) o, (1) " D, (1) @, (t)°
( Dy (1) ) = ( ()" ) + ( Dy(t) ) + @(1)° |, (10)
D ()" @ (t)°

o) | = 75| Lonsncwrio. -5 | a
Y@y sin(k T wt + O+ + iy

( D, (t) ) [ E®upe)sin(kwt + 6 — )
Dy(t) =— Z(Dm(k—) sin(k"wt +6- + %) |, (12)
( V3

q>c t)7 ZQWI(}(*) SIH(kfwt + Gk’ _ 5?7‘[)
cDﬂ(t)O 1 Zcpm(ko) sin(kocut + 9k0)
(1) | = 3 P50 sin(Kwt +6,0) |, (13)
q)C(t)O LDy k0 sin(k%wt + 0)0)

where, (11) is a positive-sequence component of the positive-sequence harmonic; (12) is a
negative-sequence component of the negative-sequence harmonic; (13) is a zero-sequence
component of the zero-sequence harmonic.

3. Theoretical Analyses of Harmonic Components

The positive and negative sequence component harmonics in the split frame magnetic
flux coming from the phase magnetic flux, namely the excitation voltage, so whether the
excitation voltage can provide a high harmonic has a great influence on the waveform
of the split frame magnetic flux [18]. The following focuses on analyzing the harmonic
components of the core magnetic flux motivated by an ideal sine wave voltage source
represented by an infinite system capacity voltage source and any waveform voltage source
represented by a small system capacity voltage source.

3.1. Ideal Sine Wave Voltage Source

Under the excitation of an ideal sinusoidal voltage source, the magnetic flux of the
split-core contains only the fundamental wave component and zero-sequence component
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harmonics. Suppose that the initial phase angle of fundamental wave flux is zero and
the amplitude is one, then the flux waveform of the split-core can be described by the
following equation.

n
O(t) = sinwt + Y _ ki sin(iwt + 6;), (14)
i=1
where, i—harmonic number, i = 6n+3,1=0,1,2,3, ..., k;—the ith harmonic content,
k; € [0,1], §;/—phase difference between the i th harmonic and the fundamental wave.
The waveform of ®(t) and the harmonic component, the i th harmonic content rate k;
and the i th harmonic are related to the phase difference 8; between fundamental waves.
Basedoni=3,k;=0.2,6; € [OO, 1800], the influence of 6; on waveform was studied, and the
changing trend was shown in Figure 2a. It was concluded that the minimum waveform
amplitude was obtained when 6; = (i + 1)77/2, and the maximum waveform amplitude
was obtained when 6; = (i — 1)71/2, and was equal to (1 + k;). Based oni =3, §; = 180,
k; € [0, 0.6], the influence of k; on the waveform is studied, and the variation trend is shown
in Figure 2b. It is concluded that waveform amplitude and k; are not monotonic and there is
a minimum value. Based on 6; = 180°,k; =0.2,i € {3,9, 15,21}, the influence of i harmonic
on the waveform is studied, and the variation trend is shown in Figure 2c. Wherein, the
abscissa represents time and the ordinate represents flux magnitude. It is concluded that
the higher the number of harmonics, the less significant the reduction in harmonic on the
waveform amplitude.

@ 2=60° _120 0,=180°|

N [ V\ o
LW N \/

M &0 - ®0z |- ka—os‘

Q@t %tmw Pw

© =3 i=9 - i=15 =21

N ott )" ut%t wt

Figure 2. Flux waveform trends at different harmonics. (a) Based on i =3, k; = 0.2, 6; € [0°,1807],
the influence of 0; on waveform. (b) Based oni =3, ; = 180°, k; € [0, 0.6], the influence of k; on
the waveform. (c) Based on 6; = 180°, ki =02,i € {3,9,15,21}, the influence of i harmonic on
the waveform.

Obviously, the amplitude of the waveform has a minimum value with respect to
harmonic composition, content, and initial phase angle. The transformer core magnetic
field in the passive region is a gradient field. Internally, the magnetic flux always chooses
the path closure with the least reluctance, and externally, the magnetic flux always chooses
the path closure with the least excitation magneto motive force. Therefore, the existence of
zero-order harmonics is to obtain the minimum equivalent reluctance. The magnetization
characteristics of common ferromagnetic materials are shown in Figure 3. With the further
upward movement of the core working point, the magnetic conductivity rises at first and
then sharply declines, as shown in Figure 4. If the magnetic circuit working point is located
in the first half of Figure 4, the existence of the zero-sequence harmonic is to improve the
amplitude of magnetic flux. When the working point of magnetic circuit is in the latter half,
the existence of zero-order harmonics is to reduce the amplitude of magnetic flux.Since the
magnetic circuit operating point of common electromagnetic devices is always located in
the latter part, harmonic components can be obtained by finding the existence condition of
the minimum value of Equation (11).



Energies 2022, 15, 519

6 of 13

4
B e eo-
0 H
Figure 3. Magnetization characteristics.
+ u@n
Hmp——
H
>
0 H

Figure 4. p(H) curve.

For the waveform with simple harmonic components, its minimum amplitude can
be calculated based on the extreme value of a multivariate function under constraint
conditions, and the solution of a constrained extreme value problem can be transformed
into the solution of unconstrained extreme value problem, and it can also be solved based
on the numerical analysis method of the enumeration method. Based on the extreme
value calculation of multivariate function under constraint conditions, the minima problem
under the action of single zero-order harmonics was analyzed. In order to reduce variables,
0; = (i + 1)t /2 could be set to construct the LaGrange function:

flwt ki z) =z
¢(wt, ki, z) = sin(wt) + k; sin(3wt) — z , (15)
F(wt, ki, z,A) = z + A(sin(wt) + k; sin(3wt) — z)

where z = ®(wt, k;), wt € [0,27], k; € [0,1]. Figure out the stagnation point M(wty, ki, zo, A)
of Lagrange function F(wt, k;, z, A), then, point X?(wto, kio, zo) is the extreme questionable
point of function f(wt, k;, z) under the condition ¢(wt, k;, z) = 0. To save space, the analyti-
cal solution is directly given as follows:

wt=kmr/3...(k=0,1,2...)
ki = —coswt/i
A=1 !
z = sin wt

(16)

i=3,6,9,21 ... Substituted into (16), the calculation results are shown in Table 1.
Obviously, as the number of harmonics increases, the number of suspicious extrema points
increases, but there is less and less influence on the extremum, and the inclusion rate is
reduced. The minimum value that can be obtained by waveform amplitude is v/3/2 of the
fundamental wave.
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Table 1. Results for different i values.

i 3 9 15 21 6n—3
wt 21t/3,4m/3 5mt/9,13m/9 87mt/15,227t/15 117t/21, 317t/21 krt/(6n — 3)
k; 16.667% 1.93% 0.697% 0.356% Cos(kmt/(6n — 3))/(6n — 3)
Zmin +0.866 +0.9848 +0.9945 +0.9972 +Sin(kmt/ (61 — 3))

The amplitude distribution of (14) is shown in Figure 5 when i € {3,9,15,21},
6; € [0,27], k; € [0,1] are drawn using enumeration method for numerical analysis based
on MATLAB m language, and the numerical calculation results are consistent with the data
in Table 1.

08=180
 Ok=0.0193
_ OZmin=0.9848

06=0
Ok=0.1667 2
OZmin=0.866

200

0 .
0 -200 0 -200
er° k 6/°

200

(a) (b)

OB=0
Ok=0.00697
OZmin=0.9945

Ce=0
Ok=0.00356
+.OZmin=0.9972

200

0 -200 0 -200
e/ k e/

(o) (d)

Figure 5. Distribution of waveform amplitude under single-component zero-order harmonics (a) 3rd
harmonic; (b) 9th harmonic; (c) 15th harmonic; (d) 21st harmonic.

For waveforms with complex harmonic components, it is very difficult to obtain
the minimum amplitude using an analytical method. A more convenient method is to
adopt a numerical method. In order to intuitively display the influence of multicomponent
harmonics on the amplitude, the extreme amplitude of the waveform of the third, ninth
and third and fifteenth harmonics under different content rates is obtained, as shown in
Figure 6. Under the action of multicomponent zero-sequence component harmonics, the
minimum amplitude is still 2/3 of the fundamental wave.

k3=0.1421 k3=0.1472
14 k9=0.008 14 k15=0.004
Zmin=0.866 Zmin=0.866
1.2 1.2
N N
1 1
0.8 0.8
06 02 06 02
0.4 : 0.4 :
0.2 01 018 0.2 01 015
00 0.05 P 0.05
k3 k9 k3 k15
(a) (b)

Figure 6. Amplitude distribution of composite waves under multi-component zero-order harmonics
(a) 3rd and 9th harmonics; (b) 3rd and 15th harmonics.
3.2. Arbitrary Waveform Voltage Source

It is assumed that the voltage source can provide harmonics of positive and negative-
sequence components, then the frame-divided flux waveform can contain harmonics
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of positive-sequence, negative-sequence, and zero-sequence components. The specific
harmonic components make the resultant wave rectangular to obtain the minimum flux
amplitude, as shown in Figure 7. The function is expressed in (17).

[ —-1,x€[-T/2,0)
o) _{ 1,x€[0,T/2) ° (17)
o
m —— Fundamental wave
- - - - Resultant wave
1 , - ~ #/ s ~
/ T| 2T
0 ] K i
14 . ! \\\ !
2
Figure 7. Rectangular wave shape.
The Fourier series can be expanded as follows:
O(t) = é[sina)if + 1sin 3wt + -+ L sin(2k — 1wt + -+ -] (18)
o 3 2k—1 ’

Then, the flux waveform is close to rectangular wave, the third harmonic content rate
rises to 33.3%, and the amplitude value of the core flux decreases effectively. The amplitude
of the synthesized waveform is 0.785 of the fundamental wave amplitudes.

4. Finite Element Simulation and Experimental Study
4.1. Finite Element Simulation

The filter coil FRa a, X, FRb b, y, FRc ¢, z, and the end of the three-filter coil is connected
in turn. When ¢ and x are disconnected (or connected in series to voltmeter), the circuit is
in an open state, and the zero-sequence component harmonic flux can circulate freely in
the core, then the opening voltage is zero-sequence harmonic voltage, as shown in Figure 8.
When c and x are short-circuited (or connected in series to the ammeter), the loop is in a
short-circuit state and the zero-sequence component harmonic flux cannot flow freely, then
zero-sequence harmonic current will be generated in the loop, as shown in Figure 9.

<: :> U3h

a b c
FR@ FRb@ FRC@
X y z

Figure 8. Wiring diagram with zero sequence path.
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a b c

FRa@ FRb® FRC@

Figure 9. Wiring diagram without zero sequence path.

The transformer parameters used in the paper are shown in Table 2.

Table 2. Transformer parameters.

Parameter Value

Rated voltage 400/10
Rated current 1.5/61
Winding connection mode Ydi1l

The model was simulated by finite element software. Figure 10 shows the magnetic
density distribution under different voltage excitation.

A133 Al4 A 144
1.4 1.4
2 1.2 1.2
1 1 q
0.8 0.8 0.8
(s los Lo
0.4 0.4 0.4
0.2 0.2 0.2
¥ 1.98x107 ¥ 0.01 ¥ 0.03

(b)

Figure 10. Magnetic density distribution under different voltage excitation (a) 0.9 times voltage
excitation; (b) 1 times voltage excitation; (c) 1.05 times voltage excitation.

Figure 11a shows the phase-flux-induced voltage U4 of column A and the flux-induced
voltage U, of the frame a with a zero-sequence flux path. Figure 11b is the frequency
spectrum diagram, and the harmonic content of Figure 11a can be seen.

4.2. Test Platform

The test platform is built based on the core of a type SZ-RL-400/10 transformer. The
excitation coil and synthetic flux induced voltage test coil are arranged on the three core
pillars. The upper yoke of the three core frames is arranged with the framed flux induced
voltage test coil and filter winding (FRa, FRb, and FRc), The test platform is shown in
Figure 12.
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voltage (V)

—UA
1400}
@ 1200}
a
L
‘T 1000¢
&
L
O 800t
o
8
‘T 600}
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°
= 400}
200
0.01 0.02 0.03 0.04 0 100 200 300 400
t(s) Frequency (Hz)
(a) (b)

Figure 11. Magnetic-flux-induced voltage simulation waveform. (a) The phase-flux-induced voltage
U, of column A and the flux-induced voltage U, of frame a with zero-sequence flux path; (b) the

frequency spectrum diagram.

Oscilloscope
D —— =

~Transformer
i f g“

Figure 12. Schemes follow the same formatting.

4.3. Test Results
1.  Magnetic flux distribution of cores with and without zero-sequence paths;

When there is a zero-sequence flux path, each subframe flux contains abundant zero-
sequence harmonic components. Up of column A and U, of the frame a are shown in
Figure 13a, and Usy, of three-phase zero-sequence flux is shown in Figure 13b. When the
zero-sequence flux closure path is not provided, each subframe flux does not contain the
third harmonic, and its amplitude is 1/ V/3 of the phase flux. Up of column A and Uj of the
induced flux voltage of frame a are shown in Figure 13c. In the absence of a zero-sequence
path, the no-load loss, no-load current, and noise of the core increase significantly. The
excitation voltage U, no-load loss P, no-load current I of the test data, and the induced
voltage Ug}, or induced current Iy, of the filter winding are summarized in Table 3.
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UA

UA

(@) (b) (©)
Figure 13. Magnetic-flux-induced voltage test waveform.(a) When there is A zero-sequence flux path,
phase flux induced voltage Ua of column A and flux induced voltage U, of the frame a. (b) When
there is a zero-sequence flux path, phase flux induced voltage U, of column A and three phase zero
sequence flux induced voltage Ugy, (c) When the zero-sequence flux path is not provided, phase flux
induced voltage Ua of column A and flux induced voltage U, of the frame a.
Table 3. Experimental data with and without zero-sequence pathways.
There Is a Zero-Sequence Flux Path No Zero-Sequence Flux Path
Ul/p.u. uv /A P/kw Usn/V Ulp.u. uv /A P/kw /A
0.9 206.79 1.13 0.325 2.56 0.9 207.22 15 0.373 2.8
1 230.99 1.53 0.433 3.42 1 231 7.5 0.633 21.3
1.05 241.78 2.18 0.514 3.98 1.05 243.65 21.96 1.091 71.8
2. Harmonic components of frame-separated flux with zero sequence path.

Figures 14 and 15 show the distribution trends of the 3rd, 5th, 7th, 9th and 11th
harmonic components in column A phase flux and frame a flux at 0.2~1.1 times of rated
voltage. It can be seen from the figure that the frame flux contains zero-sequence harmonic
components, mainly the third harmonic components, while the phase flux does not contain
a zero-sequence harmonic component. With the rise of the core working point, the harmonic
content rate increases continuously. The positive and negative-sequence harmonics of the
phase flux are the same as those of the frame flux, that is, the positive and negative-sequence
flux of the frame flux is 1/3 of the phase flux.

6 =
—=—3h
—— 5h
—aTh
—»— 9h

——11h

HR®/%

0.2 05 0.8 1.1
Us/p.u.

Figure 14. Variation trend of phase flux harmonic content.
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HR®/%

Us/p.u.

Figure 15. Variation trend of frame flux harmonic content.

5. Conclusions

Frame-magnetic-flux of the positive-sequence, negative-sequence component is de-
rived from the magnetic flux, and all of 1/+/3 phase flux amplitude. The positive-sequence
component of harmonic, frame flux lag phase flux 30, harmonic and negative-sequence
component points frame flux 30° phase flux in advance. The zero sequence component is
not included in the phase flux harmonics, and the points frame contained in the magnetic
flux harmonic and the higher magnetic circuit working point of the zero sequence com-
ponent contains three times more harmonic. In a certain sense, the frequency conversion
function is realized. Then, the effectiveness of the proposed scheme is confirmed through
the simulation of finite element simulation software and experimental verification.
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