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Abstract: A novel integrated multi-winding inductive filter converter and its filter system used in
HVDC conversion station are proposed. Specifically, the schemes include two paralleled-connected
delta filter windings with zero impedance, and the 11th and 13th tuned filtering branches are installed
at the taps. On this basis, the 5th and 7th harmonic filters are eliminated and the 5th, 7th, 11th, and
13th harmonics of the valve-side are suppressed. Moreover, the cost of the filter is reduced, and the
negative impact on the converter transformer body caused by the transfer of harmonic current is
avoided, such as vibration, noise, and harmonic loss. In this paper, first, the mathematical models of
integrated multi-winding inductive filter converter and its filter system are established. Accordingly,
the current relationships between the primary winding side and two secondary winding sides
are derived. Then, the transfer path of each characteristic harmonic current in the new system
is analyzed and discussed. Moreover, a simulation model is established to study the operation
characteristics of the system. Finally, through the designed experimental prototype, a new DC
transferring system platform is constructed to testify the operation characteristics of an integrated
multi-winding inductive filter converter and its filter system. The experimental results show that the
total harmonic distortion rate of the grid-winding current can be reduced to 4.68% only by installing
the 11th and 13th tuned filters, so the effect of active filtering is approximated realized by the passive
filtering method.

Keywords: inductive filtering converter transformer; harmonic suppression; operation characteristics;

harmonic transfer paths

1. Introduction

The traditional 12-pulse converter system is a parallel topology composed of two parts,
in which each part has two transformers with a 6-pulse converter bridge and the trans-
formers are connected by Y-Y and Y-A structure, respectively. The orders of characteristic
harmonics generated by the upper and lower bridge converter valves in the commutation
process are 611 = 1 (n is a positive integer). Therefore, the 5th, 7th, 11th, and 13th harmonics
are the main ones [1-4]. When the two sets of windings of the upper and lower bridge
converter transformer have a phase difference of 30° and the winding turn ratio is 1:1/3, the
generated 12n — 5,12n — 7-th (n is a positive integer) harmonics of bridge converter valves
are offset by the phase-shifting confluence on the grid-side. In this way, the grid-side current
of the 12 pulse converter system only contains 12n &= 1-th (n is a positive integer) character-
istic harmonics [5-11] , in which the 11th and 13th harmonic currents can be filtered by the
corresponding harmonic filters installed on the AC side. Thus, when the harmonic current
is transferred in the converter transformer, the negative impact on the converter transformer,
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such as vibration, noise, and harmonic loss, still exists [12—15]. In contrast, the inductive
filter converter transformer has a special integrated filter winding that uses zero impedance,
which can suppress harmonics on the valve-side with the corresponding tuned filter
device [16-24]. In Ref. [25], scholars analyzed the operation characteristics of an inductive
filter rectifier transformer, and its filter system applied to the industrial rectifier system. In
this study, the 5th, 7th, 11th, and 13th harmonics could be suppressed by connecting the
corresponding tuned filters on the special integrated delta filter winding. Based on this,
the 6-pulse rectifier unit could form multiple rectifier systems with different typologies,
such as a 12-pulse rectifier system, but the installation of two sets of tuned filters with the
order of 5,7, 11, and 13 will increase the volume and cost of the filter. Nevertheless, these
researchers have provided a theoretical basis for this paper.

A novel 12-pulse inductive filter converter transformer with parallel topology of
two delta filter windings is proposed for an HVDC conversion station in this paper, and
it is called an integrated multi-winding inductive filtering converter transformer here.
Specifically, the two delta windings designed with zero impedance are parallel-connected
to eliminate the 5th and 7th harmonic filters, while suppressing the harmonics on the valve-
side. Moreover, it is only necessary to install a set of 11th and 13th tuned filtering branches
at the taps to achieve the desired filtering performance. These measures greatly simplify
design and reduce the cost of the filter. The harmonic suppression method proposed in
this paper can prevent the harmonic currents generated by the rectifier from flowing into
the grid side winding of the new transformer using a unique zero equivalent impedance
design. The negative effects of the harmonic currents on the converter transformer, such as
harmonic losses, heat, noise, vibration, etc., are therefore greatly reduced, so as to the effect
of active filtering is approximated realized by the passive filtering method.

In this paper, an influence of the parallel-connected two delta windings designed
with zero impedance on the harmonic transfer characteristics is analyzed, as well as the
transfer path of each harmonic current. First, the mathematical models of new inductive
filter converter and its filter system are established. Then, the current relationships between
different windings are conducted, and the harmonic current paths and reactive power
compensation characteristics of this new system are demonstrated. Next, the operation
characteristics of the new system are simulated by software. Moreover, the experimental
prototype is designed according to integrated multi-winding inductive filter converter and
its filter system, to verify the correctness of the system.

2. Wiring Scheme of the Integrated Multi-Winding Inductive Filter Converter
Transformer and Its Filter System

Figure 1 shows the wiring scheme of the integrated multi-winding inductive filter
converter transformer and its filter system, which includes two paralleled-connected delta
filter windings.

The iron core of the integrated multi-winding inductive filter converter transformer
adopts the single-phase dual-column yoke-type structure. There are three windings on
the left and right core columns, which are grid-side winding, valve-side winding, and
filter-side winding, respectively. Two sets of grid-side windings are connected in parallel,
using star connection. Among the two sets of valve-side windings, the upper winding
of the left column is connected with the upper bridge converter valve by star connection,
and the upper winding of the right column is connected with the lower bridge converter
valve by the delta structure. Two sets of filter windings are connected in parallel, and the
filters in them are connected by the delta structure. The turn number of two grid-side
windings of the proposed inductive filter converter transformer is W; The turn number of
the valve-side winding of upper bridge with a star connection is W,. The turn number of
the valve-side winding of lower bridge with a delta connection is W3. The turn number
of both sets of filter-side windings is W;. To realize the uniform distribution of the load
current between windings on the valve-side and good operation of the 12-pulse converter
system, the turns of the delta-connected winding on the valve-side are 1/3 times that of
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the star-connected winding on the valve-side. The winding parameters of the left and
right core columns of the converter transformer are completely symmetrical. Therefore,
the short-circuit impedance parameters between the grid-side winding and the valve-side
winding of the left and right columns are consistent, expressed by Zy1,. The short-circuit
impedance parameters between the grid-side winding and the filter-side winding of the left
and right columns are Zyq3. The short-circuit impedance parameters between the valve-side
winding and the filter-side winding on the left and right columns are represented by Z,3.

Upper bridge of the integrated multi-winding
inductive filter converter transformer

Rectifier
bridge 1

Tuned filter of the 11th
and 13th harmonics

L Rectifier
bridge 11

Lower bridge of the integrated multi-winding inductive
filter converter transformer

Figure 1. Wiring scheme of the integrated multi-winding inductive filter converter transformer and
its filter system.

3. Mathematical Model of the Integrated Multi-Winding Inductive Filter Converter
Transformer and Its Filter System

The following assumptions should be made before building the mathematical model.
It is assumed that the three-phase symmetry of the AC system is an ideal sine wave with
the same frequency. The parameters of the upper and lower bridge converter valves are
assumed to be completely symmetrical. It is assumed that the parameters of the winding at
left and right column of the converter transformer are completely symmetrical. Based on
the above assumptions, the winding magnetic potentials on the left and right column are
independent of each other, and the electromagnetic relationship between the upper and
lower bridge converter transformers can be discussed separately.
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3.1. Mathematical Model of the Upper Bridge Converter Transformer and Its Filter System

Combining the wiring scheme in Figure 1 with the theory of multi-winding trans-
former [26], the voltage transfer equations for the single-phase winding of the upper bridge
converter transformer are as follows:

Uao — %Uulo = _%Ialzklz - %Ial%ﬂzl 1)
Uao — - Unses = — 1 1nZ1 — [+ s Zias-

Among them, Wy, W;, and W}, are the turn numbers of windings at grid-side, valve-
side, and filter, respectively. Z; is the equivalent impedance of winding at grid-side. Zy; is
the short-circuit impedance between windings of a grid-side and valve-side of the upper
bridge. Zjq3 is the short-circuit impedance between windings of the grid-side and filter-side.

Ignoring the excitation current of transformer core and according to the principle
of magnetic potential balance, the magnetic potential balance equation of winding at the
upper bridge inductive filter converter transformer can be obtained as follows:

, W . Wi .
I —1 —1 = 2
A1+W1 T Wl a3c3 0 ( )

According to Figure 1, the following equation can be obtained according to KVL and
KCl laws:

{ Ua3c3 = (jfa — Ifc) Zf = ﬁ€7j3002fjfﬂ 3)
I = —1In
where Z; is the fundamental frequency impedance of the tuned filter.
Substituting Equations (2) and (1) into Equation (3), there is
) VBWL e Wy . (W2Zy + W?Z3) |
Upo — —r—e PV Zeley = 2711y — L 120 4
A0 = ¢ flfa =, Z1ln WiV, a3¢3 4)

3.2. Mathematical Model of Lower Bridge Converter Transformer and Its Filtering System

Combining the wiring scheme of an integrated multi-winding inductive filter con-
verter transformer and its filter system in Figure 1 with the theory of a multi-winding
transformer [26], the voltage transfer equations of the single-phase winding of the lower
bridge converter transformer are

. W . W . W .

Uno — w2 = — w22 Zi2 — - laeaZa 5)
. W . W . W .

Uno — w Uases = — w22 Z1 — wrlaseaZias

where W;, W3, and W are the turn numbers of windings at grid-side, valve-side, and
filter, respectively. Z; is the equivalent impedance of winding at grid-side. Zjq, is the
short-circuit impedance between windings of grid-side and valve-side of the lower bridge.
7413 is the short-circuit impedance windings of the grid-side and filter-side.

When ignoring the excitation current of the transformer core, the magnetic potential
balance equation of winding at the lower bridge inductive filter converter transformer can
be obtained as presented in Equation (6) according to the principle of magnetic potential
balance:

W, L
Tao + leaza + Wlla4c4 =0 (6)

According to Figure 1, the following equation can be obtained according to KVL and
KCl laws:

{ U = (Ira = ) 2 = V3e P 241y, %
Io = Tppao — Iper = =36 Ippea

where Z; is the fundamental frequency impedance of the tuned filter.
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Substituting Equations (6) and (7) into Equation (5), there is

. BW] _imo s W W2Z, + W2Z3) .
UAo—\ngle_]30 Zelfy = —=Z1e I,Xz—( L%+ WiZ)

I
\/?:Wl W] WL a4c4

®)

3.3. Unified Mathematical Models of Bridge Converter Transformers and Their Filter Systems

The current equations flowing into the filter on the filter-side can be obtained from
Figure 1 as
Iz = _\/gej30° jﬂ3C3
ja4 = 7\/56]'30“ jH4C4 )
I fa = (o3 + Lo = —/3e30 (ja3c3 + ju4c4)

In the integrated multi-winding inductive filter converter transformer, note that the
turn number of the star-connected winding at the valve-side of the upper bridge is W, and
the turn number of the delta-connected winding at valve-side of the lower bridge is Ws.
Both satisfy the following equation:

W3
-5 =3 10
=3 (10)
Combining Equations (4) and (8)—(10), the current equation of valve-side and filter-side
can be obtained as
. 2\/§W1WLEj3OO . \@W2WL21€7300
T = Waz, W2z, + o2z, 140 T Wiz, T waz, + oWz
41+ WiZs +6WiZs p41+ WiZs +6WiZys
2v/3BW; Wy elPo . 3Wo W Z1e0 /.
_ V3 1)LL€ UAo—\[ 2 /\L 1€ (I,ﬂ—i—e*]g’o sz)

(jﬂél +e P sz)
11)

wherein A = W2Z; + WiZ3 + 6WiZy.
Substituting Equations (11), (3), and (2) into (1), the winding current equation at the
grid-side and valve-side of the upper bridge can be obtained as follows:

f oWy BSW\W,WEZZy + Z3Wi WaA 3W W, WEZ,Z,
ATyl AMW2Zy + W2Zs) TA(WEZ, + W2Z;)

e o (12)

Similarly, by substituting Equations (11), (7), and (6) into (5), the winding current
equation at the grid-side and valve-side of the lower bridge can also be obtained:

W% . 3W1W2W%Zle . 3W1W2WfoZl + Z3WiWh A

g =—LU + e ] 13
a2 = Haot YNz, T wazy) A(W2Z1 + W2Z5) 2 (1)

The current equations of the filter-side winding of the upper and lower bridges are

VAW W, 307 V3WL, W Z4 (Wng + W12Z3 + 3W12Zf) o 3\/§W12W2WLZfZ1 ‘
Iy = ———Upo — 5 5 Iy 5 52—l (14)
A A(W2Z; + W2Z3) A(W2Z; + W2Z3)
VIWNWeR | AWRWaW,ZZy . VIWaWiZi (WRZy + WEZs + 3WRZ)
lpp = ———F——Uao 5 5o~ a1 — 5 5 Lo (15)
A A(W2Z; + W2Z;) A(W2Z; + W2Z;)
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4. Transfer Characteristics of Harmonics in an Integrated Multi-Winding Inductive
Filter Converter Transformer and Its Filter System
Assuming that the power supply connected to the winding on grid-side of the trans-

former is an ideal voltage source and does not contain any harmonic, then the converter
valve connected to the winding on the valve-side can be treated as a harmonic current
source, that is:

(h

al) — (16)

To analyze the influence of the parallel topology structure of two delta filter windings
adopted by the integrated multi-winding inductive filter converter transformer on the
harmonic transfer characteristics of the system, the established Equations (12) and (13) are
also adopted. Accordingly, the harmonic characteristic equations of the grid-side winding
and valve-side winding of the proposed filter converter transformer can be obtained by
combining Equation (16), as shown in Equation (17):

h h J; h J;
i _ swlwzwfz} 17+ 2 WiwaA® 3w1w2wgz} Iz o730 1)
Al A0 (wez{ e w2 Z{") o am (wez ezl ) a2 17
3wy wyw2z M z (M 3w W w2z M 21 7y g, A () (17)
f) _ 3MWawEZZY gy SMWaWRZE 2z W) e )
w2

A2 am (wpz4wzz) T A (wez! +wpz{V)
Among them, A — W%Zih) + W12Z§h) + 6W12ZJ(,h), and # is the order of harmonic,
h=5,7,11,13,17,19...
According to Equations (11) and (14)—(16), the harmonic characteristic equations of
valve-side winding and filter-side winding can be obtained as

i _  Vamwz (W§z§h>+wlzzg’”+3wfzj§h))6]3001.(;1) N 3vaWRw W 22
a3 A (wez! w2z ol (w2zh w2z a2

h h h h li h
[0y _ SVIEWZPZY o ez (Wi wizawiz) ay (g
@ am (wazewp ) al A0 (wpz{ s w2 z{") a2

(1) ,30°

ih) _ (h) | i) VIWaWLZ) el i) 300 ()
Ly =1y’ + 1oy = — AW Ly +e 7 0y

Since inductive filtering is usually realized by using zero impedance, there is
) =nzy~0 (19)

Then, Equation (17) can be rewritten as:

(h)
3W W, Z .
i) _ () _ f i) | —j30° i(h)
i =1 = i e 20 (20)
AL 2z +6wlzz}’“)< ! "‘2)

In addition, Equation (18) can be rewritten as:

i VAW, (W2zP +awzZ{M )R Ly avaWR W,z e j——
- e
3 wi (w2zPrewzz[0) el T wy gwf 2 oWt Z) 22
2 (h) ,i30° 2 (h 25 () 300
j) _ 3VIWEWMZIRT VAW, (w22 13wz )i — -

T w (wezlrewzz0) ot w (wazlrewzzl)

() i), ) VAWaWLZ e iy sge (k)
Ifa =1y +1,, = _W%Z§}1>+6;V12Z}h) (IM +e7/ 1“2)

Assume that the DC output current of the 12 pulse converter system based on the
integrated multi-winding inductive filter converter transformer shown in Figure 1 is I;.
Taking the midpoint of the positive and negative half wave of the line current from the
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star-connected winding at valve-side of the upper bridge as the zero point of time, then the
basic expression of the line current of the star-connected winding at the valve-side of the
upper bridge is presented in Equation (22) according to the harmonic characteristics of the
three-phase full bridge rectifier circuit [16]:

. 3 . 1 . 1 . 1 . 1 .
i1 = 7\/1{1 sin wt — 5 sin 5wt — - sin 7wt + I sin 11wt + e sin 13wt

1 1 .
17 sinl7wt — — T sin19wt + . ..

2{ 3l . 2431,

wt+ ——

Z (—1) e sinnwt
n=6k+1 n (22)
k=123,...

2V31; . 231, sin nwt
= p sin wt — "

n=12k—5

2\@[,1 sin nwt Zﬁld sin nwt
_svya Z 4 Z o=

Tt n T p=12k+1 M

n=12k—7

The valve-side of the lower bridge adopts delta connection, so its line current is 30°
ahead of the one from the star-connected windings of upper bridge. Then, the expression of
the line current from delta-connected winding at the valve-side can be deduced according
to Equation (22):

&igy = %Id [sin(thr ) — Lsin5(wt+ Z) — Lsin7(wt + Z) + {rsin 11 (wt + Z)
&+5sin13(wt+ ) — & sinl7(wt+ £) — & sin19(wt + £) +.
& = 2Bl gin(wt 4+ T) + 28 ¢ (,1)k%

n=6k+1 " (23)
k=1,23,..
2430 . 24/31 sinn(wt+% 24/31 sinn(wt+
& = *gdsm(wﬂr’g) “Zn 12k—5 (n 8 f‘izn 12k— 7M
231y sinn(wt+ %
&+ f 4y e 12kil¥

In the above equation, since the fundamental wave and the 6k + 1-th harmonic are pos-
itive sequence components, and the 6k — 1-th harmonic is a negative sequence component,
the following equation can be obtained:

e 130 n& = %Id{sin[(wt +Z) = Z] = Lsin[5(wt+ Z) + Z] — Lsin[7(wt + F) — %]
&+ gy sin[11(wt + §) + §] + g3sin[13(wt + §) — £

z) - fysin[19(wt+ F) 7] +...}

&—5sin[17(wt + £) +
& = 28], [sinwt + Lsin5wt + 1 sin7wt + §; sin 11wt + 5 sin 13wt (23)

&+ sin 17wt + gy sin19wt + .|

2v/31; . 2V/31, sin nwt 2V31, sin nwt
&= =t sinwt + =Y miae 5 2+ T Lo

-7

2\/§Id sin nwt
&+ =Y ok T

By comparing and analyzing Equations (22) and (23), the following relationship can
be acquired:

1. For the harmonic current on the order of n = 12k +1(k = 1,2,3,...), there is

i) = ¢=30° (1) (24)
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2. For the harmonic current on the order of n = 12k — 5,12k — 7(k = 1,2,3, .. .), there is
I (25)
Combining Equations (20), (24), and (25), the expression of a harmonic current from

grid-side winding of upper and lower bridges is:

0, n=12k—512k—7(k=1,2,3,...)

o) — o) oww,z\"
Taf = Tpz o i, =12k 1(k=1,2,3,...)
WPz +6WPZ)

(26)

It can be seen from the above equation that, even if the filter device corresponding
to 12k — 5,12k — 7(k = 1,2,3, . . .)-th harmonic is not installed, harmonics of these orders
as the 5th, 7th, 17th, and 19th harmonics do not exist at the grid-side winding, due to the
parallel topology of two delta filters. If the 11th and 13th tuned filter devices are connected
to the filter-side winding, then there is Z}‘ ~ 0,n = 11,13. Combined with Equation (26), it
can be obtained that the winding current at the grid-side also does not contain the 11th and
13th harmonics.

5. Transfer Path of Harmonic in Integrated Multi-Winding Inductive Filter Converter
Transformer and Its Filter System

Next, the transfer path of each harmonic current will be analyzed and discussed. The
transfer characteristics of a harmonic from an integrated multi-winding inductive filter
converter transformer and its filter system are explored, and its unique advantages in
harmonic suppression are analyzed.

5.1. Transfer Path Analysis of 12k — 5,12k — 7(K = 1,2,3, .. .)-Th Harmonic Current

For the 12k — 5,12k — 7(k = 1,2,3, .. .)-th harmonic current, the following equations
can be obtained from Equations (21) and (25):

VAW, (W2Z{" 4327 ) L AW, Z (e

i — _ o—i30° j(1)
a3 wi (wzzfrewpz) T g (waz rewpz () a2
I(n) _ —j(n) _ \/§W2 (W%Z§”)+3W12Z}”))ej30° () B BﬁWfWZZ;;I)ejSOO _]'3001-(71) (27)
ad a3 w(wzzf"rewzz) e g (wRz rewiz () a2
i(n) _ () o () _
Ifa *Ia3 +Ia4 =0
Considering Z}n) > Zgn), the above equations can be changed to:
i) _ _ V3W, ,j30° (1)
T B
i(n 3W, #(n
o -
Hn H\n
Ly = -1

According to Equation (28), when the filter-side windings of the integrated multi-
winding inductive filter converter transformer use zero impedance, since the two delta
filter windings of the upper and lower bridge converter transformers are connected in
parallel, and all the 12k — 5,12k — 7(k = 1,2,3, .. .)-th harmonic currents generated by the
bridge converter valves form a closed loop in the paralleled filter windings. The transfer
path of 12k — 5,12k — 7(k = 1,2, 3, ...)-th harmonic current is shown in the figure below
Figure 2:
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W2 jm)
W al

W

Figure 2. Transfer path of the 12k — 5,12k — 7(k = 1,2,3, .. .)-th harmonic current.

Next, the mechanism of 12k — 5,12k — 7(k = 1,2, 3,...)-th harmonic suppression is
revealed from the perspective of magnetic potential balance. From Figure 2, the mag-
netic potential equation of 12k — 5,12k — 7(k = 1,2, 3,...)-th harmonic in the upper and
lower bridge valve-side windings and filter-side windings of the integrated multi-winding
inductive filter converter transformer can be obtained as below:

W Wigon _ Wayin) - Wie ™ yon  VBWae B0 sy Wie P05y o
W a2c2 W adcd W al \/gw a3 \@Wl a2 \@Wl a4
Substituting Equation (28) into Equation (29), there is
W, WL ) | W3 WL
Wi Izgl) + W1a3c3 A I+ ok Wi 15424 =0 (30)

Combining the transfer path of 12k — 5,12k — 7(k = 1,2, 3,...)-th harmonic current
in Figure 2 with Equation (30), it can be seen that a superconductivity closed-loop for
the 12k — 5,12k — 7(k = 1,2,3, . ..)-th harmonic current is formed by the two paralleled-
connected delta filters that adopted a unique zero impedance design. That is, no matter
how the harmonic flux of the closed loop of the superconductor changes, the harmonic flux
generated by the harmonic current induced by the loop will always resist this change. There-
fore, the harmonic magnetomotive force balance is achieved between the filter-side winding
and the valve-side winding at the 12k — 5,12k — 7(k = 1,2, 3, . ..)-th harmonic frequencies,
that is, Equation (30) is established, so as to eliminate the 12k — 5,12k — 7(k = 1,2,3,...)-th
harmonic magnetic flux in the core. On this basis, the grid-side winding will not induce
the harmonic current of specific harmonic frequency, which means the proposed induc-
tive filter converter transformer shields the harmonic current from its valve-side winding
to realize the isolation from the grid-side winding and AC power grid. This harmonic
control method is similar to the effect of phase-shifting and confluence elimination of the
12k — 5,12k — 7(k = 1,2,3, . ..)-th harmonic at the grid-side in the traditional 12 pulse con-
verter circuit, but it is not the same. Since the confluence here is in the filter winding
on the valve-side, the harmonic will not be transferred to the grid-side side. Thus, the
harmonic suppression near the valve-side is realized, and the negative impact of the
12k — 5,12k — 7(k = 1,2,3, .. .)-th harmonic on the transformer body in the transferring
process is reduced, such as harmonic loss, vibration, and noise.
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From the above analysis, it can be seen that the 12k — 5,12k — 7(k = 1,2,3,...)-th
harmonics can be effectively suppressed with no corresponding filtering branches if the
two delta windings designed with zero impedance are parallel-connected. That is, the
desired harmonic suppression can be realized without installing 5th and 7th harmonic
filters, which reduces the cost of harmonic treatment.

5.2. Transfer Path Analysis of the 11th and 13th Harmonic Current

To control the 11th and 13th harmonics, the corresponding tuned filter devices are
connected at the parallel tap of the delta filter winding. Then, the following equation
is established:

ZJE") ~0, n=11,13 (31)
Substituting Equation (31) into Equation (26), there is
. . QAN YACNE
i =i = i —o, n=1113 (32)

w2z + ewz!"

It can be seen from the above equation that, after connecting the 11th and 13th tuned
filter devices at the parallel taps of the two filter windings of the proposed inductive filter
converter transformer, the 11th and 13th harmonic are not included in the winding current
at the grid-side, that is, the 11th and 13th harmonic currents are suppressed. The following
contents will focus on analyzing the transfer path of 11th and 13th harmonic currents, and
deeply prompting its harmonic suppression mechanism. The following equations can be
obtained from Equations (21), (24), and (31)

1’5;) _ %iwzejam[‘o(g)
Iy ==y (33)
A R G T

According to Equation (33) and Figure 1, the transfer path of harmonic currents with
order of is shown in the Figure 3:

i M
| |

I
|
| m+
I

Tuned filter of the 11th
and 13th harmonics

Figure 3. Transfer path of the 11th and 13th harmonic current.

As can be seen from Equation (33) and Figure 3, when 11th and 13th tuned filter
devices are connected at the parallel taps, all the 11th and 13th harmonic currents generated
by the upper and lower bridge converter valves are drained to the filter circuit composed
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of filter-side windings and tuned filters. On this basis, the 11th and 13th harmonic currents
are not contained in the grid-side winding. Substituting Equations (24) and (33) into
Equation (29), there is

Moy, W Vg Mg o1
Combining the transfer path of 11th and 13th harmonic currents in Figure 3 with
Equation (34), it can be seen that a superconductivity closed-loop for the 11th and 13th
harmonic current is formed by the two paralleled-connected delta filters that use zero
impedance. That is, no matter how the harmonic flux of the closed loop of the supercon-
ductor changes, the harmonic flux generated by the harmonic current induced by the loop
will always resist this change. Therefore, the harmonic magnetomotive force balance is
achieved between the filter-side and the valve-side at the 11th and 13th harmonic frequen-
cies, that is, Equation (34) is established, so as to eliminate harmonic magnetic flux of the
same order. On this basis, the grid-side winding will not induce the harmonic current
of specific harmonic frequency, so the 11th and 13th harmonic currents can be shielded
from the valve-side winding of converter transformer. Moreover, it can realize the isolation
from the primary grid, and reduce the negative impact of 11th and 13th harmonics on
the transformer.

5.3. Transfer Path Analysis of the 3rd Harmonic Current

The 3rd harmonic has the highest content in the excitation current of the converter
transformer. The 3rd harmonic current is the zero sequence current, and the three-phase
zero sequence current has the same size and phase, and its flow path is related to the
connection group of transformer winding, including three cases. First, the three-phase
windings are often star-connected, when there is no neutral wire, the zero sequence current
cannot pass through, but it can flow in the windings when there is no neutral wire. When
the the three-phase windings are delta-connected, the windings form a closed loop for the
3rd harmonic current. In this case, the 3rd harmonic current flows in the delta-winding,
and there is no zero sequence current in the line current.

In the proposed inductive filter converter transformer, the primary winding adopts
a star connection with a neutral wire, the upper bridge windings on the secondary side
are star-connected with a neutral wire while the lower bridge winding is with a delta
connection, and the two bridges are delta-connected. Therefore, the 3rd harmonic current
will flow in each winding of the primary side and the secondary side, and will be distributed
inversely according to the impedance of the flow path.

The two filters that are paralleled-connected in the converter transformer adopt a
unique zero impedance design, and the windings in filters are connected by a delta structure.
Therefore, a superconductivity closed-loop for the 3rd harmonic current is formed. The
main advantage of this structure is that it can drain all of the 3rd harmonic current in the
excitation current to the filter winding to prevent it from transforming to the primary side.
On the other hand, it can realize the complete isolation and shielding of the 3rd harmonic
current between grid-side and valve-side. In other words, when the two load windings
on the valve-side contain the 3rd harmonic current, the 3rd harmonic current will only
be induced to the two zero impedance filter windings. The transfer path of 3rd harmonic
current in the inductive filtering transformer with two paralleled-connected delta filter
windings is shown in Figure 4.

Taking the traditional 12 pulse converter transformer as a comparison, its the winding
on the valve-side of the lower bridge is also delta-connected, but the 3rd harmonic current
will be distributed inversely according to the impedance of the flow path since impedance
is not zero. Therefore, the traditional one can only partially isolate and shield the 3rd
harmonic current, that is, part of the 3rd harmonic current in the excitation current will
be transmitted to the delta connection winding on the valve-side and part to the star
connection winding with neutral wire on the grid-side.
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Figure 4. Transfer path of the 3rd harmonic current.

6. Analysis of Simulation and Experiment Results
6.1. Simulation Model
To verify the correctness of the above theoretical analysis, the simulation model of

the integrated multi-winding inductive filter converter transformer and its filter system
corresponding to Figure 1 is established by MATLAB/SIMULINK, as shown in Figure 5.

KN
VA2 A PY pulse
] n
vB2 [ PD
vC2 Measures 1
A a2 A
b2
A = Measures: 2 s
8 a3
c b3 c
LsR1

Vs c3
M rectifier

1th and 13th

crete
5e-05s. Measures4.
a2 A

b2
2 L ds
a3p— - ?

b3 p—— c L
o3 B
Measures3 new rectifier transformer1

Figure 5. Simulation model of an integrated multi-winding inductive filter converter transformer
and its filter system.

The basic parameters of simulation model are as follows:

(1) The power supply at the AC network is a three-phase symmetrical sinusoidal power
supply with a voltage of 220 V and a frequency of 50 Hz.

(2) The integrated multi-winding inductive filter converter transformer is composed of
three converter transformers with the same structure of a single-phase dual-column
yoke-type and the same capacity of 20 KVA according to the wiring scheme in Figure 1.
The specific parameters are shown in Table 1.
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(3) DCrated voltage Ud = 1000 V, rated current Id = 100 A, rated power Pd = 100 kW, a
rectifier adopts three-phase fully controlled bridge, and smoothing reactor Ld = 9 mh.

(4) To suppress the 11th and 13th harmonics, the parameters of a tuned filter adopted by
the inductive filter converter transformer with parallel topology of double delta filter
windings, and its filter system are shown in Table 2.

Table 1. Rated parameters of the novel single-phase inductive filter converter transformer.

Rated Parameters

Capacity /kVA 20
Voltage (grid-side/filter-side /valve-side with star connection)/V ~ 219.39/380/219.38
Voltage (grid-side/filter-side/valve-side with delta connection)/V 219.39/380/380
Current (grid-side/filter-side/valve-side with star connection)/A  91.16/21.05/91.16
Current (grid-side/filter-side/valve-side with delta connection)/A  91.16/21.05/52.63
Frequency/Hz 50
Number of phases Single phase

Table 2. Basic parameters of the inductive filter device with a double tuning structure.

Series Section Parallel Section
Filter Type
Capacitor/uF Reactor/mH Capacitor/uF Reactor/mH
DT11/13 416.3 0.17006 14895 0.004757

6.2. Analysis of Simulation Results

According to the simulation model established in Figure 5, a comparative simulation
analysis on transfer characteristics of harmonic for the proposed filter converter transformer
is made, and it is carried out under the following three working conditions. Working
condition 1: two delta filter windings are not parallel-connected and the filters are not put
into use. Working condition 2: two delta filter windings are parallel-connected, and the
filters are not put into use. Working condition 3: two delta filter windings are parallel-
connected, and the 11th and 13th filters are put into use.

Figures 6-8 show a waveform and frequency spectrum of winding current from valve-
side and grid-side on the columns of converter transformer under three working conditions.
As can be seen from Figure 6, under working condition 1, the winding current waveforms
at the grid-side and valve-side of converter transformer are similar and seriously distorted,
and the total harmonic distortion rate is as high as 23.01%. This shows that, under condition
1, all harmonic currents generated by the converter valve are freely transferred through the
transformer. However, in Figure 7, under condition 2, when two delta filter windings are
parallel-connected and the filters are not put into use, the winding current at the valve-side
is still seriously distorted, but the winding current waveform at the grid-side has been
greatly improved, which is approximately the sine wave. Through FFT analysis, it can
be seen that the content of 5th, 7th, 17th, and 19th harmonic currents, that is, the content
of the n = 12k — 5,12k — 7-th harmonic is low, the content of 11th and 13th harmonics
is still high, and the total harmonic distortion rate is 8.05%. This shows that the parallel
connection of two delta filter windings can suppress the n = 12k — 5,12k — 7-th harmonic.
This conclusion is consistent with the previous theoretical analysis about the transfer path
of harmonic, and the proposed topology will save the cost of 5th and 7th harmonic filters.
In Figure 8, under working condition 3, the waveform at the valve-side is still seriously
distorted due to the commutation characteristics of the converter, but the winding current
waveform at the grid-side is sinusoidal, and the total harmonic distortion rate is 0.64%.
The FFT analysis shows that the 5th, 7th, 11th, 13th, 17th, and 19th harmonics have been
effectively suppressed, so the harmonic content is very low. This means that the parallel
connection of two delta filter windings can suppress the 5th, 7th, 17th, and 19th harmonics,
and the use of the 11th and 13th filter can better suppress the corresponding harmonic, it is
also consistent with the previous theoretical analysis.
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Figures 9-11 show waveform and frequency spectrum of winding current from valve-
side and grid-side on the right column of the converter transformer under three working

conditions, respectively.
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Figure 11. Waveform and frequency spectrum of the winding current from the valve-side and

grid-side on the right column of the converter transformer under working condition 3.

From the simulation results, it can be seen that the current waveforms of the grid side
and valve side windings of the right column converter transformer are different when
using YDD connection and YYD connection. However, after FFT analysis, it is found that
the main characteristic subharmonic contents of the left and right columns with different

connection modes are basically the same.
Table 3 shows the simulation calculation results of fundamental current and 3rd, 5th,
7th, 11th, 13th, 17th, and 19th harmonic currents of grid-side and valve-side windings of
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the inductive filter converter transformer with parallel topology of two delta filter windings
under three working conditions.

Table 3. Simulation results of winding current at the grid-side and winding current at the valve-side
of the integrated multi-winding inductive filter converter transformer

Current Amplitude/A

Bridge Working Condition ~ Winding 19 THD/%

1 3 5 7 11 13 17

working condition 1

grid-side 10696 0.05 1946 1264 6.06 4.07 189 136 2294
valve-side 106.63 0.05 19.46 1264 6.06 4.07 189 136 23.01

Upper bridge  yorking condition 2 grid-side 108.01 0.02 021 013 699 484 003 001 805
YYD valve-side 1077 0.03 20.11 134 699 485 254 1.83 24.06
working condition 3 grid-side 1168 0.02 021 009 005 003 003 001 064

valve-side 110.1 0.03 21.0 1428 8.02 572 344 262 2516

working condition 1 grid-side 10698 0.06 1942 1263 603 404 191 135 22.89

valve-side 6159 0.03 1121 729 348 233 110 078 2295

Lower bridge  yorking condition 2 grid-side 10796 0.02 020 006 699 484 005 001 805
YDD valve-side 62.18 0.03 11.6 774 403 279 148 1.04 24.06

working condition 3

grid-side 11684 0.02 021 013 0.05 0.03 005 0.01 0.65
valve-side 63.6 0.03 1211 824 47 328 196 148 25.1

6.3. Analysis of Experiment Results

A prototype of integrated multi-winding inductive filter converter transformer is
designed and manufactured to verify the correctness of the proposed theoretical analysis.
The harmonic suppression characteristics are experimentally studied according to the
original DC transmission platform in the laboratory. The instrument used for the test is
power quality analyzer HIOKI3196. Figure 12 shows the wiring diagram of experiments.

The converter controller Power quality analyzer Converter tyansformer Inductance Capacitance

The converter device Novel inductive filtering converter transformer Filtering device

Figure 12. Wiring diagram of experiment for the integrated multi-winding inductive filter converter
transformer.

In Figure 13, the measured waveform of winding current at the grid-side of the induc-
tive filter converter transformer under three working conditions are presented. Moreover,
Table 4 and Figure 14 shows harmonic content in measured current at grid-side winding
under three working conditions.
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Figure 14. The histogram of harmonic content in measured current at the grid-side winding of the
inductive filter converter transformer under three working conditions.
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Table 4. Harmonic content in measured current at grid-side winding of the inductive filter converter
transformer under three working conditions.

Harmonic Content in Winding Current at Grid-Side/(%)

Working Condition 5 - a 13 THD/(%)
working condition1 2123 10.64 6.69 443 25.58
working condition2  3.62 296 7.15 4.62 10.46
working condition3 235 224 0.67 0.75 4.68

According to Table 2 and the comparative analysis of Figure 13a,b, when two delta filter
windings are connected in parallel without filter, the n = 12k — 5,12k — 7-th harmonic in
the grid-side winding of converter transformer is suppressed, which significantly improves
the waveform. The 5th and 7th harmonic contents are reduced from 21.23% and 10.64%
to 3.26% and 2.96%, respectively, and the total harmonic distortion rate is reduced from
25.58% to 10.46%. As shown in Figure 13c, when two delta filter windings are connected in
parallel and connected to 11th and 13th tuned harmonic filters, the winding current on the
grid-side is approximately sine wave, and the total harmonic distortion rate is reduced to
4.68%, which is consistent with the previous theoretical analysis results.

7. Conclusions

For problems such as harmonic suppression and reactive power compensation that
occupied an important position in the field of AC and DC power conversion, an integrated
multi-winding inductive filter converter and its filter system used in HVDC conversion sta-
tion were studied in this paper. The mathematical model of inductive filtering transformer
with two paralleled-connected delta filter windings and its filter system were established.
The current relationships between different windings were derived, and the harmonic
current paths and reactive power compensation characteristics of this new system were
demonstrated. In addition, the system simulation model was established and the physical
platform of the system was built. The following conclusions could be drawn through
the experiment.

(1) Inthe proposed system, the parallel connection of two delta filter windings with zero
impedance could change the transfer path of harmonics, so that all the
12k — 5,12k — 7(k = 1,2,3,...)-th harmonic currents generated by the upper and
lower bridge converter valves formed a closed loop in the two parallel filter windings.
On this basis, it could prevent the 12k — 5,12k — 7(k = 1,2, 3, .. .)-th harmonic from
transferring to the grid-side winding, and the 5th and 7th harmonic filters could
be eliminated while the corresponding harmonics could still be suppressed, which
reduced the harmonic treatment cost.The experimental results show that the total
harmonic distortion rate of the grid-winding current can be reduced to 10.46% when
two delta filter windings are parallel-connected, and the 11th and 13th filters are not
put into use.

(2) The 11th and 13th tuned filter branches that connected at the parallel taps of two
delta filter windings could drain all the corresponding harmonic currents to the filter
circuit. Therefore, the 11th and 13th harmonic currents were not contained in the
grid-side and were shielded from the valve-side winding. It realized the isolation of
harmonic current from grid-side winding and AC power grid, as well as the reduction
of the negative impact of 11th and 13th harmonics on the transformer body in the
transferring process, such as harmonic loss, vibration, and noise. The experimental
results show that the total harmonic distortion rate of the grid-winding current can be
reduced to 4.68% when two delta filter windings are parallel-connected and the 11th
and 13th filters are only installed, so as the effect of active filtering is approximated
realized by the passive filtering method.
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(8) Due to the zero impedance and delta connection of windings in the two paralleled-
connected filters, a superconductivity closed-loop for the 3rd harmonic current was
formed. The advantages of this structure were specifically reflected in two aspects.
First, it could drain all of the 3rd harmonic current in the excitation current to the filter
winding to prevent it from transferring to the primary side. On the other hand, it could
realize the complete isolation and shielding of the 3rd harmonic current between grid-
side and valve-side. In other words, when the two load windings on the valve-side
contained the 3rd harmonic current, the 3rd harmonic current would only be induced
to the two zero impedance filter windings. For the traditional 12 pulse converter
transformer, although the winding on the valve-side of the lower bridge was also
delta-connected, the 3rd harmonic current would be distributed inversely according
to the impedance of the transfer path since impedance was not zero. Therefore, it
could only partially isolate and shield the 3rd harmonic current.
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