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Abstract: To improve the harmonic suppression ability of multi-pulse rectifier, a 12-pulse rectifier based on zigzag

autotransformer by DC side active compensation strategy is proposed. By controlling the small capacity current inverter to

generate compensating currents and injecting the currents directly into the DC side of the system, the grid-side currents of the

rectifier can be approximated to sine wave. Using zigzag autotransformer as phase-shifting transformer can block the zero

sequence current components and reduce the equivalent capacity of the rectifying system. The study on harmonic distortion rate

of grid-side currents with the variation of the load shows that the harmonic content of the compensated rectifier decreases

significantly under various load conditions. The harmonic content of the grid-side currents of the proposed active injection

rectifier is only 1. 17% . and the equivalent capacity of the rectifier is calculated. The results show that the rectifier can not only

suppress the harmonic currents, but also have a lower equivalent capacity.
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0 Introduction

In recent years, multi-pulse rectifier technology
has been widely used in high-power rectifier'".
the 12-pulse
rectifier is the most widely used, which can eliminate
the 5th and 7th harmonics.

distortion ( THD) value of the grid-side current is

Among many multi-pulse rectifiers,
The total harmonic
about 15%™, but it cannot meet the harmonic

when the
connected to the power grid.

requirements high-power rectifier is

Increasing the number of pulses® or installing
active or passive circuits on the DC or AC sides of the
rectifying system can reduce the harmonic content of

‘). However, simply increasing

the grid-side currents
the number of pulses will increase the difficulty of
winding design and debase the accuracy of equipment
manufacturing, which leads to the deterioration of
system symmetry. The passive harmonic suppression
method on the DC side can only suppress the lower

harmonics of the grid-side currents, but helpless to
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the higher harmonics suppression and will double the
amplitude of the higher harmonics.

An active auxiliary circuit is installed on the DC
side of the 12-pulse rectifier, which can effectively
eliminate (12k,21)th harmonics as &, is any positive
integer and make the distorted grid-side current into
standard sine wave approximately"®®). In Ref. [9], an
active harmonic suppression method is adopted on the
DC side to reduce the number of switching devices

When the

matching condition of the system is satisfied, the

and make the structure more compact.

harmonics can be suppressed effectively. A current
forming method for 12-pulse rectifier is proposed in
Ref. [10], in which the rectifier has a inter-phase
reactor (IPR) on the AC side and two single-phase
boost switch converters in parallel on the DC side. By
adding boost harmonic suppression circuits on the DC
side of the multi-pulse rectifier, the &typ;» which
represents the currents of THD rate, on the grid-side
can be reduced to 1. 44% and the power factor of the
circuit can be improved™'. A compensation strategy
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based on isolated transformer multi-pulse rectifier is
proposed in Refs. [12] and [13]. Compared with the
deployment of multiple active power filters on AC
side in Ref. [13], the control strategy of three-phase
inverter used in Ref. [12] is relatively simple. A
high-power rectifier based on star phase-shifting
autotransformer is proposed in Ref. [14 ], which uses
an active IPR to eliminate the harmonic of the grid-
side current, and requires three IPRs with secondary
windings and a current-controlled inverter.

Zigzag transformer can not only be used as
grounding transformer in high voltage system""*, but
also be used as phase-shifting transformer in multi-
pulse rectifying system with the advantages of simple
structure and small equivalent capacity™®’. Due to the
unique characteristic of the zigzag phase-shifting
transformer, it can block zero-sequence currents
inside the transformer, so the zero sequence blocking
transformer (ZSBT) can be omitted in the rectifier
zigzag
equivalent capacity of the system is reduced further,

based on autotransformer'™, thus the

In our work, a zigzag 12-pulse rectifier using active
injection method on the DC side is studied. The
equivalent capacity of the rectifier can be reduced by
using zigzag autotransformer as a phase-shifting
transformer. The injected current is realized by a
single-phase inverter whose equivalent capacity is
only 2. 2% of the rated output power, which can
effectively reduce the &y of the grid-side and the
equivalent capacity of the system without changing
the system parts of original 12-pulse rectifier.

1 Structure of multi-pulse rectifier

Fig. 1 shows the schematic diagram of the zigzag
12-pulse rectifier with current injection at DC Side.
The proposed rectifier consists of the three-phase
zigzag
autotransformer, two groups of diode bridge rectifier

(DBR) I and DBR I, the IPRs and a single-phase

inverter.

voltage sources, a phase-shifting

Active auxiliary pe====occeoooooon

-
cireuit  ~*!|Single—phase inverte i
al, 1 i . ‘

- Iy j&
// \\ Lo i
[ ‘ DBR
\\\\ //“ [

— U2,

=

Zigzag 1o
autotransformer

DBRII
Fig. 1 Main circuit of zigzag 12-pulse rectifier with current

injection at DC Side

The IPRs can absorb the instantaneous voltage
difference between the two groups of DBRs, so that
the two groups of DBRs can work independently., In
addition, in Fig. 1, Z,, Z, and Z. represent the source
impedances; i, i,,» and i, represent the grid-side
currents, the currents . s s tq and 7.5 s 1o are
the three-phase input currents of the DBR [ and
DBR I, respectively. The rectifier uses the current
hysteresis-band to control the inverter to output a
specific current waveform, so that the input current
on the grid side is close to the sine wave. In Fig. 1,
iy and i, are the specific currents generated by the

single-phase inverter in the active auxiliary circuit.

2 Winding design of zigzag autotransformer

In order to make the wave number of the output
current waveform be 12, the windings of the zigzag
phase-shifting transformer need to be designed. Fig. 2
shows the voltage phasor-diagram of the 12-pulse
zigzag autotransformer. V,, Vi, V. are input phase
voltages of the transformer, V., Vii» Vo and V.,
Vi s Vo, are output phase voltages of the transformer.
The 2a is the phase-shifting angle of output voltages
of the transformer.

Vcl VI)Z
Fig. 2 Voltage phasor-diagram

The input phase voltages of the rectifier are given as
Va - V54007
Vi, = V.. —120°, (D
V. =V.,/120°,
where V, is the root-mean-square (RMS) value of

phase voltages.
Therefore, the input line voltages are

V= 3V,£30°%,
Vie = /3V,£ —90°, 2

[V = /3V,. /150",
The phase-shifting transformer of the 12-pulse
rectifier shall provide two sets of voltages with a

phase difference of 30", so a is 15° and here come

the formulas
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Va] — VLlSOs
Vg =V./—105°, (3)
Va =VA135°%

Vaz — VL - 1507
Vi =V, —135°, D
Ve, =V.105°%,

where V is the RMS value of output phase voltages of
the phase-shifting transformer.

The transformation ratio K, and K, of phase-
shifting autotransformer are set in Fig. 3. By Fig. 2,

we can get

V., = Vcosa » (5)
VEA] - K] (Vab 7Vca) 7K2Vbc9 (6)
Ve =K (Vy, — Vo) + Ky Vi (7

According to Egs. (1)—(7), we can obtain that
K,=0.333 3 and K,=0. 154 7.

Fig. 3 Zigzag autotransformer winding configuration

3 Theory of active injection

Fig. 3 shows the winding configuration of zigzag
autotransformer. In Fig. 3, currents i;, 7, and i,
represent the currents in the windings of the phase-
shifting transformer. By applying Kirchhoff's Current

Law, currents i,, ipand 7. can be expressed as

la = ia tio+i,
iy = Iy T i 1125
lc = 1la tig+iss
i1 +1i, +i3; = 0.

(8)

The balance relationship of magneto motive force
(MMF) of zigzag autotransformer is

Kliz 7K]i3 +K2ial 7K2ia2 =0,
Kll.lleig_’_Kzl‘bl*Kgl‘bl :O9 (9)

Kiiy, —Kii; + Kyiqg — Ksie = 0.
By Egs. (8) and (9), the relationship between the
grid-side currents 7,, 7,, i. and the output currents

Tals Ibis Las lwrs lps i Of autotransformer can be

calculated as

K2(ic2 7ic1 +ibl 71.]:)2

ia - ial +iaZ +

3K, ’
iy =i Rt T T e )
1
: - - K ( 2 —1 .1 7 .a
fe = i tio + é‘?{TLZ‘l =3

The relationship between the input and output
sides of the DBRs can be expressed by introducing the
switch function. Therefore, the grid-side currents
can be presented by the mapping function and the

output currents of the DBRs.

Sa () = 0. 5{signluy (1) — uq (1) ] —sign[ wy (1) —uy ()]},
Sp (6) = 0. 5{signlum (1) — wy ()] — signuq (1) —wun ()]},
Sa (1) = 0. 5{signluq (t) — wy () ] — signl um &) —ua (O]},
S () = 0. 5{sign[un (1) — ue (1) ] — sign[ wy, (1) —up ()]},
Sie (1) = 0. 5{sign[ uw (1) — up (1) ] — sign[ ue (1) —up (D]},
Se () = 0. 5{signlue (1) — wy, ()] — signlus (1) —ue (D]},

1D
where Sa] (Zf)y Sb1(f)9 Sd(f)a Saz(f>s Sbg(lf)’ Scz(lf)

are the mapping functions of phase a,, phase a,,
phase b, phase b,, phase ¢, phase c;.
The input currents of the DBRs can be expressed as

lal Sa |

iy | = | Sw |as 12
Lial  LSal
i TS,

i | = | Sz |ie. (13
Liel  LSel

Meanwhile, by applying Kirchhoffs Current Law in
Fig. 1, output currents of DBRs can be expressed as

L,
id] 2 x1
.= 14)
l:ldj Q — .
2 x2

Combining Egs. (12), (13) and (14), we can get

n

~.
%
S

Sa( % —ia)

ial | St <% i )
?j = sa(3 =) (15)

el sl i)

Lic | She <% — i )

(b
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By substituting Eq. (15) into Eq. (10), the grid-
side currents expressed by DC load current Iy and
injected compensating currents i, s i, can be written

as
) 14 ) )
1, — (A+B) ?_Alxl _le27
1, — (CJFD) (/lxl - x27 (16)
Iy . .
1. — (E"‘F) ?*Elxl *leza
where
K,
A=Sq+ -5 —Sa)s
1+3K1 bl 1

B:S +3Kl(sc) sz)v

K.
C == Sbl +37I<21(SC1 _Sal)’

D - ShZ + SKI (Sal SCZ) ’

K
E =S, +37[<21(Sal —Su >

= Se + (Sm Se).

In order to ensure the full compensation of the
rectifying system, the three-phase grid-side currents

are set as

i;. — %Idsin(a)t) ’

ih = %Lﬁiﬂ(wf _Z?Tt> ’ (17)

io = 208 sin (ot + ).

From Egs. (16) and (17),

currents iy » ipcan be expressed as

fod |:Dsmwz‘ Bsm(wt *anﬂ

the compensating

lx1 — BC*AD 3 +%Id7
(18)
203, [Asin(er —5F)=Csinta ||
e BC-AD Tyl
(19

The expression of compensating current iy is
complex and not easy to implement in practice.
Therefore, calculating Eqgs. (18) by Matlab, we can

approximately obtain the waveform of the ratio of
compensating current iy, to DC side load current I,
as shown in Fig. 4. The waveform of compensating
is the s
difference is 30°.

current 7 same as that of iy, but the phase

Under the condition of power
frequency, the waveform shown in Fig.4 can be
injected into the DC side of the rectifying system to

make the currents on the grid side closer to the sine

wave.
0.50
0.25
~
= 0
-0.25¢
-0.50 : . :
0 0.01 0.02 0.03 0.04
Time (s)

Fig. 4 Theoretical compensating waveform of iy, /I

4 Construction of active auxiliary

circuit

The single-phase inverter and the IPRs in Fig. 5
constitute an active auxiliary circuit. Combining this kind
of auxiliary circuit with zigzag phase-shiftingl2-pulse
rectifier can not only reduce the manufacturing
difficulty and winding configuration of phase-shifting
transformer, but also reduce the harmonic content of

rectifying system observably.

Vne

i PRI

Zigzag 12—pulse
DBRs

ia2 IPR2

Iy
Fig. 5 Active auxiliary circuit
In Fig.5, the output ends of the rectifier are
connected to two dotted terminals of the IPRs.
, the
single-phase inverter generates them and feed them
into the IPRs.
inductance of the inverter, Vi represents the DC

Similarly, as for compensating current 7,; and i,
In Fig.5, L, represents the filter

input voltage of the inverter, and I, represents the
load current of the rectifying system. To generate the
injection current waveform as shown in Fig. 4, we can
replace this waveform by a standard triangular wave
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as shown in Fig. 6 with a frequency of 300 Hz, that
is. a period T, of 1/300 s and an amplitude of 0. 451,.

The expressions of injected compensation currents
in Fig. 6 are given by

(o e
ia (1) =< ]’131181“’ <7 '145 kT, ”14‘0 +&T ) ’
(-2Er0.9)n, (Rawr Din),

(28 —09)n.  (zan.loxer),

1.8 (L

L AT AT ).

<_ 1,1‘082‘4’0 9)14, (3’1‘0 + kT, T, i}»’T0>
Q2D

4
(k - 091729"').

0 0.01 0.02 0.03 0.04
Time (s)

Fig. 6 Injected triangular waveforms

The Fourier series expansions of Egs. (20) and
(21) are

Jixl = 8A21d > (_nlz)Tsin(nwt) ,

T

n=1,3,5%

(22)

n—l

=Dz .

5 sinGuwt )

)

T =1.3.5-

where T, is 1/300, A is the amplitude of the 6 times
the power frequency triangular wave, which is 0. 45
here.

The total harmonic distortion rate of the currents,
which represented by &rypi»s can be expressed as

N 2
I h Z I”

Otup = 1. X 100% = ~*=2— % 100%,
1

I, (23)

where I, represents the RMS value of fundamental
current; I, represents the RMS value of total
harmonic currents.
With regard to
transformer rectifier with current injection at DC
side, calculating Eqgs. (16), (22) and (23) by Matlab

program can get that the average &pup; of grid-side in

the &tup; of zigzag 12-pulse

proposed rectifier is 1. 24% theoretically, which is

less than the 9.10%"" of conventional zigzag

12-pulse rectifier. So theoretically speaking, the
active injection strategy can significantly reduce the &
up: on the grid side of the rectifying system.

The current hysteresis-band control method is
adopted to generate the triangular waveform. This
control method is easy to realize and it is closed-loop
control with strong stability. Fig. 7 shows the control

schematic diagram of the inverter.

Triangular

° Analog  [if R PWM
wave 7 multiplier ﬂ}—’ gate driver

generator T T l l l l

id Ix S1 S, S3 S4

Fig. 7 Control block diagram of the inverter

The triangular wave generator produces a
triangular wave with 6 times power frequency and
amplitude of & 0. 45. By comparing the reference
current of multiplier with the injection current, the
difference signal is connected to the hysteresis
controller. After the hysteresis controller generates
the driving signal to drive the single-phase inverter,
the required 6 times power frequency injection
currents which can change with the load current can

be obtained.

S Validation and analysis

In MATLAB/Simulink, the simulation model of
the proposed low harmonic 12-pulse zigzag rectifying
system is established. Fig. 8(a) and Fig. 8(b) show

the  simulation model of zigzag  12-pulse
autotransformer and  the  auxiliary  circuit,
respectively.
<
<@
¢ 1+ g+3 1+ gu-—@ 1+ gu-—@
—L3E 1.3 —1.3E

e

¢

gy

Constant

(b) Active auxiliary circuit

Fig. 8 Simulation model

Under the condition of the same power supply and
same load, the proposed zigzag autotransformer

rectifier is compared with the conventional zigzag
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autotransformer rectifier. The simulation parameters
are listed in Table 1.

Table 1 Parameters for simulation
Parameter Description Value
Vi (V) RMS value of input line voltage 380
Ki:K; Turn ratios of the windings 0.3333:0.154 7
Rioad () DC load resistor 30
Lioad (mH) DC filter inductor 5
L,(mH) Inverter filter inductor 1.5
Ve (V) DC source of inverter 100
fe(kHz) Switching frequency of inverter 12
f (Hz) AC supply frequency 50
B (A) Current hysteresis band width +0.01

When the active auxiliary circuit is not working,
the main simulation results of the rectifier are shown

in Fig, 9.
=
o
5
=
g
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=
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(d) Spectral analysis of the grid-side current i,
Fig. 9 Main simulation results of the rectifier when active
auxiliary circuit is not working

Fig. 9(a) shows the current waveform on the grid
side of the system without compensating currents. It
can be seen that the waveform has been obviously
distorted. Fig. 9(b) shows the waveforms current i,
and i,. It can be verified from the figure that the
phase difference of the two waveforms is 30° to
achieve the effect of phase-shifting, indicating that
the windings design of the zigzag autotransformer is
correct, Fig. 9(c) shows the current 7, in the winding
of zigzag autotransformer. The waveforms of the
winding currents i, and i; are consistent with 7; but
the phase difference is 120°. In the case of full load,
Fig. 9(d) is the spectral analysis diagram of the three-
phase grid-side current i,,» whose &t is 12. 54 %.
Obviously, conventional zigzag 12-pulse rectifier
cannot meet the standards of IEEE-519"% and IEC
61000-3M) that the 8y shall be lower than 5%.

When the active auxiliary circuit is working, the
waveform of the current iy in Fig. 10, which is
generated by the auxiliary circuit in Fig. 8(b), is
directly injected into the DC side of the proposed
rectifier. The frequency of the current i, is the same
as that of the current iy , both of which are triangular
waves of 300 Hz with a phase difference of 30°.

Injected current iy (A)

-10 : : K : :
0.05 0055 006 0065 007 0075 0.0¢

Time (s)
Fig. 10 Waveform of current i,, injected into DC side

The injections of these two triangle waves make the
waveforms of the output current iy and iy of the two
DBRs triangular, as shown in Fig. 11(a). Although
the waveforms of the output currents of the DBRs
change after the current injection, the output
currents average values of the DC side are the same.

Accordingly, waveforms of input currents 7, , 7.
and winding current i; of the DBRs have been
improved, as shown in Fig. 11(b) and Fig. 11(c). As
can be seen from Fig. 3, grid-side current i, is
synthesized by currents i, . i, and winding current
715 so its waveform should be close to the standard
sine wave, as shown in Fig. 11(d).

According to the spectral analysis of the grid-side
in Fig. 11(e), its 17%.
Obviously, when the inverter 1is

working, the grid-side &rap; of the 12-pulse rectifying

Currentia 6'1‘111),‘ 1s 1.

single-phase

system is very small and can meet the harmonic
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requirements of IEEE-519 and IEC 61000-3.
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(e) Spectral analysis of the grid-side currenti,
Fig. 11  Main simulation results of the rectifier when active
auxiliary circuit is working

Under the condition of full load, Table 2 shows the
harmonic parameters of the grid-side currents of the
rectifying system after the injection of compensating
When no compensating currents are
injected, the average grid-side Sy is 12. 537 % which
is less than the theoretical value due to the influence

currents.

of leakage inductance of transformer windings, but

the &y cannot meet the requirements *,

Table 2 Harmonic parameters comparison of grid-side currents with or without compensating currents
Compensating Grid-side Seatms () RMS of fundamental Average of 81 (%) Harmonic components (%)
currents currents current (A) 11th 13th

1 12.536 14, 194 8. 720 6. 990

Without ip 12,537 14. 195 12,537 8. 720 6. 990
ic 12,538 14. 194 8. 720 6. 990

1, 1.168 14, 583 0. 890 0. 540

With ip 1. 156 14. 582 1. 162 0. 900 0. 540
ic 1. 163 14. 583 0. 890 0. 540

After the injection of compensating currents, the
average Orpp of three-phase grid-side currents is
1.162%. Obviously, conclusion can be drawn from
Table 2 and Fig. 11(e)
rectifier with active injection at DC side can not only
reduce the average grid-side 8ryp; » but also debase the
content of the 11th and the 13th harmonics.

After the compensation circuit is working and the
selected load values are between 10% and 100% of
the rated load, simulation is carried out to study the

that the zigzag 12-pulse

influence of various load on the grid-side currents.
Fig. 12 shows the change trend. It can be clearly seen

that the harmonic content of the grid-side currents
changes little with the load before and after current
injection. Although the grid-side &y increases when
the rectifying system is under light load, as a whole,
the harmonic content of the rectifying system after
compensation can still meet the standards"'*'’,

According to Ref. [5], the equivalent capacity of

the transformer can be calculated as

Ses = 0.5 X D Viws X Tuss » (24)

where S, represents the equivalent capacity of the

transformer; Vgus represents the RMS value of
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voltage at both ends of each winding of the

transformer; Irys represents the RMS value of the

current flowing through each winding of the
transformer.
Without compensating currents
IS5k 1
I e A
EZ 10 1
o <o
=
£ 5t With compensating currents 4
=&
0 . L . !
20 40 60 80 100
Load size (%)

Fig. 12 Trend chart of grid-side currents harmonic content

changing with load

The RMS value of currents fed to the windings of
autotransformer, IPRs and single-phase inverter can
be obtained by the simulation model. The equivalent
capacity of the zigzag autotransformer, IPRs and
inverter by computation is 23.35%, 2.11% and
2.21%
respectively, so the total equivalent capacity of the

of the output power of the load side

magnetic elements in the whole system is 27. 66 %.
To demonstrate the correctness and applicability of
constructing an active auxiliary circuit through a
small capacity inverter, the &typ and equivalent
capacity of two topologies, topology-A and topology-
B, are compared in Table 3 under the condition of

rated load, in which topology-A is the zigzag

201, topology-B

12-pulse rectifier with boost converter
is the proposed rectifier. By Table 3, the grid-side &
11 of topology-B is 1. 17%, which is less than 2.
64% of that of topology-A. In terms of the
equivalent capacity of this two rectifiers, due to the
different harmonic suppression methods on the DC
side, the winding currents of the autotransformer,
IPRs and auxiliary circuit also vary. Table 3 shows
that the equivalent capacity of topology-A is 3. 54%
higher than that of topology-B. indicating that
topology-B gets higher power density. Therefore,
the topology-B has better performance in the aspect
of the effect of the rectifying system on the grid-side

currents and the equivalent capacity of whole system.

Table 3 Comparison of parameters for different topologies

Srapi (V0) Sawe(Y0)  Swr(¥)  Scic(Y) S (X0)
A 2. 64 25.54 3. 40 2.27 31. 21
B 1.17 23.35 2.11 2.21 27.67

6 Conclusions

A zigzag 12-pulse rectifier by active injection at DC
side has been proposed. The calculation method of
the winding configuration parameters of zigzag phase-
shifting autotransformer is given. When the grid-side
currents are sinusoidal, the current waveform of
active injection compensation is analyzed. At last,
the rectifying system model is built and the
theoretical analysis is confirmed by simulation. The
conclusions can be draw as follows:

1) When the output currents of the auxiliary
circuit are triangular and their frequency is 6 times
grid frequency, the grid-side Sy, is about 1. 17%.
Hence the current harmonics are notably suppressed.

2) When the load is changed,
hysteresis-band control method used by the multi-

the current

pulse rectifier can adjust the output compensating
currents, which can restrain the increase of the
harmonics content of the grid-side current.

3) After using zigzag autotransformer as phase-
shifting transformer and using small capacity inverter
to generate compensating currents, the system
equivalent capacity is only about 27% of the load
power, which can reduce the volume and improve the

power density of rectifying system.

References

[ 1] Shahbaz K, Zhang X B, Muhammad S, et al. Compara-
tive analysis of 18-pulse autotransformer rectifier unit to-
pologies with intrinsic harmonic current cancellation. En-
ergies, 2018, 11(6). 1347.

[ 2] Meng F, Wei Y, Yang S, et al. Active harmonic reduc-
tion for 12-pulse diode bridge rectifier at DC side with
two-stage auxiliary circuit. ITEEE Transactions on Indus-
trial Informatics, 2017, 11(1): 64-73.

[ 3] Fangang M, Shiyan Y, Wei Y. Overview of multi-pulse
rectifier technique. Electric Power Automation Equip-
ment, 2012, 32(2). 9-22.

[4] Chen]J L, Li Y H, Jiang X ], et al. Control methods of
hybrid active power filter reduced its converter rating.
Transactions of China Electrotechnical Society, 2009, 24
(4): 214-218.

[ 5] Paice D. Power electronics converter harmonics: multi-
pulse methods for clean power. Wiley: IEEE Press,
1996.

[ 6 ] Araujo-Vargas I, Forsyth A J, Chivite-Zabalza F J. Ca-
pacitor voltage-balancing techniques for a multipulse rec-
tifier with active injection. IEEE Transactions on Indus-
try Applications, 2011, 47(1). 185-198.

[ 7] Hamadi A, Rahmani S, Al-Haddad K. Digital control of



LIU Jiongde, et al. / A low harmonic 12-pulse rectifier based on zigzag autotransformer by current . .. 355

a shunt hybrid power filter adopting a nonlinear control
approach. TEEE Transactions on Industrial Informatics,
2013, 9(4): 2092-2104.

[ 8 ] Rodriguez J R, Pontt J, Silva C, et al. Large current rec-
tifiers: state of the art and future trends. IEEE Transac-
tions on Industrial Electronics, 2005, 52(3) . 738-746.

[ 9] Meng F G, Yang W, Yang S. Active harmonic suppres-
sion of paralleled 12-pulse rectifier at DC side. Science in
China Series E: Technological Sciences, 2011, 54(12):
3320-3331.

[10] Biela J, Hassler D, Schonberger J, et al. Closed-loop si-
nusoidal input-current shaping of 12-pulse autotransform-
er rectifier unit with impressed output voltage. IEEE
Transactions on Power Electronics, 2011, 26 (1). 249-
259.

[11] Chen X Q, Zhao S W, Wang Y. Simulation of a kind of
active harmonic reduction 18-pulse rectifier. Journal of
Measurement Science and Instrumentation, 2018, 9(2):
160-168.

[12] Young CM, WuSF, YehWS, et al. A DC-side current
injection method for improving AC line condition applied
in the 18-pulse converter system. IEEE Transactions on
Power Electronics. 2014, 29(1): 99-109.

[13] Liu K, Cao W, YouJ, et al. Improved parallel operation
for multi-modular shunt APF using dual harmonic com-
pensation loop. In: Proceedings of 2016 IEEE 8th Inter-
national Power Electronics and Motion Control Confer-
ence, Hefei, China, 2016.

[14] Meng F G, Liu P Y, Sun Z N, et al. Active harmonic

elimination of a large current rectifier based on star-con-
nected autotransformer. In: Proceedings of 2016 IEEE
8th International Power Electronics and Motion Control
Conference, Hefei, China, 2016.

[15] Choi S, Jang M. Analysis and control of a single-phase
inverter zigzag-transformer hybrid neutral-current sup-
pressor in three-phase four-wire systems. IEEE Transac-
tions on Industrial Electronics, 2007, 54(4); 2201-2208.

[16] Singh B, Bhuvaneswari G, Garg V, et al. Pulse multipli-
cation in AC-DC converters for harmonic mitigation in
vector-controlled induction motor drives. IEEE Transac-
tions on Energy Conversion, 2006, 21(2). 342-352.

[17] Singh B, Gairola S. Pulse multiplication in autotrans-
former based AC-DC converters using A zigzag connec-
tion. Journal of Power Electronics, 2007, 7(3): 191-
202.

[18] IEEE Standard 519-1992. IEEE guide for harmonic con-
trol and reactive compensation of static power converters,
New York: Institute of Electrical and Electronic Engi-
neers (IEEE), 1992.

[19 ] International Electro-technical Commission Standard

61000-3-2. Limits for harmonic current emissions. Ge-

Commission

neva: International Electrotechnical

(IEC), 2004.

[20] Vidyasagar V' S, Kalpana R, Singh B, et al. Improve-
ment in Harmonic Reduction of Zigzag Autoconnected
Transformer Based 12-pulse Diode Bridge Rectifier by
Current Injection at DC Side. IEEE Transactions on In-
dustry Applications, 2017, 53(6): 5634-5644.,

—METERMUEBFEREND 12 BKi
ZFHEREERRS

IR AE, MR aRDE, TR, RAE!
(L 2Msgid Ry A b TR Be . HRF 2290 7300705

2. ZINZGE R SR B SR e R HO AR E A SR AL HON 220 730070)
W OE. RRZ KRR RSN GIRE Sy T — AR T B O A A M B 2 T A AL R
T o A P /N AR P AR A A AR U s R A P AL B A B AR G LU 00 R O A
DAL UAIE XY . 1l 2 58 B AR TR A4 R R AR AL T s ABELIST 17 i Ui 7y, R i R G Y S5 AU
AT 0] L B0 W A 3 i B A A A2 (L T, R P SR AF T, M B B U R G0 D 5 B 5
. T AT R T AR I AR e 1) 0 H i D 3 1A 1. 1700, H R AT BRI AR 30A

Stk

5 AE=:

WKL s A IRAME s 2T AR R AR

LIU Jiongde, CHEN Xiaogiang, WANG Ying, et al. A low harmonic 12-pulse rectifier based on

zigzag autotransformer by current injection at DC side. Journal of Measurement Science and
Instrumentation, 2021, 12(3): 347-355. DOI; 10. 3969/j. issn. 1674-8042. 2021. 03. 013



