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Abstract: To reduce the current harmonics on the input side of a multi-pulse rectifier, this paper
proposes a low harmonic current source series multi-pulse rectifier based on an auxiliary passive
injection circuit at the DC side. The rectifier only needs to add an auxiliary passive injection circuit on
the DC side of the series 12-pulse rectifier, which can change its AC input voltage from 12-step waves
to 24-step waves. We analyzed the working mode of the rectifier, optimized the optimal turn ratio of
the injection transformer from the perspective of minimizing the total harmonic distortion (THD)
value of the input voltage on the AC side, and analyzed the diode open circuit fault in the auxiliary
passive injection circuit. Test verification shows that, after using the passive harmonic injection circuit,
the THD value of the input voltage of the AC side of the rectifier is reduced from 14.03% to 4.86%.
The THD value of the input current is reduced from 5.30% to 2.16%. The input power factor has been
increased from 98.86% to 99.83%, and the power quality has been improved.

Keywords: series multi-pulse rectifier; auxiliary circuit; passive harmonic injection; current source
type; semi-physical test

1. Introduction

In the industrial field, multi-pulse rectifiers are widely used due to their simple
structure, high reliability, and system robustness [1-3]. However, due to the use of a
large number of nonlinear devices, many harmonics are generated, resulting in harmonic
pollution of the utility grid [4-6]. How to reduce the harmonic pollution generated by
multi-pulse rectifiers has therefore become an important research topic at present [7-10].

Multi-pulse rectifiers are often used as current converter units and are categorized into
two main types—series and parallel—on the basis of the different methods for connecting
rectifier bridges [11,12]. Parallel rectifiers have problems such as unbalanced output current,
complex autotransformer winding structure, and no isolated DC or AC sides, which greatly
limits their application [13-15]. Series rectifiers have the advantages of simple circuit
structure and strong overload capacity. They are often used in high-power rectification
applications [16]. Among them, the series 12-pulse rectifier is commonly used because
of its simple winding configuration, but its input current still contains a large number of
12n £ 1st order harmonics. The total harmonic distortion value of the input voltage is
greater than 10%. Generally speaking, the total harmonic distortion rate of the voltage
in industrial and commercial power systems should not exceed 5%. Therefore, the series
12 pulse rectifier cannot meet the requirements of the IEEE519 harmonic standard [17]. In
order to effectively suppress the input current harmonics of the series 12-pulse rectifier,
several methods have been proposed. The first method is to install passive and active
filters on its AC side to inject current to compensate for the harmonics input current of
the rectifier [18]. The passive filters are easy to implement and cost-effective, but can
only compensate some low harmonics. The source filter has a good harmonic inhibitory
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effect, but its control is complex and not cost-effective. The second method is to reduce
the input current harmonic by introducing active devices on the DC side of the 12-pulse
rectifier in series [19]. Literature [20] used a multi-pulse rectifier based on an active PWM
current source and, by adding a half-bridge inverter power supply with less power, the
generated frequency-specific triangular current can be injected into the DC side, which
serves the purpose of eliminating the harmonics of the grid current. These methods can
effectively reduce the input current harmony, but the current stress and switching loss of
the source switch are large. The third method is to increase the number of pulses in the
multi-pulse rectifier, which is obtained in the literature [21-23] by further increasing the
number of phase shifter transformer voltage phases. The input current THD is reduced
by half compared to the series 12-pulse rectifier. However, the phase shifter transformer
structure is becoming more and more complex, which is not favorable for transformer
manufacturing. In addition, multiple winding interactions increase material utilization.
Literature [24-28] used auxiliary non-passive circuits on the DC side of the rectifier for
harmonic suppression without increasing the structural complexity of the phase-shifted
transformer; however, the theoretical value of the voltage harmonic distortion rate on the
AC side is high and there is still room for improvement. Literature [29] came up with a
series 24-pulse rectifier based on the DC-side passive voltage harmonic injection method.
The rectifier can produce the DC side of the rectifier by adding the injection circuit to the
DC side and through the injecting transformer, thereby generating six times the harmonic
power grid voltage frequency, meaning the rectifier can change the input voltage from the
12th stage to 24. Nevertheless, the injection transformer contains a central tap and has a
more complex structure.

To sum up, this paper proposes a current-source type series 24-pulse rectifier based on
auxiliary passive injection at the DC side. This method injects a specific frequency voltage
into the rectifier through an auxiliary circuit so that the input voltage is changed from a
12-step to a 24-step wave, which greatly reduces the harmonic content of the input current
on the AC side and improves the power factor. The validation results show that, after using
the auxiliary passive harmonic injection circuit, the THD value of the rectifier input current
is only 2.16%, which has good harmonic suppression capability. The input power factor
rises to 99.83%, which improves the power quality. The system robustness is enhanced,
and when the auxiliary passive harmonic injection circuit fails, the rectifier’s rectification
effect is still better than that of the traditional 12-pulse rectifier, and the anti-interference
capability is strong.

2. Materials and Methods
2.1. Topology Analysis

Figure 1 shows the topology of the current-source type series multi-pulse wave rectifier,
based on an auxiliary passive injection circuit proposed in this paper. In Figure 1, the power
supply is a set of three-phase AC voltage sources of phase differences 120°, denoted
as Uy, Up, and U.. The inductance Ls on the AC-side are connected in series with the
voltage sources, and the rectifier can be equated to a current-source-type converter. A large
capacitance filters the DC-side to satisfy the C; = Cy= C, and the load voltage, denoted as
ug, has a very small ripple, which can be equated to a constant voltage load.

An auxiliary passive harmonic injection circuit (APHIC) is connected to a series
12-pulse rectifier. The proposed 24-pulse rectifier consists of a series 12-pulse rectifier and
an APHIC, which includes an auxiliary single-phase transformer (AST) and an auxiliary
single-phase full-bridge rectifier (ASFR). The ASFR consists of diodes D1, Dy, D3, and Dy in
parallel, and its output is connected in parallel with the three-phase rectifier bridge Recl,
which is a unique structure that helps to reduce the voltage and current stresses on the
ASFR. The ASFR extracts a specific square wave voltage from the DC side of the rectifier
and injects it into the output of the three-phase rectifier bridges Recl and Rec2, to modulate
and increase their output voltage states. Under the action of APHIC, the number of output
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voltage levels increased, which increases the net-side input voltage waveform to a 24-step
waveform by the transformer phase-shifted superposition principle.
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Figure 1. The topology of the proposed rectifier.

Figure 2 shows the winding diagram of a phase-shifting transformer. In the figure,
the two three-phase transformers are star-delta and star-star structures, respectively. The
number of turns in the primary winding of the transformer are recorded as N, and N, and
the number of turns in the secondary winding are N1 and N;. The turn ratio relationship in
Figure 2 satisfiesk; = Ny : Na = v/3:1,kp = Ny : Nyg = 1: 1.
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Figure 2. Structure of transformer.

The output end of the phase-shifting transformer is connected to the two three-phase
rectifier bridges, respectively, and the input end is connected to the inductance. The series
structure of the two three-phase rectification bridges solves the problem of the imbalance
of current and doubles the output voltage.

Figure 3 shows the AST winding structure of an auxiliary single-phase transformer.
The number of turns of the primary and secondary side windings are Ns and Ny, re-
spectively, and the corresponding terminal voltages and currents are us, uq, and is, ig,
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respectively. The primary and secondary winding turns ratio is defined as m and is ex-
pressed as follows:

L (1)
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i Y
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Figure 3. Structure of AST.

2.2. Operating Modal Analysis of APHIC

The 24-pulse rectifier mentioned in this paper is a current source type converter, so
two sets of three-phase rectifier bridges can be equivalently replaced by current source;
according to the turn ratio relationship and connection method of the transformer, the two
current sources are a 6-pulse current with the same average value and the instantaneous
phase difference of 30° (denoted as iRec1, iRec2), as shown in Figure 4.
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Figure 4. Output current of rectifier bridges.

According to Figures 1 and 4, it can be seen that the primary winding current iy of
AST is 6 times the frequency of AC. The analytical process considers the diode conduction
loss, and records the forward conduction voltage drop of the diode as Uy. Equating the
two three-phase rectifier bridges as two current sources, two modes of operation of the
passive harmonic injection circuit can be obtained. The circuit diagrams in different modes
are shown in Figure 5.
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Figure 5. The working mode of APHIC.

Mode 1: In Figure 5a, ix > 0 when iRec1 < fRec2 is obtained according to Kirchhoff’s
current law (KCL), it can be obtained that

iRec2 = IRec1 + X )

Work mode 1 under ix and us associated, then us > 0, uq > 0, diodes D; and Dy off,
ip1 = ipg = 0, Dy, and D3 conduction, ipy = ip3 > 0, at this time passive harmonics injected
into the primary side of the transformer winding voltage ucp can be shown as

1
ugp = mig = m(uo +2Uy) 3)
As the current difference between igec1 and irecp decreases, iy decreases to zero, oper-
ating mode 1 ends, and the rectifier’s operating state switches to operating mode 2.
Mode 2: In Figure 5b, ix < 0 when iRec1 > irec is obtained according to Kirchhoff’s
current law (KCL), it can be obtained that

iRecl = iRecZ + Z.X (4)

The ix direction is non-associated with us under operating mode 2, then us <0, uq <
0, diodes Dy and Dy conduct, ip; = ipg > 0, D, and D3 turn off, ipp = ipg = 0. At this time,
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passive harmonics injected into the transformer primary-side winding voltage ucp can be
expressed as

1
ugp = —miug = —m(iuo +2Uy) (5)
As the current difference between irec; and irec2 peaks, iy continues to decrease,
operating mode 2 ends, and the rectifier operating state cycle switches to operating mode 1.
As a result, the passive harmonics injected into the primary side of the transformer will

generate a square wave voltage at 6 times the grid voltage frequency with an amplitude of
ugp, as shown in Figure 6.
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Figure 6. Working waveform of rectifier.

2.3. Operating Characteristics Analysis of Rectifier

Based on the above analysis of the operating modes of the passive harmonic injection
circuit, the formation and theoretical values of the 24-step waveforms of the input voltages
(an, Upn, Ucen) on the AC side are given here, and the optimum turn ratios of the passive
harmonic injection transformer are designed accordingly. For simplicity, the 24-step voltage
formation process of u,, in the case of mode 1 is analyzed separately.

2.3.1. 24-Step Voltage Formation Process

The midpoint P of the capacitor on the DC side is selected as the reference point. The
two sets of three-phase windings with the rectifier bridges Recl and Rec2 are noted as Al,
B1, C1, and A2, B2, C2, and the voltages between them and the reference points P and G are
noted as u Alps UB1p, UC1p and Uazp, UBap, UC2p, UA2G, UB2G, UC2G, Tespectively. According
to the phase-shifted transformer in Figure 1 and the winding structure and turns ratio
relationship, the following relationship exists between its phase shifter transformer input
voltage 5y and the phase shifter transformer secondary side voltage (#a1c1, UA2n2)

1
Uan = Uaay + Uagn = %Mma + Uarn2 (6)

From the above Equation (6), it can be seen that the input voltage ua, of the phase
shifter transformer can be obtained from the phase shifter transformer secondary side
voltages ua1c1 and uazny; therefore, only the secondary side voltages uajc; and uaony are
required. From Figure 1, the following can be obtained

ua2p = Upg +ugp = Fug + (1+2m)Uy
Uupop = Upy + upp2 = 3o + Ug 7)
ucop = Ucog + ugp = Fug + (1 +2m)Uy

The voltages between the coupling points A2, B2, C2, and the neutral point n2 of the
star-type three-phase winding are denoted as ta2n2, UBpn2, and uconp, respectively, and
satisfy the following relationship in the equilibrium state

UA2 + UB2n2 + UCon2 = 0 8)
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From Kirchhoff’s voltage law, we get

UA2n2 = UA2P — Un2P
UB2n2 = UBQP — Un2P )
UCon2 = UC2p — Un2P

Combining Equations (7)—(9), it is obtained that

u +u +u 2m+1 dm + 3
tnap = A2P 1;)21’ C2P _ - 1o + - Uy (10)

Substituting Equation (10) into Equation (9) yields

m—1 2m
— 11
G up + 3 Ug (11)

UA2n2 =

According to the working principle of the circuit, the following can be obtained

u
Ualp = UClp = ?0 —Ug (12)

From Kirchhoff’s voltage law, it can be expressed that

ualCc1 = Ualp — tcip =0 (13)

Finally, according to Kirchhoff’s voltage law and electromagnetic induction principle,
the input voltage uan on the AC side can be obtained by bringing (11) and (13) into (6), as
shown in Equation (14).

1 m—1 2m
Uan = Uaa, T Uagn = %uMCl + Upm2 = T”O + 7Ud (14)

Similarly, the stepped wave value of u,, in other modes can be obtained. Figure 7
shows the theoretical waveform of the AC input voltage ua, in one power supply cycle,
and the level values of each step are expressed in Table 1.

rr— Y
1 3 U,
I u,
e
N 4
~ 0o : —I_l
0 @ T QO+ 27

Figure 7. The theoretical waveform of AC side input voltage.
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Table 1. Voltage levels of u,p.

NO. of uyn Value of un
ui ”’T‘Huo — ZTmud
Up mT71u0 + %Ud
us mTiluo
ug Loy, . 252m
Us 17Tm1/£0 — %Ud
Ug 17Tmu()

2.3.2. Optimal Turns Ratio Design of AST

From Figures 1 and 5, it can be seen that the operating modes of APHIC are determined
by the injected current ix and the AST primary voltage, which depends on its turn ratio and
secondary voltage. To ensure that the rectifier system proposed in this paper operates in a
24-pulse wave rectification state, this part of the AST turn ratio is optimized and designed.

To minimize the total harmonics distortion of input voltage on the AC side, the value
of uan is related to the turn ratio m of the AST from the expression of uay, in Table 1.

Combining Figure 7 and Table 1, the RMS value U,, of the input voltage 1, on the
AC side, and the fundamental voltage amplitude Us, can be calculated

1 T
Unn =/ 7 /O 12, dt (15)

43 o+ Ug
m

Us=——[(5 - V3)ug + (4 —2v3)Uy +2(V6 - 3) ] (16)

The input voltage THD on the AC side can be expressed as Ty, and
U2 — U2
Ty = V2Uan = Us (17)
Us

The total harmonics distortion value of the input voltage u,, at the AC side can be
obtained by substituting the expressions of Uan, as well as the Ug into Equation (17). The
variation of the THD value of u,, with AST turns ratio m is shown in Figure 8.

14
6
‘\ [ ——— /’
) D7) i e it Soitn P b
9 \ 4.86
510 4
& 1.9 2 202 | 21 2.2
G 4 —1
> 8
o
=
6 /

___________ N

(2.02,4.86) -

Turns ratio m

Figure 8. Relationship between input voltage THD and turn ratio m.
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3. Verification and Analysis

In order to verify the above theoretical analysis, this section builds the rectifier model
proposed in this paper on Matlab 2020b/Simulink software, and simulation verification
and analysis are carried out. It is tested in the Shanghai of China Far Wide Energy Starsim
Hardware In the Loop (HIL) test system, which is shown in Figure 9 as the HIL test platform.
The simulation and experimental parameters of the proposed rectifier are shown in Table 2.

Figure 9. Test platform of HIL system.

Table 2. Experimental parameters.

Parameter Name Value
The input phase voltage, Um 380V
Inductances, Ls 20 mH
The turn ratio, kq, k k1 =1.732:1,ky, = 1:1
The turn ratio, m 2.02
Capacitors of C1(Cy) 3300 uF
Resistive load, R 50 Q)
Inductance load, L 20 mH
Frequency 50 Hz

3.1. Verification of Rectifier Operating State under Resistive Load

The waveforms and their spectrum of the input voltage ua, on the AC side of the
rectifier when the APHIC is not operating and when it is operating under resistive load
are given in Figure 10. It can be seen that the rectifier operates in the 12-pulse rectifier
state when the APHIC does not work, and the total harmonics distortion value of the
input voltage is 14.03%, which contains a great number of 12 £ 1th harmonics. When the
APHIC works, the number of input voltage steps increases from 12 to 24, and the rectifier
operates in the 24-pulse state, and the THD value of the input voltage at the AC side of
the rectifier is reduced from 14.03% to 4.86%. It can be seen that the input voltage #an
under the action of the APHIC contains the 24n 4 1th harmonic, which is in line with the
operating characteristics of the 24-pulse rectifier and is consistent with the results of the
theoretical analysis.
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Figure 10. Experimental results of input voltage and its spectrum under the resistance. (a) APHIC
not working; (b) APHIC working.

The waveforms of the input current i,, and the AC side of the rectifier and its spectrum
when the APHIC is not operating and when it is operating are shown in Figure 11. It can be
seen that, after accessing the auxiliary passive harmonic injection circuit, the input current
of the rectifier is closer to a sinusoidal waveform, the THD value is reduced from 5.3% to
2.16%, and the harmonic suppression capability is improved.
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Figure 11. Experimental results of input current and its spectrum under the resistance. (a) APHIC
not working; (b) APHIC working.

The waveforms of voltage ugp and current ix of the AST primary winding are shown
in Figure 12. In the figure, the AST primary winding voltage ugp is a 6-fold square wave,
the primary current ix = irgcrz — irec1, the current waveform is a triangular wave, and
there are two operating modes of the APHIC.
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Figure 12. Experimental results of AST under the resistance. (a) Primary side voltage. (b) Primary
side current.

The waveforms of the rectifier load voltage ug, as well as the load current iy, are
given in Figure 13. The figure shows that the ripples of both the load voltage and load
current are tiny, the current iy is 9.3 A, the voltage 1 is 463.7 V, and the load power is
about 4312 W. Due to the influence of the large capacitance on the DC side, the load current
and voltage are kept constant. The input power factor of this rectifier is improved from
98.86% to 99.83% after adding an auxiliary passive harmonic injection circuit. Therefore, the

rectifier proposed in this paper can improve the power quality with a significant harmonic
suppression effect.

RIGOL T'D R oo ot i F B 3zeu
&l

Up:463.71V

io:9.35A

¥ TR e

-

ILH 1~ kel CH2= 2.8y Time 58.80ns @558 .0ns

Time: 50ns/div

Figure 13. Load voltage and its current under the resistance.

3.2. Verification of Rectifier Operating State under Resistive Inductive Load

Figure 14a indicates the waveform of the input voltage on the AC side of the rectifier
under resistive inductive load conditions. The AC-measured input voltage is a 24-step
waveform with a THD value of 4.88%. The simulation results of load current iy and load
voltage up under resistive inductive conditions are shown in Figure 14b.
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Figure 14. (a) Input voltage under the RL loads; (b) Load current and its voltage under the RL loads.

As seen in Figure 14, the basic characteristics of the proposed rectifier remain consistent
when the load is a resistive load and a resistive inductive load, indicating strong load
applicability of the rectifier.

3.3. Analysis of Rectifier Fault Tolerance during APHIC Diode Open-Circuit Failure

In this section, open-circuit faults of diodes in passive harmonic injection circuits are
analyzed as well as simulated and verified. They are divided into the following two fault
states: (1) open-circuit failure of any diode D1-Dy4 (D is analyzed as an example); and (2)
open-circuit failure of all diodes D1, D5, D3, and D;.

Figure 15 shows the plots of ugp for two open-circuit fault statuses, respectively.
Figure 16 gives the waveforms of the input voltage 1., on the AC side of the rectifier under
two fault conditions. From the figure, it can be seen that in the fault (1) state, the rectifier
input voltage is approximated as an 18-step wave with a THD value of 8.21%. In the fault
(2) state, the rectifier input voltage is restored as a 12-step wave, but its THD value is 10.55%,
which is lower than the THD value of the traditional 12-pulse rectifier input voltage.

200+

ucer(V)

—200f

0.23 0.24 0.22 0.23 0.24
Time Time

(a) (b)

Figure 15. Waveform under open circuit fault state. (a) Open circuit fault status (1); (b) Open circuit
fault status (2).

Therefore, the rectifier proposed in this paper has good fault tolerance in the state of
a diode open circuit fault, and its robustness is also stronger, making it more suitable for
medium and high voltage situations.
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Figure 16. Waveform under an open circuit fault state. (a) Open circuit fault status (1); (b) Open
circuit fault status (2).
3.4. Comparison of Different Harmonic Suppression Methods
In this part, the proposed harmonic suppression method is compared and analyzed
with other rectifiers with different harmonic suppression methods on the DC side, in terms
of comprehensive harmonic suppression performance, number of auxiliary diodes, and
type of injection transformer. The comparison of key parameters under different harmonic
suppression methods of the rectifier is given in Table 3.
Table 3. Comparison of key parameters of different harmonic suppression methods.
. Number of Types of Injected
Topology Pulse Number THD (#1an) THD (ia) Auxiliary Diodes Transformers
No injection circuit 12 14.04% 5.30% 0 —
Literature [28] 24 7.52% - 4 One single-phase
transformer (no taps)
. o o One single-phase
Literature [29] 24 3.34% 2.65% 2 transformer (with taps)
. o o One single-phase
Literature [30] 24 4.45% 2.51% 2 transformer (with taps)
. o o One single-phase
This paper 24 4.86% 2.16% 4 transformer (no taps)
Literature [31] 36 4.61% _— 6 Two single-phase

transformers (with taps)

Compared with the rectifier without an injection circuit, the rectifier proposed in this
article has better harmonic suppression ability. The input voltage on the AC side has
changed from 12-step waves to 24-step waves, which greatly reduces the THD value of
the input voltage and current on the grid side. Compared with the harmonic suppression
square wave in literature [28], the number of auxiliary diodes used and the type of injection
transformer are the same. Still, the proposed rectifier in this paper improves the power
quality, reduces the rectifier AC-side harmonics, and doubles the output voltage, which
is suitable for medium- and high-voltage situations. In addition, the proposed harmonic
suppression method is more robust; even if the auxiliary diode has an open-circuit failure,
it can still ensure that the rectifier system works normally with high performance, which is
not available in the method proposed in the literature [28]. Compared with the harmonic
suppression method in the literature [29], the proposed rectifier has the same harmonic
suppression capability, and both of them can make the rectifier’s AC-measured voltage
pulse number increase from 12 to 24. However, the structure of the proposed scheme
and the harmonic suppression circuits of the above two schemes are different, and it is
important to note that the use of an auxiliary transformer with no center tap in this paper
reduces the size of the system, and it is makes the rectifier’s production and manufacture
easier, and has a lower input current THD value.
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Comprehensively analyzing the above, the rectifier proposed in this article has a
simple structure, with low harmonics, low complexity, high-output voltage, and other
characteristics, which make it suitable for multi-electrical aircraft and other aviation cur-
rent converter occasions. Compared with other rectifiers, the rectifier proposed in this
article performs better, which lays the foundation for exploring and designing harmonic
suppression scheme with higher cost-effectiveness.

4. Conclusions

In order to improve the power quality of the series 12-pulse rectifier, a current source
type series 24-pulse rectifier based on auxiliary passive injection on the DC side is proposed
in this article. The relevant conclusions of this paper are as follows:

(1) Therealization of this rectifier relies on the auxiliary passive harmonic injection circuit,
including the passive harmonic injection auxiliary transformer and the auxiliary
single-phase full bridge rectifier circuit; the rectifiers all use passive devices, which
are simple in structure, strong in antijamming capability, and easy to realize.

(2) Compared with the 12-pulse rectifier, the proposed rectifier can multiply the number
of pulses of the input voltage from 12 pulses to 24 pulses, the THD value of the input
voltage is reduced from 14.03% to 4.86%, and the waveform of the input voltage is
closer to a sinusoidal waveform. The THD value of the input current on the AC
side is reduced from 5.30% to 2.16%, which is nearly sinusoidalized. The harmonic
suppression ability of the rectifier has been greatly improved. When the turn ratio of
the passive harmonic injection transformer is 2.02, the input power factor is increased
from 98.86% to 99.83%, which reduces the pollution of the rectifier reactive current on
the grid and significantly improves the power quality.

(3) Robustness. The proposed rectifier in the auxiliary diode open circuit fault case has a
good system fault tolerance in this state; although it will have a certain impact on the
AC side power quality, it can still realize the rectification function, and the rectification
effect is better than that of the series 12-pulse wave rectifier.
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