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Featured Application: The proposed rectifier is suitable for aviation power system and ship
power system which require high overload capacity and reliability.

Abstract: To suppress the harmonics of series-connected 18-pulse rectifier, a hybrid harmonic sup-
pression method is proposed in this paper. According to the structure of the converter and the KVL,
the injection voltages are expressed. According to the injection voltages, the relation between the
input voltage THD and the injection transformer turn ratio is obtained. Based on the relationship,
when the THD of the input voltage researches the lowest value, the optimal injection transformer
turn ratio is determined. Testing result shows that after using the proposed reduction method, the
input side THD values of the converter are reduced. The capacity of the suppression circuit is only
about 2% of the load power. The proposed converter is qualified for the interface between the AC
generator and the DC bus of the aircraft electrical system.

Keywords: harmonic injection; hybrid harmonic suppression; injection transformer; series-connected
multipulse rectifier

1. Introduction

Because of their simple structure and strong robustness, multipulse rectifiers (MPRs)
widely serve as interfaces between AC generators and DC buses in small, isolated power
systems, such as aircraft electrical systems and ship power systems [1-3]. However, due to
the nonlinearity of the diodes, a lot of harmonic pollution is produced [4-6].

Usually, there are two types of methods to suppress the harmonic pollution. The first
method improves the harmonic suppression ability by increasing the output phases of the
multi-winding, phase-shifting transformers [7-11]. In [7], a 15-output autotransformer
is proposed; in [8], a T-connected transformer is installed to suppress harmonics; in [9],
a Z/z transformer is proposed; in [10], the 3/9 and 3/12 isolation transformer are re-
searched; in [11], a round-shaped transformer is proposed. Through analyzing the structure
of the multi-winding transformer in [7-11], the first method can suppress the harmonics of
input currents and ripples of load voltages simultaneously, and its harmonic suppression
ability is associated with the output phases number of transformer. However, with the
increase in the output phases, the asymmetry factors, and the production difficulty and
cost of the multi-winding transformer increase rapidly. Therefore, increasing output phase
number is not an economic method.

The harmonic reduction methods are divided into the passive methods, the active
methods, and the hybrid methods. The passive methods, such as [12], generally use
injection transformers and diodes to suppress harmonics, which have high reliability but
limited reduction ability. The active methods generally use injection transformers and
switches [13,14], and compared with the passive methods, the harmonic reduction ability is
increased but the reliability is reduced. To solve the problems of the passive methods and
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the active methods, the hybrid methods are proposed. The hybrid methods, such as [15],
use injection transformers, diodes, and switches to suppress harmonics. From [15], the
hybrid methods are the combination of the passive methods and the active methods, the
low-order harmonics are suppressed by the passive part, while the high-order harmonics
are suppressed by the active part. Compared with the passive methods and the active
methods, the harmonic suppression ability and the reliability are enhanced.

To increase the output voltage level and improve the input power quality of the
converter, this paper combines multi-winding phase-shifting transformer based on [16],
and the hybrid harmonic reduction method to suppress the harmonics of MPRs, which not
only improves the output voltage level, but also improves the input power quality. The
converter has high reliability, output voltage level, and input power quality, which qualify
it for the interface between the AC generator and the DC bus of an aircraft electrical system.

2. The Proposed Rectifier with Harmonic Injection Circuit
2.1. Phase-Shifting Transformer Design

The proposed multipulse rectifier with multi-winding phase-shifting transformer and
hybrid harmonic reduction method is shown in Figure 1. In Figure 1, the converter is
composed of an 18-pulse isolation transformer, 3 diode rectifier bridges, and the hybrid
harmonic injection circuits; each injection circuit consist of an injection transformer, 3
diodes, a switch, and its control circuit.
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Figure 1. The proposed multipulse rectifier using hybrid harmonic reduction method.
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According to the structure of the three-phase diode-bridge rectifier, the output voltage
of each bridge has six pulse per supply cycle, and each pulse lasts 60°. In Figure 1,
three-diode bridge rectifiers are connected in series. To suppress the harmonics of input
current and ripples of load voltage to the highest degree, the phase difference of the
input three-phase voltages of the diode bridge rectifiers is 20°, and Figure 2 describes the
vector diagram.

Figure 2. Vector diagram of the isolation transformer. al, a2, a3, b1, b2, b3, c1, c2, c3 are the vectors of
the output phases of the main transformer.

Take phase A as an example; from Figure 2, it can be obtained that

(N11Us)? + Uns? — (N3pUeo)?
2Ny UapUss
(N11Uq2)* + (N3Uep)® — Uqs?
2N11Uao NapUeo

cosa =

)

cos 120° =

where N1; and N3, are the turn ratio of the phase-shifting transformer; Uy, U,3, and U
are the amplitude of the input voltages of the three-phase bridge.

From Equation (1), and Figures 1 and 2, when « is 20 degrees, the turn ratio of the
isolation transformer meets the following:

N :Nij1:Nijp:Npp:N3jp:N3p = V/3:0.742:0.395 : 1: 0.742 : 0.395 (2)

When the converter operates normally, the input voltage of the converter is de-

scribed as
UAN = u-zo°

UBN = u-z120° (3)
uen = UZ —120°

where U is the amplitude of the input voltage.
From Figure 2 and Expression (3), the three sets of output voltages of the isolation
transformer can be calculated as

Uy = %4100 Uy = %4300 Up3 = %4500
= 5 £130° Uy = = £150° s = 5 £170° @)

/ —110° Ly —90° Ly 700

u
uclzﬁ MCZZ\/§ uc3:\/§
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2.2. Operating Modes Analyse

In Figure 1, according to the KCL, the currents through the primary winding of the
injection transformers are described as

{ ixl = iRecZ - iReCl
Ix2 = IRec3 — IRec2

©)

where iy; and iy, are the currents through the primary windings of injection transformers
1 and 2, respectively.

Under constant-voltage load, based on the topology of the three-phase diode bridge
rectifier, Figure 3 describes the output currents (iRec1, iRec2, iRec3) Of the rectifier bridges;
and from Equation (4), the currents iy; and ixp can also be obtained, as shown in Figure 3.

A
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Figure 3. Operating waveforms of the converter.

According to Figure 1, when the input voltage of the converter is harmonic-free, and
Equation (4) is calculated as follows.

Uy = ngmoo = % sin(wt +10°) Upp = U—jgzsoo = % sin(wt +30°) Upz = U—\//*gASOO = % sin(wt + 50°)
Upp = U%;gaoo = % sin(wt +130°) { upy = ngzsoo = % sin(wt +150°) { upy = ngﬁoo = % sin(wt +170°)  (6)
U = U—\%‘AIOO = % sin(wt —110°) U = UC\[NZ?)OO = \% sin(wt —90°) Ug = \%‘ZSOO ~ 5 U sin(wt — 70°)

From Equation (6), the output voltages of the rectifier bridges are described as Figure 4.

In Figure 4, the voltages ukr, ups, and ugg have 6 pulses per supply cycle with a phase
difference of 20 degrees, and each pulse lasts 60 degrees.

A

Uke /—\/—\/—\/W\

NNV NV OV NV NV

VNV VOV VNV

Figure 4. Output voltages of the rectifier bridges.
From Figure 1, the injection voltages upp and ugt are calculated as

UFS + USG — UKF 4,

uFP = — =
2 6
UsG — UKF — UES @)
U,
Ust = - 5 + %

where upp and ugr are the primary winding voltages of the two injection transformers,
respectively.
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From Figure 4 and Equation (6), the injection voltages upp and ust can be described as
in Figure 5.
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Figure 5. Primary winding voltages of the injection transformers when input voltage of the rectifier

is harmonic-free.

From [12-14], almost all the harmonic reduction methods generate multistep wave-
forms which are equivalent to the ideal injection waveform (as shown in Figure 5) to
suppress harmonics. That is because the cost and difficulty of generating multistep waves
are much lower than these of the triangular waves. Besides, the harmonic reduction effects
of the multistep wave and the triangular wave are similar.

From Figure 5, there are three combinations of currents iy; and iy, which are
D iy >0,ix0>0, @ ixg >0,ix0 <0, B ixg <0, ixo > 0. On the basis of the on—off state
of VD1, VD,, and the currents iy and iy,, the harmonic suppression circuit has seven
modes, described as Figure 6.
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Figure 6. Operating modes of the harmonic injection circuit. (a) Mode. 1. (b) Mode. 2. (c) Mode. 3.
(d) Mode. 4. (e) Mode. 5. (f) Mode. 6. (g) Mode. 7. The red arrows represents the directions of
currents iy and iyp.
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In Figure 6a, VD; is turned on, VD, is turned off, ix» > 0, D1, D, and D3 are forward-
biased, Dy is revise-biased, and the injection voltages upp and ugt are calculated as

Ufp = 0
ST — 3N o

In Figure 6b, VD7 and VD, are turned off, iy > 0, iy» > 0, D1 and D3 are forward-biased,
D, and Dy are revise-biased, and the injection voltages upp and ug are calculated as

Ugp = 271\[7”0

3Ng 9
UsT = &uo

3Njg

In Figure 6¢, VD; is turned off, VD; is turned on, iyx; > 0, Dy, D3 and Dy are forward-
biased, D, is revise-biased, and the injection voltages upp and ugt are calculated as

upp = 7,
FP 3N8 o (10)
ust = 0

In Figure 6d, VD; and VD, are turned off, D; and Dy are forward-biased, D, and D3
are revise-biased, and the injection voltages upp and ugy are calculated as

2Ny
Urp = 3N, Uo
° (11)
yer — _2N7
ST — 3N8 o

In Figure 6e, VD; is turned on, VD is turned off, D1, D, and D, are forward-biased,
Dj is revise-biased, and the injection voltages upp and ugr are calculated as

Ugp — 0
por 2N (12)
ST — 3N8

In Figure 6f, VD; is turned off, VD is turned on, D;, D3 and Dy are forward-biased,
D; is revise-biased, and the injection voltages upp and ugr are calculated as

(13)

In Figure 6g, VD; and VD; are turned off, D, and Dj are forward-biased, D; and Dy
are revise-biased, and the injection voltages upp and ugy are calculated as

2Ny
Ugp = _TNSUO
(14)
yen — N7
ST — 3N8 o

From Equations (7)-(13), and Figures 5 and 6, the injection voltage of the converter can
be obtained, as shown in Figure 7. In Figure 7, there are 48 combinations per power supply
cycle; and in order to suppress the (18k & 1)th and (36k £ 1)th harmonics, the duration of
combinations 6, 14, 22, 30, 38, and 46 is 1/27 power supply cycle, and the duration of the
other combinations is 1/54 power supply cycle.
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Figure 7. Operating waveforms of the proposed rectifier.

3. Injection Transformer Turned Ratio Calculation

The following analysis takes combination 5 as an example. In combination 5, iz > 0,
ipp =0, icp <0, i3 >0, ip3 =0, ic3 < 0. Therefore, voltage 1,32 and voltage uy3c3 are
calculated as

(Ns +4Ny)
ua2c2 = 71’[0
3Ng
(15)
pown — (N8 —2N7)
a3c3 3N8 o
From Figures 2 and 3, it is obtained that
Ualc1 = Natnopo + Nitlaon2 + Nitinaeo + Notlaono (16)
where N1 = N11/N21 = N31/N21, N2 = N12/N21 = N32/N21.
From above analysis, upy.; can be expressed as
(Ng — N; — N1 Ng — 4N1Ny)
= 17
Up2c2 3N,Ng Uo (17)
Then, 1,7y, is expressed as
(NpNg — 2N, Ny — Ng — 2N7 + NjNg — 2N Ny)
Uo (18)

Uadb2 = 3N,Ng

According to Equation (18) and the structure of the isolation transformer, voltage uan
can be obtained as follows:
5(N2N8 —2NyNy — Ng — 2N7 + N1 Ng — 2N1N7)
UAN =
3v/3N;Ng

Uo (19)

Similarly, the expressions of voltage uaN in one supply cycle can also be obtained, as
shown in Table 1.
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Table 1. Expressions of Voltage uan with the harmonic suppression method.

Voltage Level Voltage Level
5(Ns+4N7) Uy 5(Ng+2N;—NiNs+2NiIN7)
ug 3v3Ng °© 3v/3N,Ng °
5(Ns+2N7) g 5(Ns—NiNs—2NiN7) |
up 3v3Nsg © 3v/3N, N °
5(Ns—2N7) . o 5(N87N77N1N374N1N7)u0
us 3v/3Ng 3v3N,Ng
5(N1N8+2N1N7*N2N8)u0 U1 5(N2Ng+2N2N7 N3+N1N3+2N1N7)
U4 3v3Ns(N7-N3) 3v3N,Ns
5(N1Ns+2N1 Ny —NpNs —2NoNy) U 5(NoNg—2N, Ny —Ng— 2N7+N1N872N1N7)u
Us 3v/3Ns(N2—NZ) ° 3v/3N;Ng °
5(N?Ns—N; N, Ns—2N1 No Ny ) u 112 10N, o
e 3v/3N; Ny (N2—N2) ° 3v/3Ng(N;—Ny)

Based on Table 1, the waveform of 14N in one supply cycle can be obtained, as shown

in Figure 8.
U Uz Uz
T ‘T 2 Us |
2 R £y
= I AT Us
o T 12
S
S S iy
> e iy
= =
0 T 2n

Figure 8. Voltage 1N in one supply cycle.

According to Figure 8 and Table 1, the RMS value and the fundamental value of the
input voltage can be calculated as Equations (20) and (21), respectively.

—4.266Ng + 0.373Ng cos 75 + 0.167Ng cos 7 +0.132Ng sin
+6.875N7 — 2.776N; cos 75 — 8.549N7 cos 55%; —1.213cos ZF — 0.54 cos % —2.162sin 32

Usy = m +1.081sin % + 6.222N5 cos & — 0.156 cos 1% — 0,624 cos 2 + 0.624 sin 43 (20)
—0.653Ng — 1.508N; + 11.793N5 cos 2% + 1.508N5 sin & + 6.031N; sin 2% — 7.706Ny sin 3

—3.479N; cos 14T — 13.916N7 cos 22 + 5.05N7 sin 2 — 3.817Ng sin 2 + 4.06N sin 37

(21)

Unn —— 1 |7.337NZ + 123.655N2 + 16.377N7Ng
N7 53 N;
According to Equations (20) and (21), the relation between the input voltage THD and
the injection transformer turn ratio can is described in Figure 9.

0.12

0.1F

[a)
T 0.08
I_

0.06 -

0.04 !
0 0.05 0.01 0.015 0.02

n

Figure 9. The relationship between the THD of input voltage and the turn ratio of injection

transformers.
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UHar — 48 =
n

Urp =

From Figure 9, when the turns ratio (1) is 0.0118, the THD of input voltage reaches the
minimum value 0.0588.

From Table 1 and Figure 9, the expressions of input voltages harmonics with harmonic
suppression circuit can be obtained, written as follows:

—4.266Ng + 0.373Ng cos ’ig + 0.167Ng cos 2% 7"“ + 0.132Ng sin gt
+6. 875N7 — 2.776N7 cos T — 8.549N; cos 5"—“ —1.213 cos 24 7"”
—0.54 cos 57 — 2.162sin 2§’77T +1.081 sin gt 4 6.222N7 cos &¢
[e9)
1 11 13 4 :
:%i 1 0.2806Nare —0.156 cos ~g1* — 0.624 cos =57 + 0.624 sin =57* — 0.653Ng sinnx  (22)
—1.508Ny + 11. 793N7 cos 2% 4 1.508Ny sin 4% + 6.031Ny sin 21
—7.706Ny sin 22 — 3. 479N7 cos 1im 13, 916N7 cos 131
+5.05N sin 2% 2"“ — 3.817Ng sin 2% 2”“ + 4.06N7 sin 2
From Equation (22), after using the proposed suppression method, the (18k & 1)th and
(86k £ 1)th harmonics of the input voltages are reduced.
4. Capacity of the Proposed Harmonic Reduction Circuit
To estimate the harmonic suppression cost of the proposed hybrid method, the capacity
of the injection transformer and the loss of the switches are analyzed. From Figure 7, the
injection voltage upp and ugr are calculated as
k+1
[k, &+ 41U [F+2 5+ 4 O[5+, F+ U (B + g B
0.0079u, [55 + 5, 47 + k7] ust = 0.0079u, [3F + &7, 8 4 kn] (23)
—0.0079u, [ZF 4 Kz, (e lm] —0.0079u, [\, 4 (i lm)

From Figures 1 and 7, the injection current iy; and iy, are calculated as

91, I kmt 4 k
Y545 ]

54on+ 1110 [‘;771 + kt 117 _‘_kJ]

i =3 3 5%
XL 91 111 Un | kr 177 | kn
T+ 5 57+ 5 T (24)
[ 201, 1177 krt 107 krt
"= s+ 7 T
ixy = 151 £30°

From Equations (23) and (24), Equation (25) describes the injection transformer capacity.
S = ugpiyq + usrixo = 0.019u4io (25)

From Equation (25), the injection transformer capacity is only 1.9% of the output
power. As discussed in [11-16], the injection transformers capacity of the existing methods
was higher than 2% of load power. Therefore, the circuit loss of the proposed suppression
method is reduced to a certain extent.

According to Figure 9, the current across the secondary side of the injection transformer
is 0.0118 times of the primary side. Assuming the load power is 1500 W and the drain
source on-state resistance of the switch is 500 mQ), the loss of the switch is calculated as
5 x 0.0118 x 0.5 = 0.0295 W. Therefore, the switch loss of the switch can be approxi-
mately neglected.

5. Simulation and Experiment Validation

To verify the above analysis, some experiments were carried out. The parameters of
the rectifier are described as follows.
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1. The turns ratio of the main transformer meets that N:N71:Ni2:N51:N31:N3p
= 51/3:0.742:0.395:1:0.742:0.395.
2. The injection transformer turns ratio meets that Ny:Ng = 0.0118.
3. The RMS of the power supply is 220 V, and the frequency is 50 Hz.
Figure 10 describes the prototype of the proposed multipulse rectifier. In Figure 10,
the control circuit is a combination of the sampling circuit, the drive circuit, and the rapid
control typing (RCP).

Rapid control typing (RCP),
generating control signal

Phase-shifting §

Transformer
m Inductance

D
= Drive circuit
’

Driving powcer S

Electronic load

Power supply

Figure 10. The prototype of the proposed rectifier.

When without the suppression method, the input voltage of the rectifier is described
as Figure 11. The input voltage in Figure 11 has 18 steps per cycle, the simulated THD
of input voltage is 8.7%. Because of the leakage inductance of the main transformer, the
experimental value is about 6.8%.

400 | u U — [ UAN ;
AN BN cN| 0 ‘
o o L\ r‘ \ o ‘-‘ r' 1 :
s 200 S
o J—'[L J—'[L -8. 2646k Ugn 1
52 o PR N S S,
SE ] r ] r NS NSNS NN
o H
=9 s
= lh—200 " M.Zﬂjbh} Uc . N .
= ™ N N N N N
'I_IJ—L|_I 'I_IJ—LLI S/ N/ </ < 7 TN/
-400 360.80 V/div
0.45 0.46 0.47 0.48 0.49 | 8.8800k :
Time (s) Abscissa axis: 20ms/div._Vertical axis: 300V/div:

(a) (b)

Figure 11. Input voltage of the 18-pulse rectifier without the reduction method. (a) Simulation result.
(b) Experimental result.

When using the suppression method, Figure 12 shows the input voltages of the rectifier.
In Figure 12, the input voltages are sinusoids, the simulated THD of input voltage is 3.6%.
Similarly, because of the leakage inductance of the main transformer, the experimental
THD of input voltage is about 2.4%.
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Figure 12. Input voltage of the proposed rectifier with the reduction method. (a) Simulation result.

(b) Experimental result.

Figure 13 expresses the input currents when without suppression method. In Figure 13,
the simulated THD is about 7.4%, and the experimental THD is about 5.8%.

[— if — i, — i

N

XX XA

Input current of the
rectifier (A)
o N
_—

Pt
o

AKX

7 NN 7N
v SN NSNS N
€ fi,cw, o5
27500 widie ‘ - = -
L BLBeBNk
Abscissa axis: 20ms/div_ Vertical axis: 2.5A/div
(b)

Figure 13. Input current of the rectifier without the reduction method. (a) Simulation result.

Figure 14 shows the input currents when using the hybrid harmonic reduction method.
In Figure 14, the simulated THD is about 3.1%, and the experimental value is about 2.7%.

NG NGNS R
-4
0.45 0.46 0.47 0.48 0.49
Time (s)
(a)
(b) Experimental result.
4 - n -
[— fa — iy — i
N NSNS\ NS

A

X

XX

KX

Input current of the
rectifier (A)

A AN

NN A N N N
0.41 0.42 0.43 0.44
Time (s)
(a)

Figure 14. Input current of the converter with the reduction method.

(b) Experimental result.

i
- 173 5 iy
i |
2.500 A7d}u o : o
_...B.0088k ; ; :
Abscissa axis: 20ms/div.__Vertical axis: 2.5A/div

(b)

(a) Simulation result.

From Figures 11-14, after using the harmonic suppression method, the simulated
THD of input voltage decreases from 8.7 to 3.6%, and the experimental THD decreases
from 6.8 to 2.4%; the simulated THD of input current decreases from 7.4 to 3.1%, and the
experimental THD decreases from 5.8 to 2.7%. Therefore, the hybrid harmonic reduction
method can suppress harmonics of the input side.
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Figure 15 shows the output voltage current of the proposed rectifier. In Figure 15, the
voltage and current remain approximately constant, and the load voltage and load current
are around 310 V and 3.4 A, respectively; the output power is calculated as 1100 W. From
Figure 15a,b, it can be obtained that the simulation and experiment results are basically
the same.
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Figure 15. Output voltage and output current of the proposed rectifier. (a) Simulation result. (b)
Experimental result.

Figures 16 and 17 show the current through and voltage across the primary winding
of the injection transformer, respectively. In Figure 16, the current is triangular wave with a
frequency of 300 Hz. In Figure 17 the is three-step waveform with a frequency of 300 Hz.
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Figure 16. Current through the primary winding of the injection transformer. (a) Simulation result.
(b) Experimental result.
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Figure 17. Voltage across the primary winding of the injection transformer. (a) Simulation result.
(b) Experimental result.
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From Figures 16 and 17, the amplitude of the current is around 8.5 A, the amplitude
of the voltage is 2.4 V. Therefore, the capacity of each injection transformer is about 10 W,
which is about 1% of the load power. Because of the leakage inductance of the main
transformer, the experimental results of current i,y and current iy, in Figure 16b have some
distortion. Because of the mode switch of VD; and VD, the experimental results of the
injection voltages in Figure 17b have some spikes in the switching instant.

Figure 18a describes the load voltage and load current of the proposed rectifier when
the load resistance changes from 180 to 90 (). Figure 18b shows the input current of A
phase when the load changes from 180 to 90 (). From Figure 18a it can be obtained that
the output voltage remains constant while the output current has a step change. From
Figure 18b, it can be acquired that the input current rises gently when the load is switching,
but the THD value of the input does not change.

100V &% 10.0ms 12.5k5/s M /2354 1823:53 5.00A A 10.0ms 125kS/s &R /2758 1815:34

(a) (b)

Figure 18. The input and output of the rectifier when the load changes. (a) Simulation result.
(b) Experimental result.

6. Conclusions

To suppress the harmonics of input voltage, this paper proposed a multipulse rectifier
which combines multiple output transformer (nine outputs and above) and the hybrid
harmonic suppression method. The proposed rectifier not only can improve the output
voltage level, but also improve the input power quality. Through injecting two sets of six-
times three-step voltages with a phase difference of 20 degree at DC link, the (18k £ 1)th and
(36k &= 1)th harmonics of input voltages are significantly suppressed. When using harmonic
reduction method, the experimental THD of the input voltages is reduced from 6.8 to 2.4%,
and the experimental THD of the input currents is reduced from 5.8 to 2.7%, and the output
voltage and output current remain constant. Under some experimental conditions, the
capacity of the hybrid harmonic reduction is only about 1% of load power. The proposed
converter is qualified for the interface between the AC generator and the DC bus of the
aircraft electrical system.
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