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ABSTRACT The multi-pulse rectifier has gained a wide range of applications in the high-power rectification
system due to the advantages like simple structure, high efficiency, and high reliability. In this paper, an 18-
pulse auto-transformer rectifier unit (ATRU) with adjustable output DC voltage was studied, to meet the
requirements of high efficiency and low harmonic pollution of ATRU. Firstly, the basic operating principle
of the proposed ATRU was analyzed in detail. The essential relationship between the step-up ratio factor and
the output DC voltage, the total harmonic distortion (THD) of the input line current, and the equivalent kVA
rating of the transformer was deduced considerately, which provides a theoretical basis for the optimization
design of the system. Finally, the correctness of the theoretical analysis was verified by simulation and
experiment. The experimental results show that under the 6kVA rating condition when the step-up ratio is
1.137, the transformer equivalent kVA rating is only 27.8% of the load output power, the input line current

THD of ATRU is 6.58%, and the efficiency is 98.5%.

INDEX TERMS 18-pulse, step-up ratio, auto-transformer, high power density, equivalent kVA rating.

NOMENCLATURE
ATRU Auto-transformer rectifier unit
THD Total harmonic distortion

VSR-ATPS  Auto-transformer for phase-shifting with
variable step-up ratio

IPRs Inter-balance reactors

SEPIC Single-ended primary inductance converter
RMS Root mean square
EMI Electromagnetic interference

I. INTRODUCTION

Multi-pulse auto-transformer rectifier units (ATRUs) are
widely used in motor drive systems, electrical propulsion
systems for ships and power supply systems for more-electric
aircraft because of many advantages such as low-cost, high
efficiency, and high reliability [1]-[3]. In these applications,
ATRUs are used as front-end AC/DC converters [4], [5].
Commonly, 12-, 18-, and 24-pulse ATRUs and various modi-
fied ATRUs are available. among them, 18-pulse ATRUSs not
only meet the harmonic requirements well but also become
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the focus of research and attention because of their relatively
simple structure and variable winding forms.

In recent years, studies on 18-pulse auto-transformer recti-
fiers have mainly focused on the input-output characteristics,
winding structures and the comparison of the advantages of
different winding structures under two phase shifts of £37°
and +40°. The operating principle and implementation of
ATRUs with different winding structures such as D-type, P-
type, and DP-type at 37° phase-shift are discussed in [6]—[8].
According to 37° and 40° phase-shift in [9], the characteris-
tics and advantages of different topologies (D-, P-, DP-type)
are obtained by analyzing and comparing the three wind-
ing forms to meet the application requirements of different
occasions. In [10], a new topology of dual 18-pulse ATRU
is proposed to solve the problem of residual low harmonics
such as 5th and 7th in individual phase-shifting transformer
caused by phase shift errors due to fabrication and other
reasons. In [11], an 18-pulse ATRU with isolated SEPIC
converters is suggested to promote galvanic isolation and
regulate the output voltage, making the ATRU is less sensitive
to load variations or supply voltage. Ref [12], [13] described
40° phase-shift 18-pulse ATRU, wherein the transformer is
capable of specific boost functions, but the step-up ratio is
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not adjustable and the equivalent kVA rating is significantly
large. In order to solve the problem of non-adjustable output
voltage, a variable step-up ratio 18-pulse ATRU is presented
in [14]. However, the step-up range is small and the boost
capacity is limited. A mathematical analysis of the 18-pulse
rectifier based on phase diagrams in the D-type and W-type
winding structures was carried out in [15]. The transformer
configuration used has a step-up function, but the exact math-
ematical relationships for key indicators such as equivalent
kVA rating and harmonic factor were not given., In [16],
it was demonstrated through simulation experiments that the
DP-type structure has a step-up function while the P-type
structure has a step-down function at 37° phase-shift, but it
lacks the theoretical analysis. In addition, ATRU has been
studied and applied in new energy generation applications
such as wind power generation [17].

In conclusion, the trend of diversification of power elec-
tronics devices has put forward some new requirements on
ATRUs, such as the ability to ensure flexible and variable
voltage output, or even arbitrary variable output voltage,
while considering a small equivalent kVA rating. Therefore,
solving the problems of large equivalent kVA rating and
non-adjustable output voltage of ATRU is important for the
expansion of higher power AC-DC rectifier system units.

In this paper, a variable step-up ratio 18-pulse ATRU with
high power density is investigated, and its basic operation
principle is analyzed in detail to demonstrate the basic rela-
tionship between step-up ratio factor and output DC voltage;
the theoretical expressions of input line current and equiv-
alent kVA rating of transformer are derived in detail, and
the essential relationship between them and step-up ratio
factor is quantitatively analyzed to provide theoretical support
for system optimization; the cross-sectional comparison of
several different structures transformer with variable step-
up ratio are compared, and the equivalent kVA rating of the
structure studied in this paper is the smallest with obvious
advantages under the same step-up ratio condition. Finally,
the simulation and experimental results verify the feasibility
and correctness of the studied structure.

Il. ANALYSIS OF VARIABLR STEP-UP RATIO 18-PULSE
ATRU

A. CIRCUIT CONFIGURATION

Fig. 1 shows the circuit diagram of variable step-up ratio 18-
pulse ATRU.

In Fig. 1, the input three-phase grid voltage (uy, uy, uc),
after the auto-transformer for phase-shifting with variable
step-up ratio (VSR-ATPS), generates three sets of volt-
ages to supply the three rectifier bridges (RECI, RECII,
RECIID), respectively. The DC outputs of the three rectifier
bridges are connected in parallel with the inter-balance reac-
tors (IPRs) to supply the load; the IPRs are used to absorb
the transient differences of the output voltages of the rectifier
bridges to ensure that the three rectifier bridges can work
independently.
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FIGURE 1. Circuit diagram of variable step-up ratio 18-pulse ATRU.

B. REQUIREMENTS OF 18-PULSE ATRU FOR THE
STRUCTURE OF VSR-ATPS

1) DETERMINATION OF THE PHASE-SHIFT ANGLE

InFig. 1, the VSR-ATPS serves to generate three sets of three-
phase voltages with a certain phase difference. The phase
difference is determined by the number of rectifier bridges,
and the two satisfy

o

60
N ey

where ¢ is the minimum phase-shift angle; N is the number
of rectifier bridges.

18-pulse ATRU uses three rectifier bridges, so ¢ = 20.
For the ATPS, the output three-phase voltage of one group
connected to REC II is usually made to be in phase with
the corresponding input phase voltage, and the other two
groups of output three-phase voltages forward and lagging
the corresponding input phase voltage by 20°, respectively,
and the voltage phase diagram VSR-ATPS is shown in Fig. 2.

(p:

FIGURE 2. Phasor diagram of the proposed Star-type VSR-ATPS.

In Fig. 2, U,, Uy and U, are the input phase voltages, and
(Uar, Upr, Ucr), (Uam, Upm, Ucem) and (Uyr, UpL, UcL) are
the three sets of output phase voltages that are forward, in-
phase and lagging the input phase voltages, respectively.

2) DETERMINATION OF WINDING CONFIGURATION
From Fig. 2, it can be obtained that
Ur=Um+Up+ U 2

Combining Fig. 2 and (2), the output phase voltage U,r is a
vector synthesis of the output phase voltage U,m, the phasors
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(d

FIGURE 3. Phasor diagrams of Star-type VSR-ATPS. (a) Scheme 1.
(b) Scheme 2. (c) Scheme 3. (d) Scheme 4.

Uy, and Ug4. The phasors Uy and U4 determine the structure
and kVA rating of VSR-ATPS, which are usually designed
according to the principle of the simplest structure and the
lowest kVA rating. Fig. 3 gives all possible configurations of
the symmetric (20° phase-shift) Star-type VSR-ATPS.

VOLUME 9, 2021

As can be seen in Fig. 3, the four schemes have the same
step-up principle, to save space, scheme 4 is used as an
example to focus on the analysis. Fig. 4 shows the winding
configuration of Scheme 4.
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FIGURE 4. Winding configuration of Scheme 4.

Combing Fig. 2, Fig. 3(d) and Fig. 4, it can be seen that
the phasors Ujj (i = a, b, ¢; j = 1, 2, 3, 4) are parallel to the
phasors Uiy and Uj; the phasors U; and Ujy are also con-
sidered as the voltages across winding Np; and (Np1 + Np2),
respectively; Uj; is the voltage across winding Ng1 (j = 2, 3)
and Ng» (j = 1, 4), respectively.

Suppose that the input three-phase grid voltages as

Uy = V2 Un, sin wt
up = /2 Up sin(wt — 120°) (3)
Uue = N2 Up, sin(wt + 120°)

where Uy, is the root mean square (RMS) value of the input
phase voltage.

Combing the relationship between the voltages in Fig. 3(d)
and (1), it can be obtained as

Uar = V2 U, sin(wt + 20°)

upp = V2 Uy sin(wt — 100°) )
ucr = N2 Uy sin(ot + 140°)

UM = V2 U, sin wt

upm = ~/2 Uy sin(ot — 120°) 5)
Uuem = V2 Uy sin(wt + 120°)

Uar, = /2 Uy sin(wt — 20°)

up, = /2 Uy sin(wt — 140°) (6)
U, = 2 Uy sin(wt + 100°)
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where U, is the RMS value of the output phase voltage of
VSR-ATPS.

According to Fig. 3(d), the following relationship can be
obtained

(Npt +Np2) : Ngt :Np=1:k1 : k2 7)
Then (2) can be transformed as
Uar = Uam — k1 UbM + k2Ucm 3

Substituting (4) and (5) into (8) yields

ki =0.1372
©))
ky = 0.2578
Define the step-up ratio G of VSR-ATPS as
U ovu, N, N, N,
G=n _OUm M1 #82 _y Mgg
Um OUa Np] Npl

From Fig. 3(d), when winding turns Np; to zero, the
transformer step-up ratio G reaches its minimum value of 1.
According to (7)-(9), once the winding turns (Np1 + Np2) are
determined, the step-up ratio G will keep getting larger as the
winding turns N increases and Ny decreases, i.e., as the
winding tap position (power access point) moves from point
a2 to point O. Therefore, the value of G theoretically takes
a range of [1, 0o). The step-up ratio G reflects the step-up
capability of the VSR-ATPS. In addition, the 18-pulse ATRU
itself has a potential boost ratio Ug/Uy, (Uq is the RMS value
of the output DC voltage uq), so the output DC voltage of
the proposed ATRU depends on the step-up ratio G of the
VSR-ATPS.

Ill. OPERATION CHARACTERISTICS OF 18-ATRU

For the subsequent theoretical analysis and calculations,
the following assumptions are given. 1) The leakage induc-
tance of VSR-ATPS is ignored. 2) Diodes are the ideal
devices in rectifier bridges. 3) The ATRU operates in a large
inductive load state and the load current iq can be considered
as a constant /q. Therefore, according to the symmetry of the
system, it can be obtained that

. . . I4
idl =i = ig3 = = (1)
3
A. INPUT LINE CURRENT
From (7)- (10), it can be obtained
N, N, N,
P oG-1), L=k L =kG 12
Npi Npi Npi

In Fig. 4, According to the principle of magnetomotive
force balance, it can be gained

Npii1 + Np2iz + Nga(iv1 + ic3) = Nq1 (i3 + ic1)
Np1i3 + Np2is + Ngp(ic1 + ia3) = Ng1(ic3 + ia1)  (13)
Np1is + Nppig + Ngp(ia1 + i63) = Nq1(ia3 + ib1)
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From Kirchhoff’s current law, it can be obtained
Ia = i3 — i1}
ip =i — 13; (14)

ic = g — I5;

Iy = ia] + a2 + ia3;

ig = ip1 + ip2 + ib3;

i6 = ic1 + 2 +ic3;

From (13) and (14), the input line current i, is obtained as
follows

ia
(a1 +ia2 + 123)(Np1 +Np2) +(ib1 +ic3)Ng2 — (ic1 +ip3)Ng!
= o

(15)

Based on modulation theory, the output current and input
current of the rectifier bridges meet

fal = Satld1;  ib1 = Sbiidl; ic1 = Sciidi;
i = Swid2; b2 = Sp2iaz; ic2 = Seaiaz; (16)
i3 = Sa3id3;  ib3 = Sb3id3; ic3 = Sc3id3;

where Sa1,Sb1, Sc1, Sa2, Sb2 Sc2, Sa3, Sbz and S¢p are switching
functions corresponding to phases al, bl, cl, a2, b2, c2, a3,
b3 and c3. Among them, the phase diagram of the Sy is
shown in Fig. 5.

a1t

FIGURE 5. Phase diagram of the switching function S,,.

The relationship between the switching functions meet

Sa1 = S22£20°; Sb1 = Sa2Z — 100°;

Sc1 = Sa2Z140°;

Seo = 8222120°; a7
Sk = S/ — 140°;

Sc3 = Sa2/100°;

sz = Sazl - 1200;
Sa3 = Sa2/ —20°%;

Substituting (11), (16) and (17) into (5) yields

. Gl
iy = Td [(Sa1 +Sa2 + Sa3)+ka(SpitSe3) — k1(Ser + So3)]

(18)

According to (18), the theoretical waveform of input line
current #, is obtained, as shown in Fig. 6.

In Fig. 6, itis noticed that input line current exhibits 18-step
waves in one power supply cycle, so the designed ATRU can
achieve 18-pulse rectification when analyzed from the input-
side of ATRU.
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FIGURE 6. Theoretical waveform of input line current of phase a.

From Fig. 6, the RMS value of input line current i, can be
calculated as

2
I = \/ 5(0-3790% 4071242 +0.95982 + 1.09142)Gly
— 0.7837Gly (19)

Using the midpoint of i, positive waveform and the nega-
tive waveform as the zero moment, its Fourier series expan-
sion is deduced as

o0
4GIL 3
b= Y 2%(0.3790cos = +0.3334 cos 2o
n=1,17,19--- 18 18

Snm Tnmw .
+0.2474 cos ETE 4+ 0.1316 cos W) sinnwt  (20)

From (20), when n = 1, the RMS value of the fundamental
current of i, is calculated as

Ly = 0.7797Gly 2n

Then, the THD of the input line current is obtained as

12_12

iop = Y 10.1% 22)

af

The results of (22) indicates that the THD of input line
current in proposed 18-pulse ATRU does not vary with the
step-up ratio G, but always remains at about 10.1%.

B. OUTPUT DC VOLTAGE
The output voltages of the three rectifier bridges can be
expressed as

ud1 = Sa1Ual + Spiup1 + ScilUcl
ug2 = SadUad + Sp2up2 + Scolico (23)
ug3 = Sa3Ua3 + Sp3up3 + Sc3Uc3

In Fig. 1, suppose the potentials at points m1, nl, s1, m2,
n2, and s2 are vmi, Vnl, Vsl» Vm2, Vn2, and vy, respectively,
then there is

Udl = VmIn — Vm2n
Ud2 = Vnin — Vn2n (24)

Ud3 = Vsin — Vs2n

VOLUME 9, 2021

The potential at points M and N can be expressed as

1
VMn = g(vmln =+ Vain + Vsin)
(25)

1
VNn = g(VmZn + Vn2n + Vs2n)

From (24) and (25), the output voltage u4 can be derived
as

1 1
Ud = VMn — VNn — g(len — Vm2n) + g(ann — Vn2n)
1 1
+ g(vsln — Vson) = g(udl + ua +ugz)  (26)

According to (23), it can be obtained

a1 = V6 GUp, sin(wt — 10° — k60°)
wt € [k60° +50°, k60° + 110°] k=0,1,2---,
ug2 = /6 GUp sin(wt + 30° — k60°)
wt € [k60° +10°, k60° +70°] , k=0,1,2---,
ugz = V6 GUp, sin(wt + 10° — k60°)
wt € [k60° +30°, k60° +90°] , k=0,1,2---,
27
where k =0,1,2,3...
Therefore, the output DC voltage can be expressed as
ug = 2.351GUp, sin(wt + 50° — k20°)
wt € [k20° 4 10°, (k + 1)20° 4 10°] (28)

According to (28), the theoretical waveform of output DC
voltage ugq is plotted in Fig. 7.

E WY

n
wt (rad)

FIGURE 7. Theoretical waveform of output DC voltage.

In Fig. 7, it is noticed that the output DC voltage contains
18 equal-width waves in one power supply cycle, so the
designed ATRU can achieve 18-pulse rectification when ana-
lyzed from the output-side of ATRU.

C. KVA RATING OF VSR-ATPSDC

From the above analysis for Scheme4, it can be obtained that

the RMS value of voltage across windings Np1, Np1, Nq1 and

Nq2 18 Um, (G — 1) U, k1 GUn, koGUn, respectively.
Taking i;; as an example, the current flowing through

windings Nq1 and Ny can be expressed as

1
= §Sa11d (29)
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TABLE 1. The key technical indicators of typical 18-pulse VSR-ATPS.

1 0,
Scheme/Ref. Structure of VSR-ATPS Phase shift angle ¢~ Step-up G %
W(40°)/[15] Symmetric Wye +£40° [1,2.53] 548 59.7
D(40°)/[12] Symmetric Delta +40° [1,2] 50.4 59.2
P(37°)/[12] Asymmetric Polygon +37° [1, 1.42] 36 43.6
DP((37°)/[16]  Asymmetric Delta-Polygon +37° [1,1.53] 27.1 34.01
Scheme 4(20°) Symmetric Star +20° [1, ) 17.38 27.88
The RMS value of windings current iy is calculated as 120
I, = 0.272214 30) S 100}
o
. . . o
. From (12) and (13), the current i; across winding Np1 is E 80 - et 2
given by o --- Scheme 4
I Z 60F 50 ]
. d -
it =3 (G = DSa + Sz + 5:3) + k2G(Sp1 + Se3) 2ol A =
S K | =
— ki1 (Se1 + Sp3)] (31 RS ==l b
The RMS value of current i; is calculated as 10 L1 12 13 14 15
0 . :

I = 0.7836(G — 0.9618)I4 (32)

Similarly, the RMS value of current i across winding Np
is obtained as

I, =0.753714 (33)

From (28), the RMS value of the output DC voltage can be
calculated as

Uq = 2.339GUn, (34)

Based on the above results, the kVA rating of the
VSR-ATPS can be obtained as

I
Sauto = 3 X Ed [Un x 0.7836(G — 0.9618) + (G — 1)U,
x 0.7537 + 2 x (kiGUm + koGUy) x 0.2722]  (35)

Define the load power as
Py = Ugly (36)

According to (34)-(36), the equivalent kVA rating of
VSR-ATPS is obtained as

Sauto _ 2.6294G — 2.262
Py 2.339G

From (37), the relationship curves between the equivalent
kVA rating of VSR-ATPS and the step-up ratio factor G for
each of the four proposed schemes are obtained by applying
the same analysis method, as shown in Fig. 8.

It is obvious from Fig. 8 that the common feature of the
proposed four schemes is that the equivalent kVA rating of
VSR-ATPS increases rapidly with increasing G when 1 <
G < 5,increases slowly with increasing G when 5 < G < 15,
and remains essentially constant at about 110% with increas-
ing G when G > 15. However, it should be noted that at any
same step-up ratio, the equivalent k VA rating of Scheme 3 and
Scheme 4 are equal and their values are significantly smaller
than those of Scheme 1 and Scheme 2. When the step-up
ratio G = 1 (no step-up case), the equivalent kVA rating

(37

Seq-auto =
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0 5 10 15 20
Step-up ratio G

FIGURE 8. The relationship between equivalent kVA rating and step-up
ratio G of VSR-IPR.

of Scheme 1, Scheme 2, Scheme 3, and Scheme 4 account
for 29.26%, 22.17%, 17.38% and 17.38% of the load power,
respectively; when G = 15, they account for 111%, 107.8%,
105.9% and 105.9%, respectively. Therefore, by the above
analysis, Scheme 3 and Scheme 4 are optimal among the
proposed four star-type VSR-ATPS structures in practical
applications.

Table 1 summarizes the key performance indicators of
several typical 18-pulse VSR-ATPSs. Also, to better clar-
ify their characteristics, the equivalent kVA rating of the
VSR-ATPS is further calculated and simulated when the
step-up ratio G is varied from between 1 and 1.6. The results
are plotted in Fig. 9.

ot
>
>

—Scheme 4 ; 3 -A-D@0°) ;
80 kA/,A/‘
L_A—"

'._/-‘ér

60 P
a—E—"

e

40 —

20 r/
1 1.1 1.2 13 14 1.5 1.6
step-up ratio G

Equivalent kVA rating (%)

FIGURE 9. The Relationship curve of equivalent kVA rating of VSR-ATPS
and the step-up ratio G of VSR-IPR for various structures.

From Table 1 and Fig. 9, it is known that the proposed
scheme possesses the following advantages.

(1) The VSR-ATPS has a voltage-symmetric (20° phase-
shift) design, which is not only simple in structure but also
avoids additional non-characteristic order harmonics [14].

(2) It has the widest step-up range, which improved the
flexibility of ATRU.

VOLUME 9, 2021



X. Chen et al.: Investigation on Design of Novel Step-Up 18-Pulse Auto-Transformer Rectifier

IEEE Access

<
E
E
=
5]
D
=
=
(=" :
E H H H
0.2 0.21 0.22 0.23 0.24
Time (s)
)
£ 20
E Fundamental(50Hz)=12.0 1A
1510 . THD=637%
=
.
=}
é 0 | | 11 1s
on
£ 0 20 40 60 80 100

Harmonic order
(a)

\utotransformer voltage (V)

0.2 0.21 0.22 0.23 0.24
Time (s)
(b)
15
<
‘é 10
=
3
= 5
g
|
0
0.2 0.21 0.22 0.23 0.24
Time (s)
700
z
E‘) 600
g 500
Q
2 400
=
E
o 3’00().2 0.21 0.22 0.23 0.24
Time (s)

(c)

FIGURE 10. Simulation results. (a) a-phase input line current and its
spectrum. (b) Input and output voltage of autotransformer. (c) load
current and output DC voltage.

(3) The equivalent kVA rating is smaller than other struc-
tures with the same step-up ratio, which has a significant size
and weight advantage.

IV. SIMULATION AND EXPERIMENTAL ANALYSIS

A. DESIGN SPECTIFICATIONS

The main parameters of the 18-pulse ATRU based on
Scheme 4 in this paper are given in Table 2. According to the
requirement, the step-up ratio G = 1.137 can be obtained,
and further substituting it into (35) yields the equivalent kVA

VOLUME 9, 2021

TABLE 2. Design specifications.

Parameter Symbol  Value
Rate Input voltage Un 226V
Supply frequency f 50Hz
Rate output power Py 6 kVA
Input current THD THD <10%
full load efficiency n 97%
= 15
E SLL 1\ I ‘1\
S
=
£ s 4 N
e AN AN
= -15
0.2 0.21 0.22 0.23 0.24
Time (s)
=l
§ 20
£ Fundamental(50H2)=12.1A
B0} THD=633%
=
=
S
s, L.
o0
§ 0 20 40 60 80 100
Harmonic order
()
=z 15
TN i
St
20 .r ................. 1 —\L
£ s N
= 10 NS N
= -15
0.2 0.21 0.22 0.23 0.24
Time (s)
=) T
g20 ; ;
£ Fundamental(50Hz)=12.08A
E10 THD=6.34% ‘
s d ;
= : :
T :
é 0 “ 11 as ;
=
é‘ 0 20 40 60 80 100
Harmonic order
(b)

FIGURE 11. Simulation results of a-phase input line current and its
spectrum. (a) Waveforms of output 500 V working condition.
(b) Waveforms of output 300V working condition.

rating of VSR-ATPS as Sauo = 1.67 kVA, which is 27.8% of
the actual output power.

B. SIMULATION ANALYSIS

A star-type variable step-up ratio 18-pulse ATRU circuit is
built by MATLAB/Simulink simulation software. Through
simulation and comparison, the input filter inductance param-
eter is Li; = 20uH; the VSR-ATPS leakage inductance
parameter is set to 0.02pu; resistive inductive load parameters
are Rg = 30 and Ly = 10mH.

The simulation results are shown in Fig. 10. As can be
seen from Fig. 10(a), the input line current i, of the pro-
posed 18-pulse ATRU presents 18 steps in a power cycle
(0.02s), and the THD value is 6.37%. Therefore, from the
input side, the designed ATRU realizes an 18-pulse rectifier.
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FIGURE 12. Experimental results. (a) Three-phase input line current.
(b) Spectrum of a-phase input line current. (c) load current and output DC
voltage voltage.

Fig. 10(b) indicates that the VSR-ATPS achieves the desired
boost function. It can be seen from Fig. 10 (c) that under the
large inductive load, both the output DC voltage and the load
current contain 18 equal-width waves in one cycle. Therefore,
from the output side, the designed ATRU also realizes an
18-pulse rectifier.

C. HARMONIC COMPARISON UNDER ADGUSTABLE
OUTPUT DC VOLTAGE CONDITIONS

To illustrate that the harmonic content of the input current
remains basically the same under different output DC voltage
conditions, simulations were carried out for 500 V and 300 V
output DC voltage conditions under the rated conditions
in Table 2, and the results are shown in Fig. 11.

Combining Fig. 11 and 10(a), it is known that the input
current maintains a sinusoidal trend stepwise variation under
the operating conditions of 600 V, 500 V and 300 V out-
put DC voltage, respectively, and its THD remains basi-
cally unchanged at about 6.4%, which is smaller than the
theoretical value, due to the influence of the input filter
inductor and the VSR-ATPS leakage inductance. The above
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FIGURE 13. Measured THD and efficiency curves. (a) THD curve of the
system. (b) efficiency curve of the system.

simulation comparison shows that the THD of the input cur-
rent is basically unaffected in the case of adjustable output DC
voltage, which is consistent with the results of the theoretical
analysis of (22).

D. EXPERIMENTAL VERIFICATION

Based on the theoretical analysis and simulation results,
a O6kVA three-phase prototype of variable step-up ratio
18-pulse ATRU was established according to Scheme 4,
as shown in Fig. 12. The electromagnetic interference (EMI)
filter is used on the input side of the ATRU during the
experiment.

5

Fig. 12(a) shows the waveform of the three-phase input line
current and the spectrum of the a-phase input line current
under rated load conditions. It can be seen from Fig. 12(a)
that the three-phase input currents are basically balanced, and
the phase difference between them is 120°, and amplitudes
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are about 12.5 A. The input line current mainly contains
18k = 1th characteristic harmonic, which is consistent with
the theoretical analysis. As seen in Fig. 12(b), the output
DC voltage and load current are around 601 V and 10 A,
respectively, and they both contain 18 pluses in one cycle, but
the waveforms of output voltage and load current do not look
as standard as theoretically owing to the effect of VSR-ATPS
leakage inductance.

Fig. 13 gives the curves of measured THD and efficiency at
full load conditions. It can be seen from Fig. 13 that the THD
of the input line current of the system at full load is 6.58%
and the system efficiency reaches 98.5%. The experimental
results are consistent with the theoretical analysis results, and
they all meet the design specifications.

V. CONCLUSION

In this paper, a star-type 18-pulse ATRU with variable step-
up ratio is studied. Taking the step-up ratio G as the starting
point, the essential relationship between G and output DC
voltage, input current THD and equivalent kVA rating of
VSR-ATPS is analyzed in detail, and it is verified by compar-
ison that the structure studied has an obvious size and weight
advantages and wide application prospects, and the following
conclusions are drawn.

(1) The output DC voltage of the ATRU can be adjusted
arbitrarily with a theoretical boost range of [1, c0).

(2) The adjustment of the output DC voltage has almost no
effect on the THD of the input line current, and the THD can
all meet the conventional requirements.

(3) The higher the output DC voltage is, the larger the
equivalent kVA rating of the transformer is. While at the
same step-up ratio, the equivalent kVA rating of the structure
studied in this paper is significantly smaller than that of the
other similar structures.

(4) The proposed VSR-ATPS adopts a voltage-symmetric
design scheme, which is less likely to contribute additional
non-characteristic order harmonics in the input line current,
and this feature is better than that of the voltage-asymmetric
design scheme.
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