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ABSTRACT The three-phase/switch Y-type two-level rectifier is widely used in the unidirectional power-
flowing applications such as LED illumination, communication and uninterruptible power supply. This paper
presents the working principle of three-phase/switch Y-type two-level rectifier, and proposes two simple and
fast modulation techniques (12-sector SVPWM and simplified equivalent SVPWM) based on the virtual
vectors. The reference vectors of the 12-sector SVPWM are synthesized by utilizing real basic vectors and
virtual vectors linearly combined from these real vectors in a switching period. So the created virtual vectors
can reduce the error of reference voltage synthesis, contributing to better input current performance, this
paper proposes a simplified 12-sector equivalent SVPWM, and shows the novel three-phase modulation
wave expressions and waveforms. The proposed simplified 12-sector equivalent SVPWM does not need the
process of sector determination with reducing computational processing time which is attractive for digital
implementation. Finally, performance of the proposed modulation methods for a Y-type two-level rectifier

using a SkW prototype is experimentally verified.

INDEX TERMS Carrier modulation, power factor correction circuit, SVPWM, virtual vector.

I. INTRODUCTION

When bidirectional power flux is not necessary, the unidi-
rectional three-phase Y-type two-level rectifier presents some
advantages as only using three controllable power transistors
which is half of the number of switches in traditional PWM
rectifier, no short-circuit phenomenon between bridge arms
and smaller processing of energy for the active switches in
the application of power unidirectional flow such as LED
lighting, communication and uninterruptible power supply.
Because of its high sinusoidal current, controllable power
factor, effective reduction of switch number and loss, it has
promising prospect in the fields of AC/DC electric drive,
active power filter, distributed generation, high voltage direct
current transmission.

At present, many scholars mainly focus on the control
algorithm and pulse width modulation for three-phase/level
Vienna-type circuit and multilevel converters. When the DC
bus voltage is about twice lower than the rated voltage of the
commercial switch, the two-level PFC topology can meet the
demand without the need for neutral point potential balance
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control, which makes the control system simpler. In [6],
the discontinuous 2L-SVM strategy of the three-phase three-
switch unidirectional rectifier is analyzed and improved on
the basis of the discontinuous space vector modulation strat-
egy of the Vienna rectifier. Compared with the continuous
2L-SVM strategy, this strategy reduces the switching loss by
33.33%.

The equivalent relationship between carrier-based pulse
width modulation and SVPWM provides a platform not only
to transform from one to another, but also to develop lots
of PWM modulators. The unified theoretical analysis and
verification between SVPWM and SPWM were carried out,
and the equivalent space vector modulation can be easily
got by injecting zero sequence component or common mode
injection. Numerous researchers have verified that the equiv-
alent SVPWM can optimize the control effect for converters.
Reference [7] proposed a generated decomposi-tion method
to obtain the accurate injected zero component, and this
theoretical derivation can be extended to acquire the accu-
rate zero component expression for the Y-type two-level
rectifier. In [8], a new carrier-based pulse width modulation
strategy was proposed to achieve the nearest three-vector
SVPWM strategy, which reduced the switching loss and the
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low frequency voltage oscillation of the neutral point. Addi-
tionally, the synchronized SVPWM is designed for three-
level converters, which achieves this function in the following
way that the switching sequences and two reference vector
distribution modes are designed at each segmentation inde-
pendently, and this synchronized SVPWM can improve the
output waveforms while reducing the device switching fre-
quency. The above references discussed the equivalent rela-
tionship between SVPWM and SPWM for three-level voltage
source rectifier (VSR) and VIENNA-type rectifier, and the
equivalence between SVPWM and SPWM is realized by the
well-known third harmonic injection principle. However, the
operation mode of Y-type two-level rectifier is different from
the traditional PWM converter, so the PWM converter’s zero
sequence component cannot be directly applied to Y-type
two-level rectifier. According to the combination states of
the three active switches, two novel pulse width space-vector
modulations are designed for Y-type two-level rectifier.

In order to acquire the simplified SVPWM for the unidi-
rectional Y-type two-level PFC. Firstly, the working principle
of Y-type PFC and the design process of virtual vectors are
deduced in detail, then a 12-sector SVPWM is proposed
to simplify process of sector division using virtual vectors.
Compared with the traditional 6-sector SVPWM, the novel
12-sector SVPWM will increase the number of switching
operations when it is used to synthesize the target reference
vector, but it can effectively reduce the error between the
target synthesized voltage and the reference voltage, so it can
reduce the input current ripple. Second, in order to overcome
the more controller resource occupied by sector judgment and
basic vector acting time calculation in the 12-sector SVPWM,
based on the equivalent relationship between SVPWM and
SPWM, the simplified 12-sector SVPWM is proposed by
using the three-phase duty cycle functions, and this paper
gives the detailed derivation process, the expressions of the
equivalent 12-sector SVPWM in table form and the simula-
tion waveforms. Finally, performance of the proposed two 12-
sector SVPWM strategies for the unidirectional three-phase
Y-type two-level rectifier, based on the simulation studies
and experiments in the SkW prototype, are demonstrated the
validity and effectiveness of the theoretical analysis by the
simulation and experimental results.

Il. WORKING PRINCIPLE OF Y-TYPE TWO-LEVEL PFC

Three-phase Y-type PFC circuit is shown in Fig. 1. u,upu,
are three-phase input voltages, i,ipi. are three phase input
currents, iy, are positive and negative dc-bus current. L,LpL.
are three-phase filter inductors with a value of L, R;RpR,
are the equivalent resistance of the circuit, Ry, is the output
load. S,SpS. is the switch function of three-phase PFC circuit.
A bidirectional switch and two fast recovery diodes form a
phase bridge arm, in which the bidirectional switch consists
of a MOSFET with four diodes as shown in the right of
Fig. 1. The three-switch two-level PFC based on MOSFET is
a voltage driven circuit, whose output voltage at both ends of
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the main control power device is determined by input current
direction and the on/off state of active switches.

The Y-type two-level PFC is a power unidirectional flow
circuit. According to the input-current direction, the oper-
ation mode of any phase bidirectional switch is analyzed,
its current path is shown in Fig. 2. During the positive half
cycle of the input current, when the switch is on, the current
flows through Dy; and Dga, while when the switch is off,
the current only flows through Dy, that is means this circuit
has no short-circuit phenomenon between two bridge arms,
and the negative half cycle current path is symmetrical with
the above path. The switch of each bridge arm has two states:
on and off, and there are 8 combinations of three-bridge arms.
According to the direction of the voltage and current, seven
basic vectors of the circuit are obtained as shown in Table 1,
and “—” in Table 1 indicates any current direction.

i ldc

D, D
e O

de 74{* [
= & &

Dk’ k4

FIGURE 2. The current working path of the bidirectional switch

TABLE 1. The Seven Basic Vectors.

Current direction Switch connection point
- - Basic vector

iy A i A B C

] . ; M M M V0 (000)
> | <0 | <0 P N N V1 (100)
>0 >0 | <0 P P N 7,10
<0 >0 | <0 N P N V5 010)
<0 >0 | >0 N P P V1D
<0 <0 | >0 N N P Vs 00D
>0 <0 | >0 P N P Ve 10D

Each leg of the Y-type PFC has three common connection
points M, P and N, as shown in Fig. 1. In order to effectively
analyze the working state of the circuit, the switch function is
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FIGURE 3. The seven basic vectors of the Y-typed PFC.

defined as follows: when the point of each phase arm (A, B,
C) is connected with P, the switching function is defined as 1.
When it is connected with N and M, the switching function
is defined as 0.

Seven topological stages may be performed from basic
operation mode as shown in Table 1, among them, the basic
vector (000) is a redundant vector, which is only used to
adjust the action time of different basic vectors, its mode
is not limited by the current direction, and it only has one
working condition connected with M. For the seven basic
vector modes, the working states of the circuit are shown
in Fig.3 and they are shown as follows:

(a) State 1 [Refer to Fig. 3(a)]: S, is turned on, and
the other two switches are turned off. The active current
path of this mode is shown in Fig. 3(a). During this state,
Uap = +Uge, Upc = 0, Uca = —Uy,, and phase A current
decreases, phase B current increases when the line voltage
Uyp is greater than 0.

(b) State 2 [Refer to Fig.3(b)]: S, is turned on, and the
other two switches are turned off. The active current path
of this mode is shown in Fig. 3(b). During this state,Usp =
0, Upc = +Uge, Uca = —Uye, phase A and phase B currents
increase, and i, +ip +i. = 0, thus, phase C current decreases.

(c) State 3 [Refer to Fig. 3(c)]: Sp is turned on, and
the other two switches are turned off. The active current
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path of this mode is shown in Fig. 3(c). During this state,
—Uge, Upc = +Uy, Uca = 0, and phase B
current decreases, phase C current increases when the line
voltage Ucy is greater than 0. Capacitor Cy. is in a state
of charge.

(d) State 4 [Refer to Fig. 3(d)]: S, is turned on, and the
other two switches are turned off. The active current path of
this mode is shown in Fig. 3(d). During this state, Usp =
—Uge, Upc =0, Ucsg = +Uy,, phase B and phase C currents
decreases, and i, + ip + i = O, thus, phase A current
increases.

(e) State 5 [Refer to Fig. 3(e)]: S, is turned on, and
the other two switches are turned off. The active current
path of this mode is shown in Fig. 3(e). During this state,
Uap = 0,Upc = —Uy4e, Uca = +Uy,, and phase C current
decreases, phase A current increases when the line voltage
Uyp is greater than 0. Capacitor Cy, is in a state of charge.

(f) State 6 [Refer to Fig. 3(f)]: Sp is turned on, and the
other two switches are turned off. The active current path
of this mode is shown in Fig. 3(f). During this state, Usp =
+Uqce, Upc = —Uyge, Uca = 0, phase A and phase C currents
decreases, and i, +ip+i. = 0, thus, phase B current increases.

(g) State 7 [Refer to Fig. 3(g)]: This state works in redun-
dant vector mode. Zero output in this state, Usp = Upc =
Uca = 0.

Usp =
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1Il. 12-SECTOR SVPWM BASED ON VIRTUAL VECTOR

A. PRINCIPLE ANALYSIS OF 12-SECTOR SVPWM

It is needed to consider the direction of current with the
realization of effective basic vector in unidirectional power-
flow circuit, that is, the power switch works in the same direc-
tion of voltage and current, so the SVPWM sector division
of three-phase PFC based on unidirectional power flow is
different from the traditional PWM rectifier.

The voltage vectors, voltage states and sector division are
shown in Fig. 4 and Fig. 5. For SVPWM based on 12-sector,
there are 12 voltage vectors, consist of six basic real vectors
V1 V2 V3 V4 V5 V6, six virtual vectors V1 2V2 3V3 4V4 5V5 6V1 6
which be generated with the linear combination of real volt-
age vectors. These virtual vectors can greatly increase the
number of voltage vectors on the AC side, effectively reduce
the error between the reference voltage vector and the synthe-
sis target voltage vector, and improve the input current per-
formance. The sector division based on 12-sector SVPWM
is different from the traditional 6-sector division in that the
real vectors and virtual vectors divide the operational sectors
every 30°, so that the voltage vector space is divided into
12 sectors[18].

) | I I |
DED APl

wt

‘oo wv!vivitvo!vn!ix!

FIGURE 5. The 12-Sector Division.

The three-phase input voltage is divided into 12 cycles
in one power frequency cycle based on the zero-crossing
point and the intersection of three-phase input voltage as
shown in Fig. 5. Based on the tangent value of «f coordinate,
the sector judgment can be carried out, it can be named as:

tano = ug/ug (1)

where u,, and ug are the reference input voltage of the rectifier
in a8 coordinate. The specific conditions of sector judgment
are shown in Table 2.
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TABLE 2. Sector Conditions of 12-Sector Svpwm.

Sector Judgment conditions
1 \/guﬁ—ua<0&ua>0,up>0
11 \/guﬁ—ua>0&\/§ua—uﬂ>0
il Bu, —u, <0&u, >0
v Bu, +uy >08&u, <0
A% \/gua+uﬂ<0&\/§u/,+u”<0
VI \/guﬂ+ua>0&up>0
Vil By —u, >08&u, <0
VI By —u, <0&u, —3u, >0
X uy —3u, <0&u, <0
X \/?Tua+uﬂ<0&un>0
XI \/gua+uﬂ>0&\/§u/f+ua<0
XII \/§"/3+"a>0&“a>0,uﬁ<0

The virtual vector is linearly combined by two real vectors
in one switching cycle, which can be realized by comparing
the three-phase duty cycle with the triangular carrier. The
specific synthesis method is shown in Table 3.

TABLE 3. Virtual Vector Synthesis.

Virtual vectors Synthesised style Three phase duty cycle
2 0.5V,+0.5V, 1,0.5,0
Vs 0.5V,+0.5V; 0.5,1,0
4 0.5V,+0.5V, 0,1,0.5
Vs 0.57,+0.57, 0.0.5,1
56 0.5V,4+0.5V 0.5,0,1
6 0.5V+0.5V 1,0,0.5

Take the virtual vectors \71,2 \72,3 for example, the synthesis
principle is shown in Fig. 6. In the Fig. 6, the amplitude of
triangular carrier is 1, and the switching frequency is Ty . So it
can be seen from the Fig. 6, the vector sequences output by
the virtual vectors Vj 2 and V; 3 in one switching cycle are
\71 — \72 — ‘71 s \73 — \72 — \73, respectively. Based on the above
synthesis principle, more virtual vectors can be obtained by
the real vectors in the vector space.

It can be seen from Fig. 7(b) and Table 3 that the output
information of PLL can be unified with the sector division,
and the judgment conditions are clear and easy to understand.
Based on the unidirectional power flow and two-level charac-
teristics of the Y-type PFC circuit, a five-segment symmetri-
cal SVPWM modulation mode is adopted in order to make
the control signal be the same at the beginning and end of
the switching cycle, lessen the switching action times and
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FIGURE 6. The synthetized principle of virtual vectors I.ll’z |-/2,3.

rgduce the harmonic content. In each sector, the zero vector
Vo first acts on the synthesis target vector, through the orderly
combination of the switch sequence of the adjacent sector,
only one switch is turned on at each time, according to which
the switch sequence in each sector can be designed. Taking
the first sector as an example, when the voltage reference
vector locateg in the first sector, the schematic diagram of
synthesizing Vs with the virtual voltage vector is shown as
Fig. 8.
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FIGURE 7. The simulation diagrams of 6-sector and 12-sector.
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FIGURE 8. Schematic diagram of voltage vector synthesis.
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According to the nearest vector synthesis principle, three
basic vectors VoViVj > are closest to the reference vector
who are selected to synthesize the \7ref, the acting time of
these basic vector is ToT17T} 2 respectively. According to the
volt-second principle, the effective basic vector action time
equation can be obtained as follows:

{ Wi+ T2V =TV @)
T'+Tp+To=T;

By projecting virtual vector into two adjacent vectors,

we can get:

Vel T = Vi T+ (V3 /D) V12| Tiz
V| Ty = (|Vi2| T12)/2 ©)
Iy=T1+Tip+1p

According to the | V.|, the amplitude of vectors \71 and \71 2
are standardized in «f coordinate system, and their length are
2Vae/3, V3 Vac/3,respectively. Finally, in sector I, the acting
time of each vector can be obtained as:

T\p,= (2x/§ VﬂTS)/Vdc
Ty =3(VoTs — \/§ VﬂTs)/ZVdc (4)
To=Ts—T12—T

Table 3 is used to calculate and allocate the action time of
each vector state, and the following equation is obtained:

{ T00) = T1

5
Taiwy =2T12,—T ©)

Fig. 9 shows the sequence diagram of the switch drive
signal for one switch cycle in the first sector.

E T, Tf"% T, Q
S %2 * 4 | | 4 * 2
I I I .
I 1 I &
. | [ | |
S, | | | |
I I
t 1 *
| bl I
ST Lol | |
[
— >t
©00) I @10y laool @10y 1 000) 1

FIGURE 9. Sector I switch driving signal sequence diagram.

B. ANALYSIS OF VOLTAGE AND CURRENT
CHARACTERISTICS

The six virtual vectors proposed in this paper can be generated
with the linear combination of real voltage vectors, which can
increase the number of finite control sets (Vyerq and Vierp)
in the reference voltage synthesis and improve the control
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domain and utilization ratio of vector space, thus the error
in reference vector synthesis is reduced effectively and the
control accuracy is improved. In this paper, the modulation
strategy is analyzed in two aspects: voltage error and har-
monic current [19]. The total voltage error of the 6-vector
modulation and 12-vector modulation strategies are analyzed.
The total voltage-vector error is defined as:

8ve = \/(Vrefoz - VVO[)2 + (Vrefﬂ - Vvﬂ)2 (6)

In the (6), Vierq and V,.rp are the components of reference
voltage vector Vref in @B coordinate system, respectively. Vy,
and Vyg are the components of the three-phase PFC synthetic
target vector in the af coordinate system. In each sampling
period, the reference vector points in a sector are sampled,
and the voltage error is calculated by the (6). Taking the
total voltage error of sector I in time 7 /4 as an example, the
total voltage error under different sector division methods is
shown in Fig. 10. It can be seen from the Fig. 10 that the total
voltage error of 12-sector SVPWM is less than that of 6-sector
SVPWM with different modulation ratios, which indicates
that the virtual vector can reduce the error of synthesizing
target vector.

10
///7-‘\\\\,
8f / T T
6-sector
o 67
&
n
2/\7\—\/_
0 ‘ 12»sectf)r ‘ ‘
0.5 0.6 0.7 0.8 0.9 1.0

Modulation Ration

FIGURE 10. Total voltage error of 6-sector and 12-sector.

Fig. 11 shows the simulation diagram of Ve and Vrg
trace under the 6-sector division mode and 12-sector divi-
sion mode. In order to compare the influence of different
sector division modes on the switching voltage trajectory
more clearly, and the sampling frequency of the switching
frequency is 12kHz, and the total simulation time is 0.08s.
Compare and analyze the Fig. 11 (a) and Fig. 11 (b), it can
be seen that the switching voltage track distortion of the
three-phase PFC based on the division of 6-sector is more
serious, and the amplitude fluctuation of the switching volt-
age is larger, while the circuit shows better performance in
the division mode of 12-sector, its switching voltage track is
closer to the circle, and the track distortion is significantly
reduced.

In this paper, the RMS value of current ripple is selected
as the performance index, and the calculation method of har-
monic current based on fourier transform is adopted, which
ignores the related loss in the circuit to simplify the calcu-
lation process. Taking the calculation of A-phase harmonic
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current as an example, the current ripple expression in the
time period 77 is as follows:
. Vdc — Ug Vdc
Aig(t) = ——t=—(1 —m)t 7
a(?) L L ( ) (N
In the (7), m = u,/Vy., the expression of ripple current in
time period 7> is given as:

Ve — Ma)T _ (Ve + ugq)

Aiy(t) = 7 1 7 (t—=T1)
Ve
— L_”’ [(1 —m)Ty — (1 +m)(t — T)]
(T <t <T1 +T») ®)

Fig. 12 shows the switch pulse and ripple current of the
A-phase bridge arm. In Fig. 11, if the integral variable is set
as x = t — T in half a switching period, the RMS value of
harmonic current is as follows[20]:

a2 = (Ve Ts
fa = La 2

)
n / (= m)Ty — (1 +muPax | ©)
0

T,

/ (1 — m)>dt)
0

Equation (9) can be further simplified as:
. \Z% 2 2 2T82
A2 = ()P —m*)? S 10
Iy (La)( m)48 (10)
Then the effective value of harmonic current in one switching
period is:

. Ve Ts
Ie = /A2 = L_°(1 —;112)—4\/§ (11)
a

IV. NEW EQUIVALENT SVPWM BASED ON Y-TYPE PFC
CIRCUIT

In order to improve the voltage utilization and simplify the
complex calculation process of traditional SVPWM, the third
harmonic component is injected into the sinusoidal modula-
tion wave to form the saddle wave, which is equivalent to
the space-vector pulse width modulation. In addition, since
the working mode of this PFC circuit is different from the
traditional two-level rectifier, it can be seen from the the
previous analysis of its working principle that the circuit
working mode is more flexible, that is, in the outputting the
same basic vector, it has a variety of switching combinations.
When the new modulation waves synthesized, it is necessary
to comprehensively consider the direction of current, and the
principle of the less-switching times.

In [4], the essential relationship between SVPWM and
SPWM is studied in detail, and the zero sequence component
of three-phase converter is theoretically derived and simu-
lated, which can provide a theoretical basis of the realiza-
tion of equivalent SVPWM for Y-type two-level PFC. The
space-vector coordinate values in two-phase static coordinate
system are shown in Fig. 13, which can be obtained from
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FIGURE 11. Vyef,, Vyer g traces in ap coordinate system.
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FIGURE 12. Switching action pulse and ripple current in one period.

three-phase coordinate system by using Clark transformation
matrix. Taking sector I as an example, the (2) can be rewritten
by using virtual vectors and real vectors in the Table 3 as
shown:

Ts‘_}ref = Tl/ ‘71 + Tz/‘_}z
T -~

=1y + D2y, 4 D2, (12)
= 1 ) 1 ) 2

By substituting the vector coordinates in o coordinate
system into (12), it can be obtained:

TVag = \2/3Va - T+ [ V6V,

+«/§/2\7,3).72/=Ta-x7a+Tﬂ.x7ﬁ (13)

The coordinate components on both sides of the (13) are
equal, and the action time of basic vectors Vi, V> can be
determined when the reference vector V,,r, in «f coordinate
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FIGURE 13. Space vector in o coordinate system.

system is located in sector I:

T/ = /3/2T, — ﬁ/zTﬂ (14
T2/ = \/iTﬂ

In sector I, the proposed vector sequence is VoVo Vi V)V,
resulting in the drive signals in Fig. 9. Therefore, the intervals
for the commands of switches are:

T, = Tsv Th = TO + Tz/a Tc = TO (15)

Using the duty cycle in the @8 coordinate system, the new
modulated wave in the three-phase coordinate system can be
described as follows:

vi=1
vZ:l—,/3/2Da+Dﬂ (16)
;:1—‘/3/2Da+1/f21)ﬁ

In the (16), Dy = T« /Ty, Dg = Tg/Ts. Using the above
methodology for all sectors, it can be deduced that the duty
cycle expressions of all sectors. Sector I and XII, II and III,
IV and V, VI and VII, VIII and IX, X and XI are the same,
as shown in Table 4.

BNIIPNIIPNI
| [ [~ |

1%

o
n -

o
n

Phase C Phase B Phase A

o
n

T T T
| | |
0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04

FIGURE 14. The three-phase modulation waves.

Fig. 14 shows the newly synthesized three-phase modula-
tion waves, which are compared with the triangular carrier
to output the switching logic signal directly. The equivalent
SVPWM based on the new three-phase modulation wave
is simple, and no sector judgment and vector action time
calculation are needed, which can reduce greatly compu-
tational processing time which is its simplicity for digital
implementation. Comparing between the two-level SPWM
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TABLE 4. The New Modulation Wave of Each Sector.

SECTORS THREE-PHASE MODULATED WAVE

v, =1

v, =1-\3/2D, +1/N2 D,
v =1-3/2D, -1/\N2 D,
v, =1-\3/2D, +1/\2D,
I & IIT v, =1

v, =1+42D,

v, =1+.3/2D, +1/\2 D,
v, =1+\/5Dﬂ

& XII

V&V

=1

v, =1+\3/2D, -1/\2 D,
v, =1+3/2D, +1/\2 D,
v, =1+.3/2D, -1/\2D,

VII & IX v, =1

vc*=1—«/§Dﬁ

v, =1-3/2D, -1/\2D,

v, =1-v2D,

v =1

VI& VII

X & XI

and the space-vector modulation in sector I and III, and it is
illustrated in Fig. 15, the v}v;vi are three-phase equivalent
modulation waves injected with zero-sequence component,
T,TyT, are the time when the modulation amplitude is larger
than the carrier amplitude, that is, the time when the three-
phase of A, B and C output high potential in one modulation
period, and fot11> are the action time of the vectors Vo V1 V2
in the space vector modulation, respectively. The upper part
of Fig. 15 is the switch timing sequence of SVPWM, and
the lower part of Fig. 15 is about the comparison between
the new modulation wave and the carrier wave. It can be
concluded that SVPWM is equivalent to SPWM based on the
new modulation wave.

V. EXPERIMENTAL RESULTS
The performance of the proposed 12-sector SVPWM and the
new modulation technology based on equivalent SVPWM
were verified using a 5-kW three-phase two-level PFC exper-
imental platform, and the experimental circuit is shown as
the Fig. 16. The specific parameters of the circuit are shown
in Table V. DSP-TMS320F28335 is used as the experimental
controller, the bidirectional switch is SKM60GM123 and
the fast recovery diode is DSEI2 101-12A. The three-phase
power input is provided by the three-phase voltage regulator
TSGC2-9, and the relevant measuring equipment is as fol-
lows: the oscilloscope is DS1104, the high-voltage probe is
GENTEK-G3100.

Fig. 17 shows the sector, phase angle and the A-phase
voltage and current waveforms of 12-sector modulation
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FIGURE 15. The novel SVPWM in sector | and 1.
TABLE 5. Main Parameters of the Circuit.
Description Value
RMS input voltage 220V
Output voltage 6501
Input inductor 2.4mH
Switching frequency 12kHz
Output capacitor 3300puF
Output power SkW

Filter
inductor

DC—link
capacitors

Related
control
panels

FIGURE 16. The experimental circuit.

and 6-sector modulation, respectively. When measuring the
experimental voltage and current waveforms of A phase,
the oscilloscope probe is set to twice the coefficient.
Fig. 17(a) shows the relationship between the six sectors
and the Phase angle of the 6-sector modulation. Due to
the influence of the parasitic parameters in the actual cir-
cuit and the accuracy of the sampling circuit of the con-
troller, the experimental waveform has an acceptable small
error, which is consistent with the simulation results of the
Fig. 7(a). Fig. 17(b) shows the experimental voltage and cur-
rent waveforms of A-phase, the Y-type rectifier operates with
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FIGURE 17. The sector and phase angle,the A-phase voltage and current waveforms and the three-phase current THD. The 6-sector
modulation: (a) the sector and phase angle, (b) A-phase voltage and current waveforms, (c) the three-phase current THD; The
12-sector modulation: (d) the sector and phase angle, (e) A-phase voltage and current waveforms, (f) the three-phase current THD.

sinusoidal current waveform and unit power factor. Fig. 17(c)
shows the harmonic analysis of three-phase current, and the
average total harmonic distortion (THD) of three-phase cur-
rent is about 3.3%. The current harmonic contents of the
6-sector modulation technology meets the related require-
ments. Fig. 17(d), Fig. 17(e) and Fig. 17(f) show the sector,
phase information and the A-phase voltage and current wave-
forms of 12-sector modulation. The relationship between the

214318

sectors and the Phase angle of the 12-sector modulation is
consistent with the simulation results of the Fig. 7(b). Com-
pare and analyze Fig. 17(b) and Fig. 17(e), It can be con-
cluded that the current waveform of 12-sector modulation has
high smoothness and small ripple. Fig. 17(f) shows the har-
monic analysis of three-phase current based on the 12-sector
modulation, and the average THD of three-phase current is
about 3%.
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By analyzing the experimental waveform of three-phase
novel modulation wave shown in Fig. 18(a), based on the
expression in Table 4 and simulation waveform in Fig. 14,
it can be found that the feasibility of proposed equivalent 12-
sector modulation is verified by the experimental waveforms,
and the experimental results are consistent with the theoret-
ical derivation and simulation waveforms. The three output
switching pulses are shown in Fig. 18(b), and Fig. 18(c) is
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FIGURE 19. Three-phase PFC dynamic voltage and current related
waveform (a) Phase A dynamic current waveform and DC side voltage
waveform (b) Phase A and Phase B dynamic voltage and current
waveform.

the partial amplification, It can be seen that the three-phase
switch pulse distribution is consistent with the theoretical
analysis in Fig. 15.

From top to bottom of the Fig. 19, which are the waveform
of DC side voltage and phase-A current when three-phase
PFC is started, and the waveform of dynamic voltage and
current are shown from uncontrolled state to controlled state.
In Fig. 19(a), the DC side voltage can reach a stable value
of 650V in about a source cycle, it has small overshoot
and good dynamic response. In Fig. 19(b), the steady-state
operation can be quickly realized when the three-phase PFC
is started, and the voltage and current are in the same phase.

The voltage and current waveforms of the Y-type two-level
PFC in steady state are shown in Fig. 20, which verify the
working characteristics of the studied PFC. It can be seen
from Fig. 20(a) that the voltage waveforms of phase voltage
and line voltage conform to the characteristics of Y-type two-
level PFC, and in stable state, the three-phase input current
can be highly sinusoidal, with low harmonic content and only
a small amount of lower harmonic, and the input line voltage
is three-level, which is consistent with the above-mentioned
analysis.
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VI. CONCLUSION

In this paper, the three-phase/switch Y-type two-level rectifier
was studied in detail. Compared with three-phase PWM
rectifier, the three-phase/tube two-level Y-type PFC can
effectively reduce the number of switching devices and the
switching loss, and this PFC circuit has high engineer-
ing value in unidirectional power applications. Furthermore,
based on the virtual vectors and the operation principle
of three-phase/switch two-level PFC, this paper proposed
12-sector SVPWM and equivalent 12-sector SVPWM for
this circuit. Since the virtual vectors can reduce the error
between the reference voltage vector and the synthetic target
vector, which does not need sector judgment and vector action
time solution. The equivalent 12-sector SVPWM can reduce
computational processing time which is its simplicity for
digital implementation, and this virtual 12-sector equivalent
SVPWM technique can be applied in traditional three-phase
three-level rectifiers. Finally, the simulation and a SkW exper-
imental topology are designed to verify the capability of the
proposed two 12-sector SVPWM strategies.
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