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Abstract—The modeling, modulation, and control of the three-
phase four-switch (TPFS) PWM rectifier are investigated in this
paper. Three space vector pulse width modulation methods using
different equivalent zero vectors are developed, where sector iden-
tification and the trigonometric function are not required. Then,
the high-frequency model for the current ripple analysis is pro-
posed, and the effects of three SVM approaches on the ac current
ripple are investigated. According to the analytical results, the
method introducing the smallest current ripple is selected. With
the optimized SVM approach, a control-oriented model, consider-
ing the capacitor voltage oscillation and deviation, is built in the
dg synchronous frame to facilitate the controller design. Further-
more, a control strategy implementing the proportional controller
is developed to eliminate the capacitor voltage deviation. Mean-
while, the dual-loop control of the TPFS is not affected by the
proposed strategy as the capacitor voltage deviation is eliminated.
Finally, a novel linear modulation index function is defined to reject
the low-frequency harmonic current introduced by the overmod-
ulation. Experimental results demonstrate that excellent current
performance is achieved with comprehensive considerations of the
modeling, modulation, and control strategy.

Index Terms—AC-DC power rectifiers, current ripple root mean
square (RMS), linear modulation, space vector modulation (SVM),
three-phase four-switch (TPES).

I. INTRODUCTION

HE three-phase six-switch (TPSS) PWM boost rectifier is
T widely implemented as a utility interface with renewable
energy resources in the fields of solar energy, wind energy, ac-
tive power filter, and unified power flow control [1]-[7]. Due
to cost and reliability considerations, research efforts have been
made to develop power semiconductor devices minimized three-
phase PWM boost rectifier with high performance [8], [9]. In
[10], a four-switch-based three-phase (TPES) inverter topology
is proposed to replace the traditional TPSS inverter. In addi-
tion, the TPFS converter endows the TPSS converter with the
power semiconductor devices’ fault-tolerant ability. However,
compared with the TPSS converter, the TPFES converters are
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believed to have some disadvantages, such as the halved volt-
age utilization factor, the imbalanced input ac currents, and the
voltage deviation of the dc-link capacitors. Thus, substantial re-
search efforts have been made to improve the performance of
the TPFS converter.

Regarding the PWM modulation of a TPFES converter, sub-
stantial researches have been focused on the elimination of the
imbalanced input ac currents [11]-[20]. For the method dis-
cussed in [12], four active vectors are used per switching period,
which increases the switching losses. Considering the switch-
ing losses, the SVM approach utilizing three basic vectors per
switching period is a promising option. Due the absence of the
zero vectors in the TPFS rectifier, the equivalent zero vectors are
realized by the combination of the two opposite active vectors
whose volt-second integral is equal to zero. Considering the uti-
lized equivalent zero vectors, the SVM methods for the TPFS
rectifier can be classified into three categories: the equivalent
zero vector by two large-amplitude opposite vectors (LVSVM)
[13]-[15], the equivalent zero vector by two small-amplitude
opposite vectors (SVSVM) [16]-[19], and the nearest three vec-
tors SVM method (NTSVM) [20]. An overview of modulation
techniques for the TPFS rectifier is presented in [21]. In [21],
the performance comparison of the hysteresis band current con-
trol, sinusoidal PWM, and space vector modulation is discussed.
The SVM approach discussed in [21] is developed with the as-
sumption of the identical voltage across the two capacitors. The
approaches discussed in [13]-[21] require sector identification
and real-time calculation of the trigonometric function. It should
be noted that the focus in [13]-[21] is to eliminate the imbal-
anced three-phase current introduced by the capacitor voltage
oscillation. However, the influence and comparison of the three
SVM approaches on the ac current ripple have not been ad-
dressed yet. The current ripple is important for a TPFS rectifier,
which influences the noise and loss in the rectifier and the load.
The optimized SVM approach should possess the advantage of
producing the smallest current ripple.

To achieve the same performance as the conventional TPSS
rectifier, the modeling, modulation, and control of the TPFS
rectifier are indispensable. In [22], the state-space averaging
technique is implemented in the modeling of the TPFS rectifier.
However, the introduced model from which the closed-form
control law is derived is a steady-state equation, and the dy-
namic response of the current of the TPFES rectifier is poor. The
linearized dynamical models for the TPFES rectifier are devel-
oped in [23] and [24], and a hysteresis band is used to regulate
the current. In [25], the direct power control is introduced as the
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Fig. 1.
factor.

Steady-state vector diagram of the PWM rectifier with a unity power

control strategy for the TPFS rectifier. However, the hysteresis
bands in [23]-[25] caused the harmonic current to be load de-
pendent. Without any prespecified operating conditions, a model
suitable for the controller design is developed in [26]. However,
the proposed transfer function is developed with the assumption
of identical voltages between the two capacitors. In [14], us-
ing double Fourier integral analysis, an accurate mathematical
model is constructed to precisely describe the fundamental of
the TPES rectifier. However, the accurate mathematical model is
not applicable to the design of system regulators because of its
complexity. Compared with the conventional TPSS rectifier, a
control-oriented small-signal model of the TPFS PWM rectifier
is absent. A control-oriented small-signal model, accounting for
the effect of capacitor voltage oscillation and deviation on the
output voltage, is essential for the modulation and control of
the TPFS rectifier. This paper is a continuation of the effort in
[14], [22]-[26] to pursue a simple and accurate control-oriented
model for the TPFSPWM rectifier aiming to achieve perfor-
mance as excellent as that of the conventional TPSS rectifier.
A control-oriented model of the TPFS PWM rectifier is built
in the dg synchronous frame, where the capacitor voltage oscil-
lation and deviation have been taken into account. Three simple
pulse width modulation methods using different combinations
of the equivalent zero vector are developed, which can eliminate
the ac component of the output voltage in the dg synchronous
frame. To investigate the current performance of the three sim-
ple pulse width modulation methods, the current ripple root
mean square (RMS), which is strongly related to the harmonic
current [27]-[33], is selected as the criterion, and the analytical
expressions in time domain are presented for assessment. Based
on the analytical results, the method introducing the smallest
ac current ripple is selected as the optimized SVM approach.
The small-signal model for the TPFS rectifier is obtained by the
linearization of the large-signal average models at the operat-
ing point, revealing a right-half plane (RHP) zero feature in the
dc voltage control loop that is also existed in the TPSS recti-
fier. Therefore, a cascaded dual-loop control structure, widely
adopted in the control of TPSS rectifiers, is used to control the
TPFS PWM rectifier to alleviate the effect of the RHP zero on
the system dynamics [34], [35]. For the purpose of eliminated
capacitor voltage deviation and ac current improvement, a con-
trol strategy based on the dg synchronous frame is presented to
realize real-time control of the capacitor voltage deviation.
Due to the capacitor voltage oscillation, the modulation in-
dex in [36] and [37] is not applicable to evaluate the modula-
tion property of the TPFS rectifier. In this paper, a modulation
evaluation function fiVp¢, I,,, 0) is developed to evaluate the
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Fig. 2. Structure of a TPFS PWM boost rectifier.

modulation property of the TPFS rectifier. It reveals that, with
the improper combination of the ac current and the dc voltage,
the TPES rectifier operates alternately in the linear modula-
tion region and the overmodulation region, generating the low-
frequency harmonic current. Experimental results demonstrate
that excellent current performance is achieved with comprehen-
sive considerations of the modeling, modulation, and control
strategy.

II. LOW-FREQUENCY EQUIVALENT MODELING OF THE TPFS
PWM RECTIFIER IN THE dg SYNCHRONOUS FRAME

The structure of a TPFS PWM boost rectifier is shown in
Fig. 2. E,, E}, and E, represent the grid voltages, and 4, 7,
and ¢, denote the input currents. Parameters L and R are the
filter inductors and the parasitic resistance, respectively. Vpc
represents the dc output voltage. C; and C5 are the output
capacitors, and the values of the two series-connected output
capacitors are assumed to be identical (C; = C5).

Fig. 1 shows the low-frequency steady-state vector diagram
of the PWM rectifier with a unity power factor. In Fig. 1, U
represents the voltage vector of the output mean voltage and E
denotes the voltage vector of the grid voltage; I is the current
vector of the three-phase input current (¢, %y, 2. ); ¢ denotes the
phase displacement of the voltage vector £ and U, and w is
the fundamental frequency. According to Fig. 1, the following
expressions are satisfied:

Un =+E2 + (wLI,,)?
wlLl,
o " m (1)
¢ = arc an< » >

1q = Incos(0 + ¢)

where E,, denotes the amplitude of the grid voltage; I, is the
amplitude of the three-phase input current; U, is the amplitude
of the output voltage.

When obtaining the low-frequency model for the TPFS rec-
tifier, the three-phase input currents (., iy, %. ), three-phase grid
voltages (E, , I}, E.) can be regarded as purely sinusoidal three-
phase waveforms, whereas the actual output voltages of the
TPES rectifier are the high-frequency pulse waves. Thus, the
mean value of the actual output voltage per switching period
is used when obtaining the low-frequency equivalent modeling.
By adopting the similar method presented in [35], the output
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mean voltages of the rectifier with respect to N are expressed
as

van 1 ) . UB A

Up N = — — =
UonN 3 Uc A
L -1 2

(=3Vbe2 — $Voer) dy + (=3 Vbea — $Vbor) de + 5 Voo
(3Vbeo + 2Voer) dy + (=3 Vb2 — +Voer) de — Voo
L (*%VDCQ - %VDC1) dy + (%VDCQ + %VDCI) d. — %VDCQ
2

Applying the Kirchhoff current law (KCL) to the dc side of
the rectifier exhibited in Fig. 2, the expressions of the capacitor
voltage dynamics are derived as

cDber _ iy = —(1 = dy)iy — (1= d,)ic
dt
_ (VD01R+ Vbe2) 3)
DC
CdVDCl — i = dyiy & doi — (Vbea +VD02). @)
dt Rpc

The dynamic equation of the dc-link voltage V¢ is obtained
by adding (3) and (4)
2Vpc

d
Voo _ iy + 2dyiy + 2d.i, — . )

¢ dt Rpc

Applying the KCL to the split output capacitors in Fig. 2, the
following expression is obtained:

d(Vbca2 — Vber)
dt

Then, the analytical solution of (6) is deduced as

C = —(ic +1ip) = 4a. (6)

Vbea(t) — Vbei(t) = /Ot iodt + (Vbc2(0) — Vbe1(0)) (7)

where V2 (0) is the initial voltage of Cy, and Vy 1 (0) denotes
the initial voltage of C'.

Finally, the expressions of V¢ (¢) and Vi ¢z (¢) are obtained,
respectively, as

1

1
Wei(t) = =Wbe ~3

5 (/Ot iadt + Vbc2(0) — VDCl(O)>

t
5 5 / iadt + Vpc2(0) — VDC1(O)> :
0
®)
Equation (8) reveals the effect of the current 7, on the ca-
pacitor voltage. The capacitor voltage oscillation is inherent in
the TPFS rectifier. It should be noted that the dc component
in (8) does not decay with time, which is the capacitor voltage
deviation.
Considering Park’s transformation, (5) is simplified as

[35], [38]

1 1
Wea(t) = =Voo+= (
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A% 3 4 2 4 2
dIt)C = 51}1 (—3dbsin <wt — ;) —gdcsin <wt+;>

2 4 2
-3 sin (wt)) + ;id <3dbcos <wt — ;)

4 2 2 2Vbc
+ —d.cos (wt + 7T> + —cos (wt)) _2he

C

3 3 3 Rpc
©)
Here, two equivalent duty ratios can be defined as
4 2m 4 2m
dg = gdbcos (wt — 3) + gdccos (wt + 3)
+ 308 (wt)
(10)
dy = —wdysin (wt — 22 ) — 2,5 (wt+ 2
= ——dpsin — — | — =d,sin —
CEE S N T A
2
— gsin (wt).

Then, the dynamic equation of the dc-link voltage Vpc can
be further simplified as

dVpc 3 . . 2Vpc
= — (iqd, dy) — ——. 11
7 5 (Zd d t+ g q) Roc (11)
Performing Park’s transformation on (2) leads to
2
UIN = §COS wt — ;) Vpcdb
2 2 2
+ —cos | wt + ] Vbed, + =cos (wt) Vpoa
3 3 3
2
UgN = —gsin (wt — ?ﬂ- Vbody
2 2 2
— §Sin (wt + ;) Vocd,. — gsin (wt) Vbea.
(12)
Considering (10), (12) can be further simplified as
1 1
UIN = §ddVDC + 3 (VDC2 — VDCl) cos (wt)
(13)

1 1 .
UgN = §quDC - g (VDCQ - VDCI) sin (wt) .

Finally, performing Park’s transformation on the model based
on abc stationary frame developed by [22], [26] and considering
(13) and (14), the low-frequency model in the dg synchronous
frame is derived as

dia —R wlL 0
dt L ia
di —-R
ditq - _CUL T O 'Lq
dVpe 3 3 —2 Vbe
—dy —dy ——
dt 20" 20" CRq.
UdN Ea
L L
— | TN |+ | By (14)
L L
0 0
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TABLE 1
FOUR BASIC VECTORS IN THE aﬂ STATIONARY FRAME FOR THE TPFS PWM
RECTIFIER
Sy Se Vector Uy ug
1 0 Vio (Vbca = Vbe1) /3 (Vbcz + Vber) /V3
1 1 Vi —2Vpc1/3 0
0 1 Vo1 (Vbe2 =Vbe1) /3 —(Vbe2 + Vber) /V3

where E; and E, represent the grid voltage component in the
d-axis and g-axis, respectively.

With ignorance of the imbalanced voltage between the ca-
pacitor C; and (5, the duty ratios for the d;, and d. are [22],
[26]

b= T T W T Ty gt )
13U, V3 Un
e e

(15)
Substituting (10) and (15) into (12), the voltage components
in the d-axis and g-axis of the low-frequency output voltage are

1
Uan = Uy cos(o) + g(Vch — Vbe1)cos(wt)
(16)

. 1
UgN = UmSIIl(d)) — g(VDCQ — VDCl)COS(wt).

Equation (16) indicates that the imbalanced voltage between
the capacitor Cy and Cs (Vpc1 # Vpeo) introduces the ac volt-
age component to the output voltage of the rectifier in the dg
synchronous frame, which seriously deteriorates the quality of
the input current.

III. SIMPLE SPACE VECTOR MODULATION METHOD FOR THE
TPFS PWM RECTIFIER

The vectors of the TPFS rectifier are given in Table I [13].
Compared with the TPSS rectifier, only four voltage vectors are
available, and the zero vectors are absent in the TPFS rectifier.
Considering the low frequency, the steady-state vector diagram
shown in Fig. 1, the following assumptions are made to develop
the SVM approach:

AN = ulyy = Upcos(6)

Upn = upy = Uycos (0 — 2m/3) (17)

Uon = usy = Upycos (0 +27/3)

where v, u}; y and ug , denote the reference output voltage
and 0 is the voltage vector position.

For the TPFS rectifier, two combinations for the equivalent
zero vector are available, as shown in Fig. 3, V-V and Vj; -
Vio. For the LVSVM, three vectors (Vy1, Vig, Voo) are used in
sectors I and IV; three vectors (Vj1, Vig, Vi1) are adopted in
sectors II and III, as shown in Fig. 3(a). While for the SVSVM,
three vectors (Vy1, Vig, Vo) are applied in sectors I and 1V;
three vectors (V11, Vo1, Vo) are used in sectors II and III. The
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Fig. 3. Vectors in the «f plane for the TPFS rectifier. (a) SVSVM and
LVSVM. (b) NTSVM.

vector plane of the TPFS rectifier using the NTSVM is shown
in Fig. 3(b). For the NTSVM, three vectors (Vy1, Vig, Vo) are
applied in sector I; three vectors (Vyg, Vi1, Vi) are applied in
sector II; the vectors Vi, V11 and Vj; are implemented in sector
III; three vectors (Vy1, Vi1, Voo) are used in sector IV.

In Fig. 3, line segments |OF|, |0G]|, |OD|, and |OH| denote the
vector Vg, V11, Vig, and Vjy, respectively. The line segment
|DE| is the 3-axis component of the vector V1, the line segment
|OE| represents the a-axis component of the vector V. The line
segment |OA| denotes the reference U,., and line segments |AB]|
and |OB| represent the (3-axis component U, 5 and the a-axis
component U, of the reference U,, respectively. According to
Fig. 3, the following expressions are satisfied:

|OB[ = ujy
‘AB| _ u*BN — UE’N ' (18)

V3

In SVSVM, a case study for sectors I and II is performed,
where the reference vector U, is decomposed into U,., and U, 3
in the a3 stationary frame

doo |OF| + dyo |OE| + di1 |OG| = |OB]
dyo |DE| = |AB]
dyo + doo +di1 =1

19)

where dyg, dyo, and d;; denote the duty ratios of the vectors
V1o, Voo, and Vi, respectively.
The solutions of (19) are

_ Yoc2 fupy —uhn

dii =
H Voei + Vbea
Vb1 +ujy — upy
oo = (20)
00 Vbei1 + Voeo
dy Upy —Uoy

" Vocr + Vocz

Using a similar approach, the duty ratios for the three active
vectors (Vi1, Voo, Vo1) in sectors III and IV are derived and
shown in Table II.
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TABLE II
ALLOCATED DUTY RATIOS OF THE SVSVM STRATEGY

Sector di dy, dio doo
s P Wt o P
Ly Uperfroy iy 0 Upn “en  Ypeituhyupy
’ Vbci1+Vpee VpeitVpee Vbci+Vpe2
" PR Wk e w® _u*
oLy ‘Rettpy iy ‘o By 0 Vpoituyy ten
’ Vbci+Vpee Vbci+Vpee Vbci+Vpee2

Similarly, for the LVSVM strategy, the duty ratios for the
three active vectors are listed in Table III.

For the NTSVM strategy, when the reference vector U, is
located in sector I, the duty ratios for three vectors are identical
with that of the LVSVM in sector I, as listed in Table III; the
duty ratios of the NTSVM in sector II are the same as that of
the SVSVM in sector I; the duty ratios of the NTSVM in sector
IIT are consistent with that of the LVSVM in sector II; the duty
ratios of the NTSVM in sector IV are identical with that of
SVSVM in sector 11, as listed in Table II.

Taking into account that the symmetrical placement of pulses
produces fewer harmonics, the time sequence with the sym-
metrical characteristic is selected as the scalar of the PWM, as
shown in Figs. 4 and 5.

As shown in Fig. 5, for the SVSVM modulation strategy, the
duty ratios dj, and d,. in sectors I and II are

Vbeo —ulyy + Uy

dy = dy1 +dig =
’ M 10 Voei + Vbea @1
Vb2 —ujy tugy
d. =di1 = .
Voe1 + Woeo

For the SVSVM modulation strategy, the duty ratios d;, and
d, in sectors III and IV are

Vo2 —ujy +upy
Voc1 + Vbea

Voo —ujyy +ucy
Vber + Woee

Equations (21) and (22) are identical to each other, which in-
dicates that, in the entire vector plane, the SVSVM approaches
have a unified algorithm expression. Using the similar method,
the duty ratios d;, and d. of the LVSVM and the NTSVM in
the entire vector plane are obtained, which are consistent with
(21) and (22). Therefore, in the entire vector plane, the SVSVM,
LVSVM, and NTSVM approaches have a unified algorithm ex-
pression, where the sector identification and the real-time cal-
culation of the trigonometric function are not required. Addi-
tionally, the proposed modulation approach provides sufficient
insight on how to implement the pulse width modulation in the
software.

dy = dyy =
(22)
d. =dy1 +di =

IV. EFFECT OF THE MODULATION STRATEGY ON THE
CURRENT RIPPLE

In this section, the analysis of current ripple is performed per
switching period. The low-frequency model is not available for
the current ripple analysis. The actual currents should include
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high-frequency current ripple 4.i,. Thus, the high-frequency
model for the TPFS rectifier is [39]

d (ia + iripa)

Ea =1L + R (ia + iripa) +uanN

dt
d ) + .ri . .
E, = Lw + R (iy + iripy) + uBN (23)
d .(’ .ri old . .
E(t == L% + R(Zc + 7/ripn) +ucn

where the 7,14, trips, and 4,ip. denote current ripple included in
the actual three-phase input current.
The low-frequency model is

di, P —
E,=1L c;t + Ri, +uan
diy, o
E, :LE—FRZI)—FUBN (24)
di.
E. = Ld—zt + Ri. +ucy.
Subtracting (24) from (23) and considering (17) leads to
diripa ) *
0= L—— + Riripa + (uan —ulyy)
diripb . *
0=1L 7 + Rivipy + (upy — upy) (25)
diyipe . .
0=1L 7t + Rivipe + (ucy —ugy) -

Then, ignoring the parasitic resistance R, the expression for
the current ripple is further simplified as [39]

(uan — UAN)T

lripa =

L S
. (UBN - U*BN) 26
Lripb = T (26)
L
, (uon —ugy)
ripe - 71—?‘9'
2 p 7

The total current ripple of the TPFS rectifier is defined as

3
S 2 2 12 _ (2 2
brip = \/Zripa + Zripb + Zrip(: - 9 (Zripa + Zrip;’i) (27)

where ¢,i,, denotes the current ripple in the c-axis and i,
is the current ripple in the (3-axis. It should be noted that the
mean value of the current ripple (¢yipq, %rips) 1S zero in each
switching period 7. As shown in Figs. 4 and 5, the placement
of the basic vector is symmetrical. Thus, instead of calculating
the RMS value over the entire switching period, the RMS value
analysis of the current ripple can be focused on the first half of
the switching period

IripRMS =

Ts
2 73 -2 2
= \/1_;/0 5 (Zl‘ip& + ZI‘ipﬁ) dt

(28)
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TABLE III
ALLOCATED DUTY RATIOS OF THE LVSVM STRATEGY
Sector diy doy dio dyo
LIV 0 Vbeatupy Tty Vbeatup vty Vel Vpeatiug
’ VbcitVpee VpcitVpee Vbci+tVpe2
Vbe2Vpei Sy y Vbeituly Uy Vbeituiy Moy
L, Vbci+Vpee2 Vbci+Vpee Vpcit+Vpee 0
A ] | ] | A : | | : uripﬂl 1”1
Sb | | i Sl! 1 [_] [ L t7 0<t< 7
L T T T I F'y ] ] ] ]
g 1l St [ ] . uipg2 (T 4 Uripg1 L o, nL+T
! ; , , 13 = — |t —— — ) —
i AT e . ‘:”,L | ! L 2 2L 7 2 2
1 i T ] ] | I
ikl g waipss (, T, LAt T
"nw/:\'\ L I"W/?\{\ — L 2 )’ 2 2
1 I \\:/ | I |
. VUU : Vlul V”: v 0 Vuu > le VQQ .|I V!'Lll.l_ll_..._.l A V“ V“” (3 1)
T"‘5 TS h
where
(a) (b)
Yoo .
Fig. 4. Timing of space vectors and the current ripple. (a) Sectors I and II for Uripal = 3 Uan
the SVSVM, sector II for the NTSVM. (b) Sectors III and IV for the SVSVM,
sector IV for the NTSVM. Uripa2 = —UZ N (32)
o VDC *
Uripa3 = —— — Uyn
4 1 1 I 1 4 | | | ] 3
S 1 ] S, il .
& T T T T y T 0 0 T uripﬁ] - _uﬁN
s| .+ [1 5, I ‘
. r'y ; 1 I ] i r ] ] 1 o VDC % 33
L i N i - T Uripp2 = /3 — Upn (33)
1 I I ] I I I 1
DU i~ Uripgt = —1
jtipu 1 | [ riped __’_____..-4\ | | 1 rlpﬁl - ﬂN
T~ TR * o =U 5(60
VII' VINI A ;/II . Kl) i I/ 1} VII IV ; 0 IV'II Vl’ uaN - m COb( ) (34)
T % ujyy = Upsin(0)
(a) (b
Substituting (29)—(34) into (28) and accounting for Fig. 4, the
Fig. 5. Timing of space vectors and the current ripple. (a) Sectors I and IV RMS value of the current ripple for the SVSVM strategy is

for the LVSVM, sector I for the NTSVM. (b) Sectors II and III for the LVSVM,
sector III for the NTSVM.

A case study is performed in sectors I and II. For the SVSVM
modulation approach, the 7} and 7, are defined as

T, = dyoTs
(29)

Ty = dyo T,

The expression for the current ripples 4,i,, and 4,3 are
derived with the assumption of V1 = Vpee = Vb /2

ripa T;
u—zlt, 0<t< ?1
Tipa T Tipa T T T T:
Uripa3 T T+ T T
» <t : ) e
(30)

T,
— (54U}
24LVDC ( m

+ 540U cos®0 — 24V/3U°

m

Liprnvs = — 423U cos' 6

VDC |sin39|

— 36U2

m

VE2ocos?0 4 2V )2 (35)

Similarly, the RMS value of the current ripple for the LVSVM
strategy is obtained as
T,
24LVpc

+ 216U}, Vi |cos®8| — 36U,

LiprMs = (54U° — 423U cos*6 + 540U cos?6

2
Vbe

m

— 108U2 Vi3 cos?0 + 6V ) 2. (36)

For the NTSVM modulation strategy, the expressions of the
current ripple RMS in sectors I and III are identical with (36),
and the expressions of the current ripple RMS in sectors II and
IV are identical with (35).

In addition to the circuit parameters listed in Table IV, the
RMS value of the current ripple highly depends on the dc volt-
age and the vector angle of the reference voltage. The circuit
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TABLE IV
SYSTEM PARAMETERS
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TABLE V
PARAMETERS OF THE PI CONTROLLERS

R‘; L Um w
0.1Q 3mH 160 V 314 rad/s
E,/E,/E. I, P C
110V 25A 6 kW 2200 uF
Sampling rate of the Discretization Switching frequency Switching
closed-loop system method period T
10 kHz Zero-order hold 10 kHz 0.0001s

Fig. 6.  RMS value of the current ripple versus the dc voltage Vp ¢ and the
vector phase angle 6. (a) SVSVM and LVSVM. (b) NTSVM.

parameters listed in Table IV are substituted into (35), (36), and
the RMS values of the current ripple using SVSVM, LVSVM,
and NTSVM are analyzed and exhibited in Fig. 6, where the dc
voltage ranges from 550 to 650 V; in addition, the vector angle
0 ranges from 0 to 27. Fig. 6(a) shows that, regardless of the dc
voltage and the vector angle of the reference voltage, the RMS
value of the current ripple of LVSVM is higher than that of the
SVSVM modulation scheme. It can be concluded from Fig. 6(b)
that the RMS value of the current ripple of SVSVM is identical
with that of NTSVM in the sectors II or sector IV; the RMS
value of the current ripple of NTSVM is identical with that of
LVSVM in the sectors I or sector III.

Considering the current performance, SVSVM is superior to
the LVSVM and NTSVM modulation methods. Thus, with the
purpose of the current ripple reduction, the SVSVM modulation
strategy is adopted as the optimal modulation technique. It is
worth noting that the RMS values of the current ripple increase
with the increasing dc voltage.

V. CONTROL OF THE TPFS PWM RECTIFIER IN THE dg
SYNCHRONOUS FRAME

As analyzed above, the model of the TPES rectifier highly
depends on the modulation strategy; an improper modulation
strategy introduces an ac component into the output voltage of
the TPFES rectifier, altering the model of the TPFS rectifier.

Substituting (21) into (12) leads to

{udzv = $daVpe = Upcos(9) a7
UgN = %quDC = Uy, sin(¢)

Equation (37) indicates that the grid-frequency-related
ac voltage component, introduced by the capacitor voltage

d-axis current  g-axis current Outer DC Capacitor voltage

loop loop voltage loop deviation control
K, 15 15 0.5 0.08
Kr 1500 1500 130 0

oscillation (Vpa1 # Vbe2), is eliminated by the proposed SVM
method. Thus, with the grid-voltage orientation control (F, =
0) and the feedforward decoupling, the low-frequency equiva-
lent model for the TPFS rectifier becomes [35], [38]
dig 1
L— + Rig = E; — -dqV1
i + Lty d — 5@ VpC

di , 1
L% + Riy = —5d, Voo (38)
dVpc 3, . ) 2Vpc
C — 2dygig + dgi,) — .
dt 2( ata + dyiy) Rpc

It should be noted that, with the proposed SVM method, the
model of the TPFS PWM rectifier is similar to that of the TPSS
PWM rectifier proposed by [35], [38]. Thus, the model for the
TPES rectifier is decoupled into two SISO systems in which the
g-axis system determines the power factor and the d-axis system
regulates the power delivery [35], [38].

A. PI Controller for the Current Loop

The small-signal transfer function can be established by ig-
noring the high-frequency disturbances. From (37), the operat-
ing point for d; and d, can be express as

{ Dy = 2U,, cos(¢)/Vbe

(39)
D, = 2U,,sin(6)/Voc.

Also, the operating point for ¢4 and V¢ be solved from (38)

[, _ 8
3D2 Rpc w0)
Voo = 2Bt
Dy

With the method proposed by [35], [38], the small-signal
transfer functions from the duty ratio to the current are

14(8) . 32E, (1+ RpcCs/4)
d " Rpc(l=Dy)3 16Ls 8LCs2
a(s) pe( d) (1 + sl + 3(17Dd)2)
(41)
iq (8) VDc/R
— 42
4, () (T/R)s+1 (42)

where i4(s) is the Laplace transform of i, (f); dy(s) is the Laplace
transform of d4(?); i,(s) is the Laplace transform of ,(¢); d,(s)
is the Laplace transform of d; (7).

The circuit parameters listed in Table V are substituted into
(41) and (42), and the controllers are tuned by the conventional
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Fig.7.  Structures of the dual-loop control scheme for the TPFS PWM rectifier.

Bode Diagram
Gm=17.9dB(at Inf rad/s) , Pm=32.7deg(at 197 rad's)

Magnitude (dB)

Phase (deg)

10° 10! 10 10° 10° 10°
Frequency (rad/s)

Fig. 8. Bode diagram of the dc voltage loop.

method [35], [38]. The parameters of the PI controller are listed
in Table V.

B. PI Controller for the Voltage Loop

With the method proposed by [35], [38], the small-signal
transfer functions from the d-axis current to the dc voltage are

e
G (s) = ia(s) 16

(s) 3Rpc(l— Dy) (1 - %m)
B (1+ RpcCs/4)
(43)

In Fig. 7, G, (s) denotes the transfer function of the voltage
controller, and G;4(s) is the transfer function of the d-axis cur-
rent loop and G.(s) denotes the transfer function of the d-axis
current controller. It is worth noting that the transfer function
Gy (s) contains a RHP zero. For the design of a dc voltage loop,
the first thing is to investigate the location of the RHP zero and
to alleviate the effect of the RHP zero on the system dynam-
ics. By substituting the parameters in Table IV into (43), the PI
controller for the dc voltage loop is tuned by the conventional
method [35], [40] and the Bode diagram is exhibited in Fig. 8,
where the crossover frequency (190 rad/s) is 1/6th of the corner
frequency (1100 rad/s) of the RHP zero.

C. Control of the Capacitor Voltage Deviation

The dynamic equation for the capacitor voltage deviation is
shown as

d(Vbc2 — Vber)

¢ dt

= —(ic +ip) = ta- (44)
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Fig.9. block diagram of the control strategy for the deviation of the capacitor
voltage.
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Fig. 10.  Control structures of the deviation of the capacitor voltage for the
TPFT PWM rectifier.

After the transient state, transient dc current 7, is introduced
into the current ¢, . Then, the analytical solution of (44) is

1 . 1 —
Woea(t) — Vbei(t) = E/ZadH—a/zadt

+ (VDCQ(O) — VDCl(O))- 45)

Equation (45) reveals that, when the capacitor voltage devi-
ation occurs, adding a proper dc component into current ¢, can
eliminate the capacitor voltage deviation. The transfer function
can, therefore, be expressed as

Gea (5) = =

=5 = 5 (46)

The block diagram of the control strategy for the deviation
of the capacitor voltage is shown in Fig. 9. The voltage dif-
ference between C; and C5 is measured in real time, and the
deviation of the capacitor voltage is extracted from the voltage
difference using the low-pass filter (LPF). Once the capacitor
voltage deviation occurs, the feedforward path is activated to
add the corresponding i, into the reference current to eliminate
the capacitor voltage deviation. Due to the implementation of
the proportional controller, the feedforward path shown in Fig. 9
disconnects from the current loop when the capacitor voltage
deviation is eliminated and does not affect the control of the
TPFS PWM rectifier in normal operation.

With consideration of (44)—(46), the control structures of the
deviation of the capacitor voltage for the TPFS PWM rectifier
are shown in Fig. 10, where G1pr (s) is the transfer function of a
second-order LPF. According to Fig. 10, the open-loop transfer
function of the voltage variation control loop can be expressed
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Bode Diagram
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Fig. 11.  Block diagram of the control strategy for the deviation of the capacitor
voltage.
TABLE VI
DuTY RATIOS OF THE EQUIVALENT ZERO VECTORS
Sector I 11
d Vbea vy tuon Vbeituiy T“pN
zero Voo o
Sector I v
d VDCIJHLZN 7“?);\" VDCZ?“ZN 7“23:\"
vero Vpe Vpe
as
V(s)
Gofsot (3) = —
iq(s)

- GLPF (5) K- Gifclnse(s) : ch(s)
Gifclose(s) ~ 1.

(47)
(48)

Gli_close () 1s the closed-loop transfer function of current con-
trol loop, and can be approximated as 1 due to its high bandwidth
compared with the voltage variation control loop [2].

In Fig. 10, parameter K denotes a proportional controller. The
controller designed is based on the transfer function G, et ($),
and the Bode diagram of the open-loop transfer function is
drawn in Fig. 11. Due to the already existing integral item in
Gotset (5), zero steady error is achieved with a simple propor-
tional controller. In Fig. 11, K is set to be 0.02, 0.08, and 0.4,
respectively. It can be concluded from Fig. 11 that a larger K im-
proves the bandwidth of the system, and, thus, a better dynamic
performance is achieved. However, the stability of the system
deteriorates with increasing K. Hence, K is set to 0.08, which
obtains a performance that is a compromise between dynamics
and stability.

VI. NOVEL LINEAR MODULATION INDEX FUNCTION FOR THE
TPFS PWM RECTIFIER

The duty ratio of the equivalent zero vector is used to evaluate
the property of the modulation of the TPFS PWM rectifier. The
negative value of the duty ratio, allocated for the equivalent
zero vectors, indicates the overmodulation state. According to
Table II, the duty ratios of the equivalent zero vectors are listed
in Table VI. It should be noted that the low-frequency model is
used for the analysis of the modulation property. Considering
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Fig. 12.

Value of the modulation performance evaluation function (Vpc =
560 V) versus the amplitude and the vector angle of the converter output voltage.
(a) First quadrant. (b) Second quadrant.

the symmetry of the input voltage, the analysis of modulation is
focused on the sectors I and II.
Considering (1), (45) is rewritten as

1 11,,sin(¢p+ 0 AV

Voar () = Voo — 5 EETD - 58
49)

1 11,,sin(¢p+0 AV

Vocalt) = gV + 5 G+ S

According to Table VI, the conditions for the linear modula-
tion are

*

V ur — Uy n

De2 > N AN sectorl

Vbe Vbe (50)
Vi Uy — Uj

DOL > ZAN BN sectorIl.

Voo ™ Voo

Considering (1), (49), and (50), a modulation performance
evaluation function is defined as

fWVoc, In,0) =
_%C 5 (Ez n (wLIm)Z)sin (9 n g)
. % N I, ;;n VEDHC—E* ) 2?/:07 sector I
7& 3 (E}n + (wLI,,,,)Q)sin (9 - g)
% B Im;i)n V(D9C2 ¢) 2?/;/(17 sector IT
(5D

Once the capacitor voltage deviation is eliminated by the pro-
posed method (AV = 0), the amplitude of ac input current, the
dc voltage, and the reference voltage vector angle determine the
value of the modulation performance evaluation function. When
the value of function f(Vpc, I,,,, €) is less than zero, the duty
ratio allocated for the equivalent zero vector becomes negative,
which indicates overmodulation. The circuit parameters listed
in Table IV are substituted into (51), and analytical results are
shown in Fig. 12, where the amplitude of the ac input current
1, ranges from 10 to 80 A and the vector angle 6 ranges from
0 to 27r. Additionally, the analytical results exhibited in Fig. 12
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Fig. 13.  (a) Value of the modulation performance evaluation function (Vpc =
600 V) versus the amplitude of and the vector angle of the converter output
voltage. (b) Value of the index function versus the amplitude of and the dc-link
voltage Vp .

are obtained under the condition that V¢ is set to 560 V, which
is the necessary value for the linear modulation defined by the
conventional modulation index M. The blank areas in Fig. 12
signify the over modulation region of the TPFS PWM rectifier.
A conclusion can be drawn from Fig. 12 that the necessary Vpc
for the linear modulation defined by the conventional modu-
lation index M cannot guarantee the linear modulation of the
TPES PWM rectifier; the conventional modulation index M is
not available for the TPFS PWM rectifier. For the TPFS PWM
rectifier operating with a unity power factor, the overmodula-
tion occurs in the second and fourth quadrants of the output
voltage of the rectifier; the property of the modulation is mainly
determined by the evaluation function in the sector II.

For a given dc voltage Vpc, there exists a threshold value
ILinax. With a smaller ac input current than the threshold value
I ax, the TPFS PWM rectifier operates in the entire linear mod-
ulation region. Otherwise, the TPFS PWM rectifier runs alter-
natingly in the linear modulation region and the overmodulation
region. Additionally, the value of the modulation performance
evaluation function is altered by the vector angle . To investi-
gate the effect of the dc voltage on the modulation, the circuit
parameters listed in Table IV are substituted into (51), and the
dc voltage Vpc is set to 600 V. The analytical result is shown in
Fig. 13(a). Compared with Fig. 12, the blank area in Fig. 13(a)
is significantly reduced, and the amplitude of the ac input cur-
rent threshold value I, is clearly increased; the increased
dc voltage is a favorable factor for the linear modulation. It is
worth noting that there exists a vector angle 6,,;,, where the per-
formance evaluation function reaches its minimum value. The
positive of the minimum value of the function denotes complete
linear modulation, rejecting the alternating operation between
linear modulation and overmodulation.

Finally, a novel index function of the linear modulation for
the TPFS PWM rectifier is built

1 I, sin (emin + ¢))
V I’I’)’L = 5T T o i .~
f( DC» ) 2 QWVD(;C

/3 (E% + (wLIm)2>sin (9mm - f)

3
(52)
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Fig. 14.  6-kVA experimental prototype.

where

B, +V3wC(E2 +W*L*12)

m

—wl2 L — 3wC(E2 + w?L?I2)

0 = ™ — arctan (

(53)

Substituting the circuit parameters listed in Table IV and (53)
into (52), the value of the index function is shown in Fig. 13(b),
where I,,, ranges from O to 80 A; in addition, Vp¢ ranges from
500 to 700 V. The blank area in Fig. 13(b) denotes that the rec-
tifier runs alternatingly in the linear modulation region and the
overmodulation region, generating a low-frequency harmonic
current. Fig. 13(b) describes the relationship among the ampli-
tude of ac input current, the dc voltage, and the entire linear
modulation; the increased dc bus voltage is a favorable factor
for linear modulation, whereas the increased amplitude of ac
input current has a negative impact on the linear modulation.
With the proposed index function of the linear modulation, an
appropriate dc bus voltage is selected to ensure an entire lin-
ear modulation, rejecting the low-frequency harmonic current
introduced by the overmodulation.

Nevertheless, as analyzed above, the lower dc voltage ben-
efits the reduction of the ac current ripple. For better current
performance, the determination of the dc voltage value should
be a tradeoff between the ac current ripple and the frequency
harmonic current.

VII. EXPERIMENT VERIFICATION

A 6-kVA experimental prototype has been constructed to
verify the effectiveness of the proposed strategy, as shown in
Fig. 14. It consists of the Semikron IGBTs (SKM200GB12V),
the drivers (SKYPER 32PRO) for the IGBTs, current sen-
sors, voltage sensors, an inductor filter, dc-side capacitors,
a TMS320F2808 DSP-based signal processing board, and a
switching power supply board. The parameters are listed in
Table IV. A YOKOGAWA DLM2024 oscilloscope is used to
measure the input currents and the output dc voltage.
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Fig. 15. Three-phase input current of the TPFS PWM rectifier using the
LVSVM method.
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Fig. 16.  Current ripple of LVSVM under the condition Vp¢ = 600 V.
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Fig. 17. Three-phase input current of the TPFS PWM rectifier using the
NTSVM method.
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Fig. 18.  Current ripple of NTSVM under the condition Vpc = 600 V.

The experiment was carried out at a dc voltage of 600 V and
the rated power (6 kW). Figs. 15 and 16 display the three-phase
input current and current ripple of the TPFS PWM rectifier
using the LVSVM method, respectively; the three-phase input
current and current ripple of the TPFS PWM rectifier using the
NTSVM approach are exhibited in Figs. 17 and 18; and the
three-phase input current and current ripple of the TPFS PWM
rectifier using the SVSVM approach are exhibited in the Figs.
19 and 20. Compared with the Figs. 16 and 18, the current ripple
in the Fig. 20 is evidently small, which is consistent with the
theoretical analysis in Section IV.

Fig. 21 displays the responses of the dc voltages Vpc:
and Vpco to the proposed capacitor voltage deviation control
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Fig. 19. Three-phase input current of the TPFS PWM rectifier using the
SVSVM method.
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Fig. 20.  Current ripple of SVSVM under the condition Vpc = 600 V.
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Fig.21. DC voltage of the C; and C's of the TPFS PWM rectifier without the

capacitor voltage deviation control.
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Fig. 22.  Response of the dc voltage of the C; and C to the dc load distur-
bance.

strategy. As shown in Fig. 21, when the proposed strategy is ap-
plied at 0.35 s, the voltage offset introduced by the initial voltage
difference across the two capacitors C'; and C} is eliminated at
0.4 s.

In order to validate the robustness of the proposed strategy,
the rated step from 3 to 5.5 kW, is considered in this paper.
The response of the dc voltage of the C; and C5 and the three-
phase input current to the load disturbance are shown in Figs.
22 and 23, respectively. After the step change, the capacitor
voltage deviation in Fig. 22 is eliminated, and the three-phase
current in Fig. 23 exhibits the symmetry. The proposed capacitor
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Fig. 23.  Response of the three-phase input current to the dc load disturbance.
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Fig. 24. Three-phase input current of the TPFS PWM rectifier under the

condition Vpc = 560 V.
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Fig. 25. Three-phase input current of the TPFS PWM rectifier under the
condition Vpc = 600 V.

voltage deviation control strategy does not affect the control of
the TPFS PWM rectifier in normal operation. It is worth noting
that the amplitude of the voltage oscillation in Fig. 22 is doubled
because of the double amplitude of ac input current I,,,, which
is consistent with the above theoretical analysis.

To validate the reliability and accuracy of the proposed index
function of the linear modulation, comparisons have been made
between TPFS PWM rectifiers with a V¢ of 560 V and TPFS
PWM rectifiers with a V¢ of 600 V, where both of the TPFS
PWM rectifiers have the rated power P = 6 kW and regulated
by identical current and voltage controllers. According to the
above analysis, when Vp¢ is set to 560 V, which is the neces-
sary value for the linear modulation defined by the conventional
modulation index M, the TPFS rectifier operates alternatingly
in the linear modulation region and the overmodulation region,
introducing the low-frequency harmonic current, as shown in
Figs. 24 and 26. When the dc voltage is set to 600 V, the neces-
sary value defined by the proposed index function of the linear
modulation, the TPFS rectifier runs entirely in the linear modu-
lation region. Therefore, in Figs. 25 and 27, the low-frequency
harmonic current and the distortion of the three-phase input
current are rejected, which in turn demonstrates the usefulness
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Fig.26. FFT analysis of three-phase input current of the TPFS PWM rectifier
under the condition Vp ¢ = 560 V.
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Fig.27. FFT analysis of three-phase input current of the TPFS PWM rectifier
under the condition Vpc = 600 V.
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Fig. 28.  Current ripple of SVSVM under the condition V¢ = 560 V.
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Fig. 29.  Current ripple of SVSVM under the condition Vpc = 600 V.

and accuracy of the proposed index function of the linear
modulation.

In addition, as analyzed above, the RMS values of the current
ripple increase with the increasing dc voltage. Thus, the current
ripple in Fig. 28 is smaller than the current ripple in Fig. 29.

The TPFS PWM rectifier is also tested under unity power
factor mode and inductive load mode. The i, is set to 0 A to
obtain the unity power factor of grid side, and is set to —10A
(power factor is set to 0.8) for inductive load mode. As shown
in Figs. 30 and 31, the rectifier operates well in both modes,
providing a valid evidence for the robustness of the proposed
model and controller design method.
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Fig. 30.  Voltage and current of the rectifier under a unity power factor mode
(Vpc =600 V).
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Fig. 31. Voltage and current of the rectifier under an inductive load mode
(Vpe =600 V).

VIII. CONCLUSION

Three space vector pulse width modulation methods using the
different equivalent zero voltage vectors are developed, where
sector identification and the trigonometric functions are not re-
quired. Then, a high-frequency model for the current ripple
analysis is proposed, and the effects of three SVM approaches
on the ac current ripple are analyzed. The analytical expres-
sions are derived in the time domain, which consist of simple
equations. Using the proposed equation, it is convenient to in-
vestigate the ac current ripple RMS of various SVM approaches.
The analytical results reveal that the ac current ripple RMS of
the TPES using the SVSVM is smaller than that of the TPFS
adopting the LVSVM and NTSVM modulation schemes. Addi-
tionally, a conclusion can be drawn from the analytical results
that the higher dc voltage is an unfavorable factor for the current
ripple reduction.

Furthermore, using the SVSVM approach, the ac component
of the output voltage in the dg synchronous frame is elimi-
nated, and a low-frequency control-oriented model in the dg
synchronous frame is presented to facilitate the controller de-
sign. The proposed model-based controller provides the TPFS
rectifier excellent steady-state performance and satisfactory dy-
namic response. To guarantee the stable operation of the TPFS
rectifier, a control strategy adopting the proportional controller
is proposed to eliminate the capacitor voltage deviation. Mean-
while, the dual-loop control of the TPFS PWM rectifier is not
affected by the capacitor voltage deviation control loop when
the capacitor voltage deviation is eliminated.

Moreover, a modulation evaluation function f(Vpc, I, 0)
is proposed to evaluate the modulation properties of the TPFS
rectifier, and the proposed modulation evaluation function
reveals that the conventional modulation index M is not
available to evaluate the modulation properties of the TPEFS
rectifier. Then, a linear modulation index function is developed
to illustrate the relationship among the linear modulation, the
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dc-link voltage, and the AC input current. Finally, a significant
conclusion can be drawn from the analytical and experimental
results that the ac current ripple and the linear modulation
both should be taken into account when selecting the dc bus
voltage of the TPFS rectifier. Experimental results verify that
excellent current performance of the TPFS PWM rectifier
is achieved with the comprehensive considerations of the
modeling, modulation, and control strategy.
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