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Abstract— Three phase PWM boost-buck rectifiers
with power regenerating capability are investigated.
The converters under consideration are capable of I)
both voltage step-up and step-down, IT) bidirectional
power processing, and III) almost unity power factor
operation with nearly sinusoidal ac current. Expected
advantages are 1) applicability to lower voltage appli-
cations e.g. direct retrofit to replace diode or thyristor
rectifiers, 2) switching loss reduction in the inverter
load, 3) low order harmonic control in the inverter
load output voltage, 4) blanking time effect mitigation
in the inverter load, and 5) a modest level of voltage
sag/swell compensation.

In this paper, firstly, a step-by-step power stage
derivation process is described. Then, taking the Cuk-
Cuk realization as an example, its operating princi-
ple and modulation scheme are described. Steady-
sate model and dynamic model for controller design
are also described. Representative results of circuit
simulations and hardware experiments are presented.
Through these procedures, the feasibility of the pre-
sented three phase PWM boost-buck rectifier with
power regenerating capability is demonstrated.

I. Introduction

The active rectifier front-end of a Pulse Width Mod-
ulated (PWM) inverter drive has been attracting in-
creased attention due to incessantly growing power qual-
ity concerns [1], [2]. A great amount of work has
already been done concerning the three phase PWM
boost rectifier [3], [4], [5], [6], [7], and the buck recti-
fier [8], [9], [10], [11], [12]. The boost-buck based ac-
tive rectifier has, however, not yet been fully investigated.
Although several three phase boost-buck rectifiers have
been reported thus far [13], [14], [15], none of these offers
power regenerating capability. Although reference [16] has
shown a possible topology, no specific description of its
operation has been presented.

In this paper, three phase PWM boost-buck rectifiers
with power regenerating capability are discussed. The
converters under focus are capable of I) both voltage step-
up and step-down, II) bidirectional power processing, and
IIT) almost unity power factor operation with nearly si-
nusoidal ac current. Expected advantages coming from
these capabilities are 1) applicability to lower voltage ap-
plications, e.g. direct retrofit to replace diode or thyristor
rectifiers, 2) switching loss reduction in the inverter load,
3) low order harmonic control in the inverter load output
voltage, and 4) blanking time effect mitigation in the in-
verter load, by decreasing the dc link voltage depending
on the operating condition. In addition, 5) a modest level

of voltage sag/swell compensation is possible.

In the following sections, a power stage topology deriva-
tion, operating principle and modulation scheme, steady-
state and dynamic modeling for controller design, and
representative results of circuit simulations and hardware
experiments are presented.

II. Power Stage Topologies
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Fig. 1 and Fig. 2 illustrate power stage derivation of two
three phase ac-dc boost-buck bidirectional power convert-
ers. Their building blocks are three phase Voltage Stiff
Converter (VSC) and boost-buck based bidirectional dc-
dc converters.
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There exist two boost-buck based dc-dc converters,
namely the so-called Cuk [17] and the Single Ended Pri-
mary Inductor Converter (SEPIC) [18]. At the top of
Fig. 1 and Fig. 2 are shown these two dc-dc convert-
ers. They can be made bidirectional dc-dc converters by
adding an anti-parallel diode to the active switch and an
anti-parallel active switch to the freewheeling diode. This
modification is shown in the middle of these figures, where
the reactive components originally only on the upper rail
are split into the upper and lower rails. Although the
splitting of the reactive components does not make any
change from differential mode behavior viewpoint, it is
expected to have a common mode Electro-Magnetic In-
terference (EMI) suppression effect because of their sym-
metrical structure. It may be noted that the Cuk based
bidirectional dc-dc converter appears to be a Cuk con-
verter from both sides but the SEPIC based bidirectional
dc-de converter is seen to be a SEPIC only from the left
side and appears as a Zeta [19] from the right side. These
bidirectional de-dc converters can be made ac-dc convert-
ers by replacing their active switch/diode pair on the left
side with a three phase VSC bridge as shown at the bot-
tom of the figures. In the following, the Cuk-Cuk real-
ization will exclusively be discussed due to the limit of
space.

Similar power stage derivation is possible from three
phase current stiff converter and buck-boost based bidi-
rectional de-dc converters. This alternative is currently
under investigation by the authors.

ITI. Operating Principle and Modulation Scheme

Whether during rectification or inversion, sinusoidal
current shaping can be reduced to a voltage control in
which the controlled voltage source (rectifier/inverter) is
connected to an ac source through an inductance as shown
in Fig. 3 (a). The fundamental component phasor dia-
grams for unity power factor rectification and inversion
are shown in Fig. 3 (b). The desired converter ac termi-
nal voltage can be defined as the hypotenuse of the right
triangle composed of three voltage phasors. The modula-
tion scheme is then discussed from the ac terminal voltage
synthesis and power transfer viewpoint.

A. Rectifier Operation

Fig. 4 shows the power stage schematic for the purpose
of rectifier operation analysis. The following discussions
are based on the notation in Fig. 4. The operating prin-
ciple of the boost-buck based rectification has been pre-
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Fig. 4. Cuk-Cuk bidirectional ac-dc converter for analysis of
rectifier operation

sented in [14] and [15]. It has been made clear in these
references the necessity of bridge-leg-short realized as un-
conventional zero voltage space vectors to make power
transfer happen. A variety of such zero voltage space
vectors can be classified into three groups, viz. the one-
leg-short, two-leg-short and three-leg-short zero voltage
space vectors [14]. In this paper, taking into account a
trade-off between average switching frequency and cur-
rent carrying capability required in the switching devices,
the two-leg-short zero voltage space vectors are selected
as a reasonable compromise [20].

Fig. 5 illustrates the modulation scheme and the power
transfer from the ac source to dc load during one tri-
angle carrier period, where v;., > vi, > vk, is as-
sumed in the rectifier ac terminal voltage command and
iq > 0 > ip > i, is assumed in the three phase ac current.
Once the operating principle in this particular condition
is understood, all the other possible operating conditions
can readily be derived with the same manner. Immedi-
ately below the triangle carrier waveform, vegrier, are
shown the well-known boost rectifier switching functions
for reference purposes.

In Fig. 5 (a), switching functions H, ~ H. and gate
pulses g1 ~ g¢ are the same between the conventional
boost rectifier and the boost-buck rectifier during the in-
tervals in which active voltage space vectors are used as
denoted as interval x and y.

The most significant difference from the conventional
boost rectifier is in interval z during which zero voltage
space vectors are applied. By turning on both of the upper
and lower switches in a phase leg, a coupling capacitor dis-
charging current path is established, thereby power trans-
fer from the coupling capacitors to the dc load is realized.
Since diode D7 is naturally turned off, shoot-through fail-
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ure does not occur in the phase leg. The corresponding
current paths are depicted at the bottom illustration of
Fig. 5 (b). Since the two-leg-short zero voltage space vec-
tor is chosen here, two phases carrying negative currents,
phase b and ¢, are the leg-short phases. If the ac cur-
rent relation is i, > i, > 0 > 4., phase a and b, are the
leg-short phases and g5 = g2 = 0 in phase ¢. That is,
two phases sharing the same ac current sign are the leg-
short phases for the zero voltage space vector interval and
the upper switch in the remaining phase leg stays on(off)
and the lower switch stays off(on) throughout the carrier
period if its ac current is positive(negative).

B. Inverter Operation

In inverter operation, the necessary phase-leg-short is
naturally realized through anti-parallel diodes in the three
phase bridge. Accordingly, the same gate pulses as in the
conventional VSC can be applied. On the other hand, the
switch on the dc link, S7, must actively operate. Fig. 6
illustrates the modulation scheme and power transfer from
the dc source to ac load during one triangle carrier period,
where v}, > v}, > v;.. is assumed in the three phase
bridge ac terminal voltage command and i, < i, < 0 < i,
is assumed in the three phase ac current. In addition,
lirdc| > |ic] = |ia] + |ib] is assumed.

During the intervals in which active voltage space vec-
tors are used, as in interval x and y in Fig. 6, the situation
is basically the same as in the rectifier operation except
the directions of the load current, dc inductor current, and
power transfer. During these intervals, the energy stored
in the coupling capacitor is discharged through the three
phase bridge to the ac load.

During the intervals in which zero voltage space vec-
tors are used, as in interval z, and z7 in Fig. 6, the active
switch on the dc link is turned off, and the coupling ca-
pacitor is charged with iz4c. Since [inac| > |ic] = |ia]+|%]
is assumed, the amount of |i.| in ip4. flows through the
ac load and the extra amount, |ipg4c| — |ic|, flows through
naturally shorted phase legs via their anti-parallel diodes
as illustrated at the top and bottom of Fig. 6 (b). If |irqc|
is less than the current flowing through the ac load, the
extra amount of ac current flows through an active device
in the bridge and the continuity of current flow is main-
tained. Such an active device is one of the lower devices
for interval zg or of the upper devices for interval z7.

It may be noted that, although the gate pulses in the
three phase bridge are the same as those of the conven-
tional VSC, the zero voltage space vector realized here are
again unconventional ones because of the phase-leg-short
through anti-parallel diodes.

IV. Modeling and Analysis for Controller Design

The analytical model derivation is based on the power
stage schematic shown in Fig. 4 where the ideal switches
and zero Equivalent Series Resistance (ESR) in the ca-
pacitors are assumed. The following matrix-vector form
of equation can be derived from a set of differential equa-
tions with the assumption of the balanced three phase
set of ac source and three wire system, and applying the

synchronous frame d-q transformation.
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where the arbitrary coefficient and the axes direction in
the synchronous frame d-q transformation used here are
following those in [21] and vg = 0 due to the assumption
that a axis and ¢ axis coincide. In addition, by taking the
local time average, the switching functions are replaced
with the corresponding duty ratio. As in Fig. 5, when
the rectifier is in the operating sector of v}., > v, >
v¥ .., the duty ratio in the synchronous d-q frame can be
expressed as

1 1
dy = M cos 0, dq= -msind (5)

— Hopst) — Hepst) =1 — ?msin(wet —9)
(6)
where m and § are the modulation index and modulation
displacement angle, or power angle, respectively.

The same treatment can be applied to all the other op-
erating sectors over a full fundamental frequency period.
Fig. 7 shows duty ratio, d4, dg and d, over 0 < wet < 27
for a representative value of m and §. Unlike the well-
known boost or buck rectifier, even after the synchronous
frame d-q transformation and local time averaging, the
system is still time dependent for a fixed value of m and
0 because of d,, which contains integer multiples of the
sixth harmonic. The Fourier series expansion of d, is
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Fig. 7. Duty ratio over one fundamental frequency period
(m=0.6, § = 5.6°)

Because of the time varying property of d,, the steady-
state operation can not be analyzed by simply solving the
algebraic equation of the right-hand side of (1) = 0. By
using the same approach as in the small signal analysis,
(1) is separated into the dc part and the sextuplen har-

monic part as follows.
[00000]"

— AX +BU (8)



dmﬁn
dt

- onﬁn + Bodzﬁn (9)

I V. T
A, = A|dq:Dq,dd:Dd,dz:Dz; B,=100 ——”’—éc“ _L;LL 0}
(10)

where the capital letters of the state variables and duty ra-
tio denote their dc component and subscript 6n denotes
their sextuplen harmonic components. It may be seen
that the steady state circuit behavior in (9) looks that of
a linear time invariant system excited with sextuplen fre-
quencies. This implies that the reactive component selec-
tion must be done such that the resonance with sextuplen
frequencies is avoided. This is possible by solving equa-
tions (8) and (9). Once the circuit parameters and the
operating point are set up, dc algebraic equation (8) can
readily be solved and ac equation (9) can be solved with
the phasor computation for each sextuplen frequency as
Ton = [j6nwe] — Ay) "' Bodon (11)
Fig. 8 shows a solution example of |veeen| for
360[Hz](n=1) as a function of C.. All the other parame-
ters are presented in the caption. It can be seen from the
figure that 30~40[uF] of C. must be avoided. Taking into
account higher frequency excitation (n=2,3,...) and oper-
ating point dependent property, it is reasonable to take a
larger side of capacitance for C. with a certain margin.
500

400t :
=300[- 1
o@

8200} : , 1

1001 J

0 I
0 0.5 1

25 3 35

1.5C - 2
g x10™

Fig. 8. Steady state solution example for |vees| as
a function of C. (m=0.6, § = 5.6°, Ls.=2.5[mH],
Rae=0.33[], Lae=2.2[mH], R4.=0.24[Q)], Cse=2300[uF),
Rroaa=18[,  I,=18.9[A], I,=0.0[A], V..=610[V],
I1.q.=16.8[A], V4.=303[V] and V;=188[V] (230[Vrms line-
to-line]))

The time varying property of the system due to d, may
lead to a more complex treatment for a dynamic model.
The well-separated poles between the ac side and the dc
side, however, make a quasi-static dynamic analysis ap-
proximation applicable, namely, the upper two and the
lower three differential equations expressed in (1) ~ (4)
can be dealt with separately, provided a proper choice of
the reactive components based on the steady-state analy-
sis presented in the above. Therefore, the well-developed
ac current control techniques for VSC can directly be ap-
plied because the dc link voltage seen by the three phase
bridge, vee, can be treated as a constant, V... The syn-
chronous frame current controller [22], [23] with d-q de-
coupling [7] is used here as shown later in a control block
diagram.

The dc output voltage control bandwidth must be even
lower than the 6th harmonic frequency in order to avoid
input current waveform degradation in steady-state. Not-
ing this requirement, it becomes reasonable to neglect the
sextuplen harmonic terms in d, which express the time

dependency even with a fixed operating point. The usual

small signal analysis is now applicable to the dc side mod-

eling and the following equations are obtained.
dA{EdC

dt

= AycAxge + Bchudq (12)
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(15)
where Ag4. and By, are shown at the top of the next page.
The complexity in Ag. and By, comes from the nonlin-
earity between dg, dg and d, expressed in equations (5)
and (6), and that in d, and dg as functions of iy, and v,
embedded in equations (1) ~ (3). Although this dc side
model is not quite physically insightful, it can be utilized
to obtain the dc voltage control loop transfer function
with a numerical tool such as Matlab.

Fig. 9 shows representative open loop transfer func-
tions of the ac current and dc voltage control for the con-
trol structure shown in Fig. 10 without Load ff. They
are obtained with equations (1) ~ (15) and Matlab.
Proportional-Integral (PI) controllers are assumed for
both the ac current and the dc voltage control and their
controller gains are given along with the plots. Since the
cross-coupling between d and q axes in the ac side is de-
coupled, the Bode plots of ac current control is a typical
one of those composed of PI and a first order physical sys-
tem. A Low Pass Filter (LPF) is assumed to be on the dc
voltage feedback path, whose cutoff frequency is 40[Hz]
The voltage control bandwidth is about 20[Hz]. This low
bandwidth is necessary to avoid unwanted ac current am-
plitude modulation in steady-state.
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Fig. 9. Representative Bode plots of ac current control (up-
per trace) and dc voltage control (lower trace) open-loop
transfer functions (circuit parameters and operating point
are given in Fig. 8 and C.=470[uF])

V. Circuit Simulations

A series of circuit simulations have been carried out
with Saber simulation package. The power stage compo-
nent parameters and controller gains are the same as those
in Fig. 8 and Fig. 9. A rated operation of 5[kW] output
power and 300[V] of dc output voltage with 230[V] of ac
line-to-line voltage in rms are assumed.



Raclq—Vy [ 33 Dy Irde + 314 \_welaclq 3vV3___Dg _ Ipge + 3 1a _LD 0
V2 T \/DngDz C. 2 C. V2 T /D(%J’,D?i C. 2 C. Cc. 7%
Ade = 1 p _3/8_ Dy Raclg=Vyq | 38 Dy welacly —Bae 1 (13)
Lgc—% s \/D3+D2 VeeLae T /D2+D3 VeeLae fdu L{iu
O Cdr _Cd,cRerd

31 _ Rac3V3_ Dy Ipae 4 3 Welae (3V3__ Dy Irae 4 31a )21 p

2C. 74 Vee ( T D3+D<2i C. + 2 + e T /D3+D(2i C. + 2C,. 2C. d
B = 3vV3_ Dy Ry _ 3V3___Dy . (14)

0
la ia i
ip ip ~faboto-daf— = Wel ac| o oot o
'[ - T sive| Id or leg-short phase
- e &e @7 determination g
i 91
1 < g,
* - - t/inv 7
Ve + +y rec regular > 93
O @I*L*d}' sampled> 9%
1 PWM |, g
97

Fig. 10. Control block diagram for circuit simulation
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phase a voltage and current

Fig. 10 shows a control block diagram for the simu-
lation. Two phase currents and dc voltage are sensed
for the feedback control purposes. In addition, in order
to improve dynamic response in the dc voltage control,
load current i7,,4q is also sensed and added to the ac cur-
rent amplitude reference as load feedforward. The cor-
ner frequency of the LPF on the load feedforward path
is 180[Hz]. Changeover of rectifier/inverter operation is
determined by the sign of ;. In order to choose proper
two-leg-short phases for zero voltage space vectors in its
rectifier operation, three phase current information is pro-
vided to the regular sampled PWM block. The triangle
carrier frequency for the regular sampled PWM is 9[kHz].

Strictly speaking, the triangle carrier amplitude should
be adjusted depending on the coupling capacitor volt-
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Fig. 12. Simulation results for step-down rectification (upper
trace) and step-up inversion (lower trace) with ac 230[V]
line-to-line in rms, dc 150[V] and ir.ca=8.4[A], phase a
voltage and current

age Ve, which is the dc bus voltage seen by the three
phase VSC bridge. This would however introduce extra
complexity into the control block, therefore a fixed trian-
gle carrier amplitude for the rated operating point, i.e.
610[V], is used here.

Fig. 11 and Fig. 12 show steady-state simulation results
of four different operating conditions, namely step-up and
step-down for each rectification and inversion. It can be
seen from these figures that almost unity power factor
and nearly sinusoidal ac current operation is possible. It
may be noted that the ac current waveform quality under
the lightly loaded condition of Fig. 12 is degraded. This
is because switching frequency ripple component and the
low order nontriplen harmonic components are increased
with respect to the fundamental component. The latter is
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Fig. 13. Simulation results for sudden change from full rectifi-
cation to full inversion

caused by the sextuplen excitation described in the pre-
vious section.

As a dynamic response example, Fig. 13 shows simu-
lation results of a sudden load change requiring changing
over from full rated rectification to full rated inversion.
The load current direction is reversed at about 0.3[sec].
By utilizing load feedfoward, the low bandwidth of the
voltage control loop is well compensated and the dc link
voltage is hardly disturbed. Along with the waveforms
are shown the gate pulses for switches of phase a leg and
the dc link. It can be seen in the figure that the active
switch on the dc link operates only for inverter operation.

VI. Hardware Experiments

A hardware prototype of the Cuk-Cuk converter has
been built with the same component values as shown in
Fig. 8 and Fig. 9. The PI compensator gains are also
the same as those in the analysis and simulations except
that the current controller P gain has been decreased to a
quarter of the original values obtained from the analysis
to reduce noise susceptibility in the fine tuning process.

Fig. 14 and Fig. 15 show steady-state ac current wave-
form 4, in four different operating conditions, namely
step-up and step-down for each rectification and inver-
sion. Since the neutral point is not accessible, line-to-line
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15. Hardware experimental results of steady-state in-

verter operation (upper trace: step-down inversion, A:
line-to-line voltage v 100[V/div], B: phase B current
ip» 10[A/div] with vcq.=300[V], ac source voltage 115[V]
line-to-line in rms and approximately 5[kW] of power re-
generation, lower trace: step-up inversion C: line-to-line
voltage vqc (phase angle reference purpose only), D: phase
B current 4, 2[A/div] with v.q.=150[V], ac source voltage
230[V] line-to-line in rms and approximately 1.4[kW] of
power regeneration)



voltage v is overlaid. The maximum point of v,. cor-
responds to 0° of v, and it is the center of time axis.
It can then be seen from the figures that almost unity
power factor operation has been realized in all four cases.
As predicted from the preceding sections, the ac current
waveform is relatively degraded in lightly loaded opera-
tions, i.e. the lower traces in in Fig. 14 and Fig. 15.

Fig. 16 shows dynamic response in a sudden change
from rectification to inversion. Although the operating
point is not the same as that in Fig. 13, a similar dynamic
response is observed. In particular, dc output voltage veqc
is barely disturbed in spite of the low bandwidth of the
dc voltage control loop thanks to the load feedforward.
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Fig. 16. Hardware experimental results of sudden change over
from rectification to power regeneration (trace A: gate
pulse for Sg 5[V /div], trace B: gate pulse for S7 5[V /div],
trace C: dc output voltage veqe 100[V/div], trace D: phase
B current 4 5[A/div] with ac source voltage 117[V] line-
to-line in rms and change from approximately 1.8]kW] of
rectification to 1.8[kW] of regeneration)

VII. Conclusions

Three phase PWM boost-buck rectifiers with power re-
generating capability has been investigated in this paper.
The converters of interest are capable of I) both voltage
step-up and step-down, IT) bidirectional power processing,
and IIT) almost unity power factor operation with nearly
sinusoidal ac current.

A systematic power stage topology derivation has been
presented. Taking the Cuk-Cuk realization as an exam-
ple, operating principle, modulation scheme, steady-state
and dynamic analyses have been discussed. In particular,
differences between the boost-buck rectifier under focus
and the well-known VSC have been made clear from an-
alytical viewpoint. Representative results of circuit sim-
ulations and hardware experiments have been presented.
The feasibility of the presented three phase PWM boost-
buck rectifier with power regenerating capability has been
demonstrated through these procedures.
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