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A Single-phase Four-Switch Rectifier with
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Abstract—A single-phase four-switch rectifier with consider- as electrical vehicles [4] and aircraft power systems [5].
ably reduced capacitance is investigated in this paper. The What is worse is that electrolytic capacitors, known to have
rectifier consists of one conventional rectification leg and one ;mited lifetime. are one of the most vulnerable componémts

neutral leg linked with two capacitors that split the DC bus. . .
The ripple energy in the rectifier is diverted into the lower split power electronic systems [6], [7], [8]. As a result, in order

capacitor so that the voltage across the upper split capacitor, €nhance the reliability of power electronic systems, itighly
designed to be the DC output voltage, has very small ripples. The desirable to minimise the usage of electrolytic capacisord
voltage across the lower capacitor is designed to have large ripplesyse highly-reliable small capacitors like film capacitofs i
on purpose so that the total capacitance needed is significantly possible, while maintaining low voltage ripples

reduced and highly reliable film capacitors, instead of electrolytic | L th ducti f electrolvti it
capacitors, can be used. At the same time, the rectification leg n general, e reducton or electrolytc capacitors can

is controlled independently from the neutral leg to regulate D€ achieved in four approaches. One approach is to inject
the input current to achieve unity power factor and also to harmonic currents to suppress fluctuations of input energy

maintain the DC-bus voltage. Experimental results are presented by changing control strategies for existing power switches

to validate the performance of the proposed strategy.

Index Terms—Single-phase rectifiers, voltage ripples, electro-

Iytic capacitors, neutral leg, reliability, ripple eliminator.

I. INTRODUCTION

More and more microgrids are now connected to the pubf?é1
grid and various loads through power converters [1]. Fp
both AC and DC microgrids, single-phase rectifiers are oft
needed when supplying DC loads. Such rectifiers are expec

to have high power density, high efficiency, high reliailind
low costs. There are numerous topologies in the literatine;

ing to have improved performance from these three aspeé?s.
Moreover, with the integration of renewable energy sourcgs
into the power grid, there is a trend to have bidirection
single-phase power converter as an interface between po
grid and energy sources [1], [2], [3]. As a result, the stufly
single-phase rectifiers has attracted more and more aitenti

Conventionally, bulky electrolytic capacitors are regdifor
single-phase rectifiers to produce smooth DC-bus voltage,

to the pulsating input power. However, the volume and weig
of bulky electrolytic capacitors could be a serious proble

for volume-critical and/or weight-critical applicatignsuch

Manuscript received October 19, 2014; revised December @%4 Znd
February 1, 2015; accepted February 18, 2015.

This work was partially supported by the Engineering andsiia} Sciences
Research Council, U.K., under Grant No. EP/J01558X/1. Alimpieary
version of this paper was presented at the 5th InternatiSgaiposium on
Power Electronics for Distributed Generation Systems (PEIX2) held in
Galway, Ireland, in June 2014.

Wen-Long Ming is with the Department of Automatic Control ang®ms
Engineering, The University of Sheffield, Sheffield S1 3JMjteld Kingdom.
(e-mail: wenlongming@gmail.com)

Q.-C. Zhong is with the Department of Electrical and Computegikeer-
ing, lllinois Institute of Technology, Chicago, IL 6061634 and also with the
Department of Automatic Control and Systems Engineering, Thiwddsity
of Sheffield, Sheffield S1 3JD, United Kingdom. (e-mail: zhori@deee.org)

Xin Zhang is with the Department of Automatic Control and Spwse
Engineering, The University of Sheffield, Sheffield S1 3JDjtedd Kingdom.
(e-mail: xin.zhang@sheffield.ac.uk)

in rectifiers. In [9], it was proposed to reduce the DC-bus
capacitor by injecting third harmonic component to the grid
current. This approach benefits from fewer switches andeasi
implementation, which lead to lower system costs compared
to other solutions. The second approach is to add an active
ergy storage compensator in parallel with DC-bus capacit
bypass ripple energy that originally flows into DC-bus

been extensively studied in the last few years. Normally
e added compensator is operated as buck/boost converters
inject/absorb ripple currents from DC bus. The third apploa
based on connecting an active compensator in serieshath t

%gacitors [5], [10], [11], [12], [13], [14], [15], [16]. T
t

C bus [17]. The compensator basically behaves as a voltage

compensator has lower voltage stress compared togdarall

aﬁ%Jrce to offset voltage ripples. Due to the series conorecti

§Sompensators. The last approach is to introduce a ripple por

terminated with a capacitor, as reported in [8], [18], tostie
ripple power. Different from other solutions, an AC capacit

d’nstead of a DC capacitor is used to handle ripple energy,

ich also reduces the voltage stress on the switches.
Following the preliminary conference version of this paper

?19], a 4-switch rectifier is proposed to significantly reduc

the DC-bus capacitance in the widely-adopted asymmetrical
single-phase systems, where the midpoint of the AC side is
not available. The rectifier only uses four switches, which
is similar to a conventional bridge PWM rectifier, but the
switches are formed as a rectification leg and a neutral ldg an
operated differently from a conventional full-bridge iéet.

The rectification leg is operated as a half-bridge rectifeer t
regulate the DC-bus voltage via controlling the grid cuttten
make it clean and in phase with the grid voltage to achieve
unity power factor. The neutral leg, consisting of two aetiv
switches, two split capacitors and one inductor, maintains
stable DC output voltage. The control of the two legs are
independent from each other, which makes control design
very flexible, and the corresponding control strategies can
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be designed according to their own objectives. Importantlgrder voltage ripples on the DC bus. However, the relighilit
the neutral leg is able to divert the ripple energy from theolume and weight of electrolytic capacitors could be aesi
upper split (output) capacitor to the lower split capacifes a problem for high-reliability, volume-critical and weightitical
result, the output voltage does not contain any low frequenapplications [6], [7], [8]. As a result, in order to enhance
ripples and hence, the upper split capacitor can be significa the reliability and power density of rectifiers, it is highly
reduced. Note that the voltage across the lower split capacidesirable to reduce the usage of capacitors so that highly-
is designed to have relatively large ripples on purposeusezareliable capacitors like film capacitors could be used tdaep
it is not supplied to any loads. Accordingly, the total usafie electrolytic capacitors. However, for conventional sexghase
DC-bus capacitors could be reduced significantly so that itriectifiers, there exists a trade-off between reducing redui
now possible to use highly reliable film capacitors, insteazhpacitors and reducing the output voltage ripples because
of bulky electrolytic capacitors. This makes the rectifiery single-phase full-bridge rectifiers have only one DC vadtag
suitable for high-reliability applications. The selectioriteria which is used as both the DC output and the only ripple energy
of the split capacitors are discussed with the aim to miremiduffer on the DC bus. In light of this, a lot of auxiliary ciritsi
their usage. This is mainly for systems without hold-up timare proposed to construct another DC or AC voltage to store
requirement. For systems with hold-up requirement, the réwe voltage ripples, which can be connected in parallel or in
quired capacitance needs to be large enough if no other mesades at the AC or DC sides [5], [8], [13], [23], [24].
is applied to provide the energy required [17]. For the topology shown in Figure 1, there are two DC

The rest of the paper is organised as follows. Section Jbltages because of the split capacitors. This provides a
introduces the rectifier under investigation. In SectidnHbw possible way to operate the rectifiers to make one of the
to significantly reduce DC-bus capacitors is discussed iand,voltages as the output voltage to supply loads and to make the
Section 1V, the associated control strategies are devdldpe other voltage as the ripple energy buffer. The total capac#
order to achieve the minimal capacitance, the selectider@i could be significantly reduced because the ripple energy is
of the split capacitors are then discussed in Section V aed ttiverted from the output capacitor to the other capacitbicty
impact of the different voltages across the split capagitoe could have high voltage ripples. By diverting all the ripple
analysed in Section VI. Experimental results are provided power to the lower capacitaf’_, the output voltagd’, can
Section VIl and the conclusions are made in Section IX. become ripple free, which means the output capacitaiice

can be reduced a lot because it does not need to process any

Il. THE SINGLE-PHASERECTIFIER UNDERINVESTIGATION o frequency ripple energy. Importantly, the capacit@r

The rectifier proposed in the preliminary version of thigan also be significantly reduced because its voltage is not
paper [19] is investigated further in this paper. It corssist supplied to any loads so it can be designed to have largesgppl
one rectification leg and one neutral leg, as shown in Figusd purpose. Accordingly, both capacitors can be signiflgant
1. The rectifier can be formed by adding two active switchegduced and replaced with highly-reliable film capacitdiss
into a conventional half-bridge PWM rectifier by putting damproves the system power density and reliability and reduc
neutral leg consisting of two switches across the DC bggstem weight and volume. Although costly film capacitoes ar
with their midpoint connected to the midpoint of the spliised to replace electrolytic capacitors, the cost arisiogf
capacitors through an inductor. The neutral leg is actuallycapacitors could still be reduced because the total caeeit
typical DC/DC converter, which has been widely adopted iquired is considerably reduced.
industry. In particular, the neutral leg has been appligtitee-
phase four-wire power inverters as reported in [1], [20L][2 |ll. REDUCTION OF THEBULKY DC-BUS CAPACITORS

[22]. According to the analysis made in [1], the neutral I8g i |n order to clearly show how to significantly reduce the
a stable system although the inductor is coupled with thi¢ sghc-pus capacitors, there is a need to analyse the relatpnsh

capacitors. between the ripple energy and the required capacitors for
. o L the investigated rectifier. For this purpose, an averagruitir
' ; I Cl Ir model is built up at first.
1 & Qs E
iy |V HR A. Circuit Analysis
ic ; } o
B U.NW It is assumed that the DC-bus voltage of the rectifier is
L |y N C-l Vbe = Vi+V_ (1)
) \A whereV, andV_ are the voltages across the split capacitors
Qz-l@& -|GS Qa4 lc- C, and C_ with respect to the neutral poinV and the
Vg negative point of the DC bus, respectively. Suppose that the
grid current is

Figure 1. The single-phase rectifier under investigation. ig = IQ sinwt (2)
It is well known that bulky electrolytic capacitors areand the grid voltage is
often needed for single-phase rectifiers to smooth the skecon vg = Vysinwt 3)
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_ Tn to split the DC-bus voltagéd’p into V. and V_ [1], [21],
fer [30], [31]. The duty cycle of Switch)s can be calculated as
+ . V+ R V
ic ds = — 8
s = g (8)
c because the neutral leg is operated as a DC/DC buck converter
=V Because of the power balance between the AC and DC sides
ic- (ignoring the power losses), there is
Vo, _ V2
= 9
5 7 9)
Figure 2. The average circuit model of the rectifier shown iguFé 1. and the load current is
IR — VgIg

in which V,, and I, are the peak values of the grid voltage 2V4
and current, respectively, andis the angular line frequency. which is also the DC component of curreht(4) can then be
Note that the grid voltage and current are supposed to berghwritten as

phase in order to achieve unity power factor, dpds a pure V_ V, . V1, V. .
AC current without a DC component. oy = I b”Wt(VDC + oo sinwt) — W, Voo
Because the switches are operated at a frequency much V. V1,

higher than the fundamental frequency, the averaged Vasiab = 7VDCZg Woe cos 2wt

e.g. average currents and average voltages, can be adopted t V,1,V_ V.

well represent the original variables according to the ayieg 5o — L (10)
L ) 2ViVpce Vbe

theory [25] so that the circuit can be analysed by using the _

average circuit model [26], [27]. The average circuit modélimilarly, (5) can be re-written as

of the rectification leg can be built following the procedsire Vi Vv, &

developed in [26]. The switched; andQ, are replaced with ‘c— = —Ig blHWf(ivDC " Voo sinwt) +ir(1 — 7VDC)

a current source, (1 —d,) and a voltage sourceépc(1—ds), Vi VI

where ds is the duty cycle ofQ2, as shown in Figure 2. = Tyt 2; L cos 2wt

Similarly, the average circuit model of the neutral leg can b ‘}3(; v be

obtained as shown in Figure 2, whetg is the duty cycle of + + —ir. (11)

2Vpe  Vpe

Switch @Y3. Note that, in this paper, the split capacitors are
not necessarily the same, unlike the case in [26], [28],,[29}s is well known, no DC currents could pass through ca-
so the model in this paper is more generic. Also note that Rcitors. As a result;, should have a DC component so
order to facilitate the exposition in the sequel, the dutgley thatici and ic_ do not have any DC component. It can
of the lower switch of the rectification leg)) and the duty be found out from (10) and (11) that the DC component;of

_Vylg
cycle of the upper switch of the neutral le@4) are adopted 1S —/r = —3{-*, i.e., the same value as the load current.
in the model. If the neutral current;, is controlled to provide the DC

According to the average circuit model of the rectifier showfomponent only, that is,
in Figure 2, the capacitor currents can be found as

i = —Ig,
icy = ig(1—dy)—Ig—ipds (4)  then the capacitor currents are
ic. = —igdy+ip(1—ds) ) V.
and the neutral current, can be found as o ﬁc v 2VDC o
i =ic— —icy +ig— Ig. (6) and o = Ve Vel cos 2wt

In order to obtain the unity power factor, the two switches N .
Q1 and Q, can be operated complementarily to track th& Va}ddmon to the same second-order ripple current
reference of the grid current, which is in phase with the grid 3%, cos 2wt flowing through the split capacitors, the grid
voltage. Since the switching frequency is much higher than tcurrenti, is split betweenc;. andic_ because in this case
line frequency, the duty cycle of Switaf; can be calculated
in the average sense as

Ve,

ot + (—ic-) =g,

which could lead to high voltage ripples and hence bulky

— sin wt (7) electrolytic capacitors are needed. In order to reduce the
Voo Vpe voltage ripples, the current flowing through the capacitors
to maintain the DC-bus voltagéy o, according to [26], [29]. should be regulated differently. For this reason, a difiere
Normally, SwitchesQ; and @, are operated complementarilycontrol strategy is proposed in the next subsection.

dy =
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B. Reduction of DC-bus Capacitance X X
The idea is to push the current componentsiof. in s2+ C—”s+ 07’ =
(10) through the neutral leg instead of through the upper + _ *
split capacitor so that-, does not contain any fundamentaivhere K, and K; are the gains of the Pl controller. These
or second order ripple currents. That is to makg = 0, Parameters can be chosen to obtain the damping coefficient of

ignoring the switching ripples. Hence, according to (10¥ t

0,

currenti;, should be controlled to satisfy Ky 1 _ i.
2 \|CLK; V2
=i — Yolo cos 2wt — Voly (12)
LT T Sy 2V, As a result,

2 _
On the other handj;, should also satisfy (6). Hence, in this K, =20 K;. (15)

case, the current flowing through the lower split capacitgthe relationship betweeft, and K is mostly related to the
should be VI capacitorC, . In practice,K,, or K; can be initially set to small
io- = — 5% cos 2uwt. (13) values, which approximately satisfy (15), and then gradgiual

2V_ . ; . .
] ] be increased to achieve the desired performance. In this way
In other words, it only contains the second-order harmonjgh parameters can be well tuned.

component or the se.cond-order component only rovys throughz) Removal of the ripple componentsiin, : As discussed
the Iovyer split capacitor. As a re_sult, all t_he voltage_ rgzpare before, the capacitor curreftt, should be maintained around
then diverted to the lower capacitor, which would increase ;v in order to smooth the ripples of the output voltage
the voltage npples orC_. However, this does not matterygie thatC',. is now very small so the ripple current may
because there is no load connected’toand the voltage’_ oy through the DC load and it is more effective to minimize
can 'tolerate a mgch higher ripple voltgge. Hence, only aI;mgHe ripple component in the DC-bus current. As a result,
C- is needed. Since the upper capacitor does not contain jnstead of controllingic, the strategy to minimize the DC-
any fundamental and second-order ripple voltage compeneg;s ripple current is adopted in this paper. In order to extract
any more, it can be reduced a lot while maintaining lowhis second-order ripple component, a band pass filter (BPF)
voltage ripples. As a result, both capacitdfs and C. can g aqopted, via adding a resistor—capacitor circuit on i p
be very small, which makes it possible to replace the reduirgs the measured to filter out the switching ripples at first
bulky electrolytic capacitors with film capacitors. and then using a digital high pass filter'; to remove the
DC component. The used resistor and capacitor 1arés2
IV. CONTROL DESIGN and 0.01uF. As a result, the transfer function of the BPF is

A. Control of the Neutral Leg %. The cut-off frequencies of the BPF are 1.59

The neutral leg should be controlled to maintain the outpbtz on the lower side and 1591 Hz on the higher side so the
voltageV/,, to remove the ripple componentsip,. and also bandwidth of the BPF is 1589 Hz.
to remove the fundamental componentijn_ . Several possible controllers, e.g. hysteresis conteolléth

1) Regulation of the output voltag¥,: Maintaining a @ variable switching frequency and repetitive controleith
stable output voltag&, with very small ripples at the desireda fixed switching frequency, can be applied to minimise the
output reference voltagé’ is a major target. The regulationripple current:. In order to reduce the stress on the switches,
of the sum of the voltageE, andV_, i.e. the DC-bus voltage @ repetitive controller is applied in this paper as showrhi t
Vb, is the task of the rectification leg and will be discussed f#ashed box of Figure 3. Another benefit of the repetitive con-
the next subsection. The neutral leg is responsible fottisggi troller is its high performance to handle harmonics [1],][32
the DC-bus voltage intd’, and V_, which are independent The repetitive controller consists of a proportional cotér
from each other. Since the voltadgé is used as the output K and an internal model given by

voltage, it can be directly controlled by forming a voltage K,
loop and then the voltag€_ can be indirectly controlled by C(s) = 1_ 9 gras’
regulating the DC-bus voltage. st

In order to regulate the output voltagé , it is measured Wherer, is designed based on the analysis in [1], [32] as

and put through the hold filter
1— efTs
H(s) Ts A4 ith w; = 2550, 7 = 0.02.

where T' is the fundamental period of the grid voltage, to Note that the regulation df, deals with the DC component
extract its DC component, as shown in Figure 3. A simpleut the removal of the ripple components é&f, deals
proportional-integral (PI) controller is then applied egulate with non-DC components. Hence, the output of the repetitive
the voltage. The output of the PI controller can be convertedntroller can be added to the output of the PI controller for
to PWM signals to drive the switches. The parameters fof,. to generate the PWM signals for the switcligsand Q,
the PI controller can be selected according to classicagdesas shown in Figure 3. Note that the-™ sign at the output
methods for a second-order system, with the characteristicthe controllers is because the duty cycle controlledsis
equation given by instead ofd,, which is1 — dj.

1
Td:T—f:0.01968

Wi
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v * 1 —Qi
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-0 PI Ol PWMQ PLL
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Vi+ V-max Repetitive =
E(SI' O PI Controller || PWM —Qi
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Repetitive Controller
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Figure 4. Controller for the rectification leg.
Figure 3. Controller for the neutral leg.

In general, the adoption of the BPF does not lead to aBy Control of the Rectification Leg
resonance of the controllers with the rectifier. This is ryain o _ o
due to the fact that the BPF behaves as a low-pass filter afNe control of the rectification leg is very similar to that
high frequencies and is cascaded with the repetitive ctetro of conventional hglf—bndge rectifiers, which is mainly dse
which again is a low-pass filter. to regulate the grid current and to control the whole DC-
3) Removal of fundamental componenidn : The control BUS vqltage. To bg more prepise, the grid current is expected
of the DC-bus ripple current to 0 leads to the fact that the ©© b€ in phase with the grid voltage and also to be clean
ripples are now diverted to the lower capacitor. In this With low harmonics. For this purpose, the grid currept
case, the current of the capacitor is expected to only have should be measured as a feedback to form a current tracking

a second-order component. However, according to (6), Whgq;,ntrolle_r. Here,_ the repetitive (_:ontroIIer shown in thestaked .
i = 0. there is box of Figure 3 is adopted again. In order to generate the grid

current reference;, an outer-loop voltage controller can be
constructed.
which means that the grid curreff could flow through the  There can be different ways to construct this voltage con-
inductor Ly and the capacito€’_ if not controlled properly. troller; see e.g. [33]. In this paper, the voltage controle
Hence, there is a need to make sure that no fundamental C@Bsigned to maintain the maximum voltage,,., of V_
ponent flows through the capacitot. otherwise it would lead constant. Hence, the total DC-bus voltage is maintained at
to increased voltage ripples without providing any benefits vy with a PI controller. The output of the controller
This can be achieved by forcing the fundamental componessn be used as the peak value of the grid current reference
of V_ to be zero, as shown in Figure 3. The following resonar;rgt, as shown in Figure 4. This is multiplied with the phase

ig:iLfl'C_+IR,

controller signal of the grid voltage, which can be obtained from a phase
Kp2thws . ,
Kr(s) = 5 5 (16) locked-loop, to form the grid current referenge As a result,
5% + 28hws + (hw) the grid current is in phase with the grid voltage to achieve

with € = 0.01, h = 1, andw = 2xf, can be adopted. the unity power factor. Here, the phase-locked-loop pregdos
The output of the resonant controller is then added onto tie[34] is adopted.

outputs of the other two controllers before sending to the The above-mentioned control strategy of the half-bridge
PWM conversion block, as shown in Figure 3. The gAinpof rectification leg is now somewhat standard [26], [28], [29],
the resonant controller can be selected by fine tuning throu@5]. What is different here is that the maximum DC-bus
trial-and-error in practice; it is chosen ds;, = 10 for the voltage, instead of the average DC-bus voltage, is selected
experimental system to be tested. In general, a large gamthe controlled output. As a result, the objective hereeis s
should improve the performance of the control but may lead control the maximum DC-bus voltage. For this purpose,
to a large charging current when starting up the system thhheé maximum DC-bus voltage should be extracted at first.
might trigger the current protection and also may introducgince the voltagd/, is controlled to be more or less pure
noticeable disturbance into the current controller. Thebsmuld DC without second-order components, it is only required to
be avoided. Note that the output of this controller is"* extract the maximum value of the voltagé , which can be
because the voltage under control relate$§’to obtained by adding the DC component with the peak voltage
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of the ripple component, as shown in Figure 4. The hold filte&apacitor is mainly limited by the allowed maximum voltage
(14) is again used to obtain the DC component. In order 1a ,,,., and the required minimum capacitan€e ,,;,, IS
extract the second-order component, the resonant filter (16 V,1,

is again adopted witf = 0.01, h = 2, andw = 27 f. A Cc_ = (V2 7y (20)
Peak block in Figure 4 is used to calculate the peak value of —amax —min

the ripple component. The sum of the average voltage and theich can be small iV_,,., is high enough.

peak voltage of the ripple component then forms the maximumIn addition, another important factor for selecting cajiasi
voltage of the voltageV/_, which is denoted ad/_,,., in is the maximum allowable ripple currents [4], [7], [36]. Ehi
Figure 4 and is added with, to obtain the maximum DC-bus s very important for the reliability of capacitors. In geak

voltage for feedback. large current ripples lead to short lifetime. The currepplés
are closely related to the voltage ripples and the equitalen
C. Stability of the System impedance of capacitors. In order to evaluate the level of

voltage ripples, (20) can be rewritten as
Because of the decoupled nature of the controllers for the

two legs, the stability of the system can be easily guarantee c. = Volg

The controller for the rectification leg has a very typical WAV_(V_maz + V_min)

structure, which is very mature and widely used in industry. _ Vil 1)
The controller for the neutral leg has a very special stmactu 2WAV_V_qpe

with one current loop and two voltage loops. What is special is

— V*ma1+v min
that these three loops are in parallel rather than cascadie s wher hAV ; V- WIZW _IV "”ln andVdav?]— | ¢
stability of each loop can be treated individually. The eutr are the peak-peak ripple voltage and the average voltage o

loop is designed to regulate the AC componentscof (or 7) V_, respectively. _Slntl:e the capacitor |mpedanc§ at the second
to be around zero, i.e., to remove any non-DC componerits irprder (fjrquency "T‘m' theflpee}k-pehak valug&zc, of the

At the same time, the voltage loop relatedito is to maintain S€cond-order ripple current flowing through. is

the DC component of the voltagé, while the voltage loop ) - AV

related toV/_ is designed to reduce the fundamental component Kic- = 2wc = WO AV-. (22)

of voltage V_. Hence, the functions of the three loops are -

decoupled in the frequency domain for current or voltag®ubstitute (21) into (22), then there is
The three loops consist of simple PI, repetitive and resbnan N — Vyl, 23
controllers, which have been widely analysed in the litmet o-= V_ave (23)

See, for example, [1]. Hence, detailed analysis of the Igiabi

of the loops is not repeated in this paper. This is consistent with (13). The average voltage should

be increased in order to reduce the ripple current. For the

proposed strategy, the voltage can be different or the same

asV,. As a result, the voltag®_,,. can be maintained at

A. Selection of Capacitof’_ a higher value in order to reduce the ripple current. This

As demonstrated in [9], [24], the total ripple energy storegan be naturally achieved when the maximum volt&gg, ..

in the split capacitors over a charging period for singlegeh is controlled at the allowable value because the higher the
rectifiers with the unity power factor is maximum voltage is, the higher the average volt&ge.. is.

VoI Of course, some other factors such as hold-up time require-
99 ment [17], current stress and limited voltage rating of the
2w capacitors and switches, should be taken into account when

With the proposed strategy, all the ripple energy is Nowestor gg|ecting capacitors. If the maximum voltage of the capacit

on the lower capacitof’_ instead of both capacitoxS; and s determined, then increased capacitance means increased

V. SELECTION OFCOMPONENTS

E, =

C-. Hence, hold-up time and reduced current stress, which is preferred
B 2F, in practical applications. As a result, there are seveear
¢ = V2 _ V2 @ offs when selecting capacitors for a certain application.

—max —min

where V_,,,... and V_,,.;,, are the maximum and minimum )

voltages of V_, respectively. A small capacitor means tha- Selection of Inductof.

high V_,,... and/or lowV_,,;,, is needed. However, in order The fast switching of the neutral leg leads to switching
to ensure the proper boost operation of the rectifier, ripples over the current flowing through the inductby.
Since the two switcheg3; and @4 are operated complement-

Vo 2 Vgl sinwt] (18) arily, the on time ofQ; is 2 and the on time of), is 1;&
should be satisfied. In other words, in one PWM period. Since the switching frequency is much
higher than the line frequency, it can be assumed that the
Vomin 2 V. 19 current increasee}f*ﬂ (to withstand the positive voltagé, )

At the same time}_,,,... has an upper bound as well becausand the current decreasé/dM (to withstand the negative
of the limit on the devices and/or the applications. Henke, tvoltageV_) in these two modes are the same. According to (8),
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the maximum peak-peak current ripple ;,,, on the inductor Table |

Ly is reached when the duty cydlly reaches the maximum, PARAMETERS OF THE SYSTEM
which is when the voltag®_ reaches the maximum. That is, l Parameters [ Values |

V.d V.V Grid voltage (RMS) 110V

Nipy, = —- dmaz + 1 omar (24) Line frequencyf 50 Hz

Ly fs LNfs(V+ + meaa:) Switching frequencyfs | 19 kHz

For the given maximum allowed ripple currentir,,, the VV+ 328\\;

minimum inductance is R 220 Q)

V—t-v—mmr Cy 5 pk

Lnmin = — — . (25) C_ 5 uF

e Nigm fs(Vi + Vomaz) Ly 2.2 mH

The inductance can be reduced if the switching frequency Lg 2.2 mH

fs is increased. When choosing the magnetic core for the
inductor, the DC current component i should be taken
into consideration to avoid saturation.

Note that increasind’_,,... helps reduce the capacitér_
but it leads to increased inductanEg; so there is a trade-off
between these two. One possible option to break this tréde-

is to reduceC_ by increasingV_ but decreasd.y b U0 —maz- . . . .
increasingf y gV-maz N by For the selection of the capacitor,, according to (27), if

the maximum switching ripple voltaga V. ., is expected to

be arounds V, then C,,,;, =5 uF.

C. Selection of Capacito€'; If a conventional single-phase full-bridge rectifier is ad-
When Qs is turned on,C, is discharged through.  and opted then the DC-bus capacitor should be larger than

the maximum ripple current is given in (24). If the swnchmgﬁ ~ 740 pF in order for the output ripple voltage

frequency of the rectifier is high and the inductance in seri¢go be maintained lower thah V. For capacitors at this level,

with the DC load is considered [37], it is reasonable to agsuralectrolytic capacitors are often needed. The experinhegsa

that the switching ripple current mainly flows through thellts presented later show that the rectifier under invetitiga

capacitor .. According to [38], the peak-peak switchingcan achievés V output ripple voltage only with twé pF film

In order to leave some margin, the capacitor is selected as
5 pF. According to (23), the maximum second-order ripple
current is Nic—mar = Vol ~ 1 A.

he capacitorC_ can then be selecteambasetf ©n,,;, and

ripple voltage across the capacitor. is capacitors. This means the DC-bus capacitors can be reduced
Ai by over 70 times while maintaining the same level of output
AV, = Sy Njp o Re voltage ripples.
+s 8C+f5 m +
1 V+meaa:
= (———+R , (26
<8(J+fg C+)LNf§(V+ Vo) (26) VI. IMPACT OF DIFFERENTVOLTAGES V. AND V_

where R, is the equivalent series resistance (ESR) of the The voltages across the two split capacitors are normally
capacitorC, . The second part, i.€\iz,. Ry, is caused b malntalned to be the same in similar topologies. However, as
the ESR otJ‘rthe capacitor Sintiéc+ ismofte;,negllg|ble for mentioned above, the voltages are controlled to be differen

film capacitors, (26) becomes on purpose for the proposed strategy, which contributes to
‘ suppressing the voltage ripples and reducing the required

Dirm 27) capacitors. One question that arises naturally is whether t
8fsAVism voltage difference would cause any problem to the control of
for the given maximum switching ripple voltaggV., ,,, and the rectification leg and the neutral leg. This is analysed in

the maximum ripple currenf\i,,,. Note that increasing the this section.
switching frequency reduces, .

C+7nin ~

A. Impact on the Rectification Leg

D. Design Example The main objective of the rectification leg is to maintain
Here, an example is given for demonstration. The selectdw grid current to be clean and to be in phase with the grid

components, as summarised in Table I, are also used wheltage. As stated previously, the control of the rectifat

building up the test rig. leg and the neutral leg are independent from each other. As
For the inductorLy with Air,, = 4 A, the required a result, the regulation of the input current only depends on

minimum inductance isLy =~ 2.1 mH, according to (25). the rectification leg instead of both legs. According to (ig

In this study,2.2 mH is used. Note that the inductor can beénaximum and minimum values of the duty cycle of the two

reduced a lot if the switching frequencf; is significantly switches in the rectification leg are

increased, again according to (25).

1
Based on (20), the required minimum capacitance is domaz = % — (Vi + V)
C,mmzw#uwzmw Here,I, = 3 A is e
used in the célt:”ﬁdlbatlor{”%on&dermg the losses of thefiecti domin = Voo — (V4 = V).
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SinceVy, V_ > V,, thendamn > 0 and damq. < 1 can be 1) Switches and diodes of the rectification legor the
achieved for any combinations &f, and V_. According to rectification leg, there are two switches and two diodes in

the average model, the duty cycle of the switgh is total. The current flowing through the rectification leg nhain
depends on the grid currefyf. The positive cycle of the grid
dy = Ve Y sin wit currenti, flows through the Switcld), and the corresponding
Vbe  Vbe free-wheeling diode isD;. On the other hand, the negative
_ 1 (Vy — V, sinwt) (28) cycle of the grid current, flows through the Switchl);
Vi+ Vo I and the the corresponding free-wheeling diodels. As

demonstrated in [26], the average currents flowing through

If all the ripple power is provided by the lower capacitorith active switches); andQ, and diodesD, and D, are

(28) becomes

12 2V_
dy = 1 (Vi — V, sinwt) Io, = e ig(1 —dp)dt = IR(W —0.5)
Vi + \/mem + (I;i (1 — sin 2wt) 1 /7 oV
Io, = 5 | igdadt= JR(V—+ —0.5) (29)
where the derivation of_ can be found in [24] for a T o g
given load powerP,. It is clear that the obtained duty cycle Ip, = 1 ig(1— dy)dt = ]R(% +0.5)
contains a second-order ripple component coming fidm 27 Jo Vo
The existence of a second-order ripple component is common 7 _ 1 e dodt — T 2Vy 0.5
for all rectifiers based on the half-bridge structure andsdoe b2 = o /7T tg@20t = R(ng +0.5).

not constitute any problem because the switching frequency

is much higher than the second-order frequency. The oHBFan be seen that most of the currents flow through the diodes
difference here is that the ripples are stored in the lowEjther than the active switches. More importantly, the ents
capacitor only. of the active switches are different ¥, # V_. The same is

Because the rectification leg is independently controIIeH,U(?c for t:? d|oge curren(;[s. For er>]<ampleV|I > Vi, \(’th'Ch IS
the input power factor and the THD of the input current cajreterred in order to re uce, thenlo, > Ig, andIp, >

be regulated as usual and are not affected by the differe hééﬁ Asha rers]ult, fthﬁ plower IOS.S of tfh € upper sv;ig@h Is
betweenV, and V_. As a result, the regulation of the input igher than that of the lower switdfy, if V- > V.. (29) can

current is not affected by the voltage difference between be used as a principle to select the active switches and sliode
andV._. Of course, the two voltages can be controlled to be the same.

In this case, the average currents of the switches become the
same and also, the average currents of the switches become
the same too.

2) Switches and diodes of the neutral legor the neutral

The neutral leg is used for two purposes, i.e. splitting theg, there are also two switches and two diodes in total. The
DC-bus voltage td”, andV_ and diverting the ripple power current flowing through the neutral leg mainly depends on the
to the lower capacito’_. According to the average model,inductor currenti;. In order to analyse the average currents,

B. Impact on the Neutral Leg

the duty cycle of the switcld); can be given as similar analysis can be done. The only difference here is the
v conduction periods of)3, Q4 and D3, D4. For example, the
d3 = 1-——— conduction period of Switcly); in the rectification leg is from
Vbc 7 to 2m, which is not affected by other factors like the input
= 1- Vi , or output power. This is because the periods of the positive
Vi + \/mem + Lo (1 — sin 2wt) and negative cycles of the curreit are the same, which is

w. However, it is obvious that those periods of the currignt
which is also affected by a second-order ripple componesit. Are not the same according to (12), which leads to the fact
long asV_ < Vp¢, which is always true becau$g - = V. + that the conduction periods @J3, Q4 and D3, D, are not the
V_ > V,, V_, the duty cycleds; can be always achieved bysame. In order to calculate their average currents, theee is
controlling the two switcheg); and @, in an complementary need to first know these periods. Ligt = 0, then
way. Hence, the voltage difference does not cause any prnoble

to the control of the neutral leg either. Iy sinwt — Yols cos 0ot — Yolo _ 0,
2V_ 2V,
or
C. Impact on the Current Stress of the Switches 9 Ve . Ve
Sin“wt + —sinwt — = — — =
v, 2 2V,

The voltage difference may lead to different current seess
to the switches. The average currents are very importanbhwheence,
selecting a switch or a diode [26]. As a result, they are

calculated here in order for selecting suitable switched an nwf — s il LE Lot 2V_
diodes for both legs. smwt = 2v, 2\ V2 v,
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Because of (19), the—" sign is not valid. There are two can be obtained according to (20). The higher the voltagsstr

solutions within[0, Z], which are can be, the smaller the capacitanCe can be. It is worth
mentioning that high voltage stress leads to high switching
t = larcsm(f vz Lot 2V L) loss, which decreases the efficiency. When large electeolyti
w 2\ V2 Vi o 2V,7 capacitors are used, the voltage stress could be lower $&cau
5 V_.nae could be reduced. In this case, the switching loss of the
ty = =~ 1 arcsin(l 2 +24 - _ L), rectifier is lower. However, the loss caused by the ESR of the
woow 2\ V¢ Vi 2V, capacitors becomes higher because the required capacitanc

As a result, the average currents flowing through actifé@" be very large and electrolytic capgcitors have to be.used
switchesQ; andQ, and diodesDs and D, can be calculated The additional loss caused by the high voltage stress may

from have been well compensated by the reduction of the loss in
Lt capacitors.
Ig, = — ipdsdt
f “tl+2ﬂ E. Impact on Switching Ripples of the Grid Current
Ig, = by ir(1—ds)dt (30) Since the switching frequency is much higher than the
t2tl+27r fundamental frequency, the average grid current over each
Ip, = 1 ipdsdt switching period can be controlled to track its referendeictv
) 21 Jy, is a sinusoidal signal. Apart from controlling the average g
1 [t current, it is also desirable to maintain the switching ieppf
Ip, = 27 J,, ir(1 —ds)dt. the grid current under a certain level, in order not to introel

power pollution to the grid. According to [26], the peak-kea

The analytical solutions are complicated but, in principhe switching ripple of the grid current can be given as

currentsIp, and Ip, are again higher than the currenig,
and Ip,. Moreover, becaus&_ is set higher tharl,, I,

andIp, are higher thardg, andIp,, respectively. Ai = %VDC +Vy SiHWtd
For certain applications with known system parameters, the g Lyfs 2
average currents flowing through the switches and diodes of 1 9 . 9
both legs can be easily obtained based on the above analysis. - m(‘@v— — Vg sin”wt) +
Together with the voltage stress, i.e. the DC-bus voltdge, (Ve = V)V,
suitable switches and diodes can be selected. “LofiVoo sinwt. (31)

Apparently, increasing the inductor and/or increasing the
switching frequency could reduce the switching currernplep

In order to choose suitable switches for both |egs, trm:cording to (3_‘]_), the Switching r|pp|e current is relatechat-
voltage stress of the switches is another factor to be cafpst all system parameters. Compared to most of the analysis
sidered. in the literature, the only difference here is that the \git

Compared to the current stress of the switches, it is moge andV_ are designed to be different on purpose. The first
straightforward to analyse the voltage stress of the sefich art of the switching ripple, i.e.. (v+v, v sin? wi), is

L,fs \ 'V, \%
RegarQIess O.f other system parameters, the voltage stfes I\R/ays positive in the positive and nggativeDhcalf cycleshef t
the switches is always the sum of the voltaggsand V_. It

i rid current. However, the second part, (&% gin wt,
is well known that low voltage stress generally leads to low p Jé— sinw

. . . - 9 fsVpC
costs and high efficiency. As a result, it is always hoped %r]izngjrsreﬁ S::g;r ilj(:l?gptlze i?/osﬂv;e/ani? geggg\;fifg?:]e?g t
maintain_ the voltage stress within a reasonable IeVel'eEith;Jositive half. cycle of the ,griar curre_n,t but is positive in the
of the DC load and caanot be changed. However, the volt t[hé'Jlt the switching ripples of the _gnd currerllt. in the negativ
V_ does have some freedom to be décreased ,’Accordingﬁ c}f cycle are larger than those in the positive half cycle. |
- . i o 1 > V_, then the switching ripples of the grid current in the
the discussion before, the proposed rectifier can stillqoerf

well to control the grid current and the DC output voltage argegatwe half cycle are smaller than those in the posite ha

o o cycle. However, the slightly different switching rippleses
long as the minimum voltage df_ is higher than the peak : : .
of the grid voltage. Hence, there 1§ .., — V,. Note that not constitute any noticeable problems to the grid. If ndede

the ripple level of the output voltage, is still very low even an LCL filter, instead of an inductoL,, can be adopted so
PP P y that the switching ripple currents can flow through the filter

if V_pmin = V. The only compromise here is the DC-bus N -
k . . ca&amtor instead of the grid.

capacitance. In order to meet a given maximum voltage stres

Vimaz, the maximum voltage o¥/_ is then fixed, which is

Ve_maz = Vinaz — V. Itis clear that low voltage stress means VII. EXPERIMENTAL VALIDATION

low V_ 4z Since both maximum and minimum values of the In order to validate the design and operation of the rectifier

voltage V_ are fixed now, the minimum required capacitancexperiments were conducted on a test rig in the lab. The test

D. Impact on the Voltage Stress of the Switches
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system consists of the investigated rectifier and its contro [Tekfew ! ! %Vi—l . BU0bH Holse Fller
circuit, which was constructed based on TMS320F28335 DSP. R R O :
The main parameters of the test system are the same as the
ones in the design example of Section V as summarised in
Table |. The system parameters like the indudigrand the
switching frequency are selected according to the test rig
and the available components in the lab and hence are not .
optimized for performance. Note that the two split capasito NSNS TN N\ I'O'H'l;/'dw
are very small (5uF), which demonstrates the capability m 800 mmms][m T 4335%1153?43
of significantly reducing capacitors while maintaining low @)

ripples on the DC output voltage. The required usage of

. . h 0 | —— iz_Noise Filter
capacitors is reduced by ov&f times from 740 uF to 10 e

uF. Here, two 5uF metallized polypropylene film capacitors L VE[AS0VAiV] b [250 Vidiv] -
(MKP1848C55012JK?2) are used as the two split capacitors Ao LN NENLNNSN N
in experiments. The system responses both in the steady stat | & 7
and during transient period are presented. i

e

/\/’[IO/‘@]_:_.M

[10 Ums 4 SUUUUms][Llne 7000 v 43 8884 HzI1s 38:15

A. Steady-state Performance

1) The grid currenti, and the DC voltaged/, and V_:
The system steady-state performance with = 200 V is (b)
given in Figure 5(a)-(d) fo’*, .. = 600, V* = = 650, Tek st - - : S
Ve = 700 @and V> = 750, respectively. It is clear that RS DR AR A Vﬂ 250 v
the DC output voltagd/, is always maintained around its | EXT 7 A7 A~ N A N A N
reference200 V while the ripple voltage ofi’_ varies from
337 V to 431 V depending on the maximum voltages Wf .
Importantly, the voltage ripples of the voltagé. are only Y " A
about5 V when V* = 700 V and 750 V. As a result, 3 /\ i : i :

ok [103 V/dw] SN E {8 33 A/dnv]

—max

nearly all the ripple power is now stored on the lower cajacit

C_ instead of bothC',. and C_ over a wide range o¥_. It

is worth again pointing out that only tweuF are used in the

system. The reduction of capacitors and ripples on the éutpu (©

V. have been achieved at the same time. Teksip : 7 BO0F s i
In order to clearly illustrate the relationship between the T N ___[_2_59Y/<_11Y_]_ P

voltage ripples and the average voltage on the capa€ltar j

the steady-state performance to reduce the ripple voltaderu | |.. [7.

different average voltage df_ is shown in Figure 6. It can be TN

clearly seen that the ripples &f, were kept around V over B

a wide range of_ while the ripples ofV_ are much larger,  |=f NN FINLST

ranging from337 V to 431 V. Furthermore, the ripples df_ ¥ SEEEER ¥ SRERER NI SEEIRR U SRR V \

decreased along with the increase of its average voltage. Th [@ 7 @ 07 ; [10 ms/aiy

obtained experimental results nicely match the conditiij (

with AV_ = {85090 (represented by the dashed line in Figure (@)

6) over a wide range of_,,. as long as the boost operatiorrigure 5. Grid voltage,, grid currenti, and DC voltaged/; andV__ with
of the rectifier is successful. Here, the numh&6000 was Vi = 200 V: (a) whenVv>, . =600V, (b) wherv> =650V, (c)

found via curve fitting. hen V* hax = 700 V and (d) whenV* =750 V.
Moreover, the grid curreny, is always regulated to be clean
and in phase with the grid voltage and, thus, the unity power
factor is achieved. According to the recorded experimentar the cases when the DC voltagés and V_ were lower
data, the THD of the grid current is aroudtl and the input than the peak grid voltage and when the controller that re-
power factor is abov@.99 for all cases. This verifies that themoves the fundamental component frgm. was disabled. As
regulation of the grid current is not affected by large rgspl shown in Figure 7, the output voltage ripple becomes around
of V_ and the voltage difference betweén and V_. Note 80 V, much larger thars V, whenV*_  is set at 500 V. The
that the experimental test rig is not optimised for high poweelatively low voltages of/, andV_ also lead to distorted grid
quality because it is not the main focus of this paper. Intligleurrent as highlighted by the dashed circles in Figure 7 when
of this, the obtained results are very good. both voltages are lower than the peak grid voltage. When the
In order to further demonstrate the operation of the systepgntroller that removes the fundamental component fipm
another two results are shown in Figures 7 and 8, respegtivelas disabled, the results are shown in Figure 8. The voltage

E EoY

][10.0ms 4, sUUUUms][Lme I uuv 49 sssu Hef154057

[ioms__ ac0000ms) e roanv 50,0003 Hal15:42:29
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500 — Tek stop : a_ E ‘ 1 : S.UU?:H: Noisel;ilter
450 T~
O« T ~_ 402V
400} 431V =0 150V 1
~ | =2 337V |
S 350 e L e}
& 300f o AV 1
S 250F == =1185000/1" ;. 1
o
ézoo’-—x—-A\H 1 QU s .F_.__ : FEO e g
Z 150} 1 T @ G Lt i i i it; [10.py/div]
[f.0ms__667.an0rus|ine 7 oo 500265 He[1751:04
100 1
(@)
50 1
12V
0 X o—m e 7,:/ — . _SXY _ ‘SxV Tek Stop ! e E ! ; ! 1 ! S.DU!:H: Moise I!’ilter
350 400 450 500 550 600 TR - . . :

Average Voltage V_ e V)

Figure 6. Voltage ripples oV} andV_ over a wide range o¥_gye.

Tek stop

SDUkHz Hoise: Filter

............. Y & 0 i i i i it; [10, ms/div]
/ ; i ; [narns 667 600msLine 7 000 43,3957 He[1 75013
: Al e b
[103 (b)

Tek stop a E = 1 E00kHz _Moise Filter
T T

A" '._-ql.so..
7 \% :

B oy

][10.0.415 4SUUUUms][L|ne 000y 500633Hzl153131
Figure 7. Deteriorated system performance wittf = 200 V when
VZ as = 500 V.

- - : : :
EY g 00 | 1 i i

it [10 ﬁls/div]
V_ now consists of a noticeable fundamental component. The Jh”‘”"“ G T R e T
experimental data of Figures 5(c) and 8 were processed in (©)

MATLAB/SIMULINK to extract the fundamental component — [Teksw a_ T i 1 B0 okefite
and indeed the fundamental component increased from 2 V to 5 : : : : 5 5 5
15 V when the resonant controller was disabled.

2) The DC-bus current and the capacitor currentds
mentioned above, the reduction of the voltage ripples
achieved by controlling the AC componentof the DC-bus

current. In order to show the system performance of the S ---;;313 : *50.06,&5' i e fpsons
current control, the waveforms of the DC-bus current and the T N et

; . . ; =Y ® i L i i i it. [10,ms/div]
capacitors current$-, and ic_ over a wide range ol/_ ) |inms 66z arns) ine. 0004 387 Hafi7aras |
are shown in Figure 9(a)-(d). Note that a low-pass filter with (d)

a cut-off frequency of6 kHz is applied to remove the high

frequency component in the currents. It can be seen that fhgure 9. Voltage/_, DC-bus ripple current and capacitor current@+ and
ic— with V¥ = 200 V (@) whenv* =600V, (b)whenV* =650
V, (c) When Ve = 700 V and (d) WhenV*maz =750 V.

Stop H—] 1.40MHz_Moise Filter
T T T T T T

AC component of the DC-bus current and the currént

are always maintained around zero for different voltages of
V_. On the other hand, the ripples of the capacitor current
ic— are relatively large because all the ripple power is now
_ stored on the capacitaC_. In general, it can be seen that
NG N the higher the capacitor voltagé_, the lower the capacitor

: : i 1 i i i th/diV] ; i i i
o B e e e i) currentic_. The relat|ons_h|p betwe_en jche capacitor voIFage
and the capacitor current is shown in Figure 10, which nicely
Figure 8. Deteriorated system performance when the coetriiat removes matches the conditiohio_ = VGUO where the numbes00
the fundamental component frofg_ was disabled¥*, = 700 V). was found via curve fitting.
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16 — ‘ ‘ ‘ start-up are shown in Figure 12. The grid current first inseela
4 o\ ~ - to charge the capacitors and then the current was maintained
14A T~l1gA well back to its steady-state value after the DC output galta
_ 12 , T A T was settled. The system start-up took ab2ffi ms, which is
< o A 0~
- O only about10 cycles.
5 — — —600/V
ave
g 08 A 1 Tek prevu —————— BURHz o Fiter
() . . . . E . . . .
'30.6 —x—-AiC+ T R - NS RS RS FEERE RRRRE:
2 Bystemi .0 :
04 1 ; : ; : : : :
0.04 A 003 A 0.02A 002A | SN . . . . .
02 %ﬁ‘*_ o ONUA N6 AN 006 A A /(‘”* [103 wd‘v] 8.33 A/dl'v]
N TN N i f\ MMM _____ d ______
AR R AREREE
Average Voltage V_ (V) \/ U V J J J J \/ V v V v \J V v V v y y U
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Figure 12. System start-up/’¢ = 200 V and V* = 700 V).
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Eo e Figure 13. Transient response when the reference of thagelt; was
- /VA [250 V/div] : : : : : changed fron200 V to 300 V.

2) Change of the voltage referenc&Vhen the reference
of the voltageV, was changed fron200 V to 300 V, the
results are shown in Figure 13. The voltade was smoothly
increased fron200 V to 300 V without any spikes. It is worth

Ll ' : ' 1 £ [50 Hz/div] t [400 n%s/dlv] highlighting that _the ripple Ieyel of the output voltagg i§
it 551.0 He 1[400ms 523 e 000V 435804 Haftenite always small during the transient period. However, theleipp
(b) of the voltagel_ became larger in order to tackle the increased

ripple power caused by the increased voltage reference (and
the power). This transient response took about 2 s, which
is limited by the allowable maximum neutral current of the
experimental system, and could be made much faster if the
Moreover, the spectra of the DC-bus currérdare shown in allowable maximum neutral current is increased. For the tes
Figure 11(a) and Figure 11(b) to demonstrate the performaritg, the neutral current is limited by the neutral inductehich
of reducing the second-order ripples in the currérfor the would be saturated if the neutral current exceeds aboAit
cases without and with the repetitive controller, respetyi ~ 3) Hold-up time: Although the DC-bus capacitors are
It is obvious that the second-order harmonic component, i@esigned for systems without hold-time requirement, it is
100 Hz, in the current] is significantly reduced when thestill interesting to see how the proposed rectifier responds
repetitive controller is enabled. Most of thé0 Hz component to @ sudden AC power outage. Here, two experiments were
is diverted to the neutral leg from the output capacitor. Dug@nducted in order to show the system performance regarding
to the divertedl00 Hz current, both the ripples of the outputto the hold-up time under different capacitors. In order dor
voltageV,, and DC-bus current are considerably reduced adair comparison, only the capacit6t, was changed while the
shown in Figure 11(b). other system parameters were kept unchanged. @/jth= 5
uF, the time for the voltag®’, decreased from00 V to 0 V
is aboutl4 ms as shown in Figure 14(a). Of course, this time
is too short for systems with hold-up requirement. A simple
1) System start-upin order to demonstrate the transientvay to increase this time is to use a larger capacitor. The
response of the proposed system, the results during thensysexperimental result with a larger capacitéf,( = 100 uF) is

Figure 11. Comparison of (a) without and (b) with the repeditcurrent
controller for the neutral leg.

B. Transient Performance
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T"kﬁ"'e"“ 5 : e = = i clude DC/DC converters and DC/AC converters. In order to
b [250v/dw]-- RS validate this, a buck DC/DC converter shown in Figure 15(a)

was built as the switching load and its output voltdgeis
regulated to be arourdB V while its input voltageV, is 200

V and the loadR, is 20 . Note that a 47@ resistor is also
connected across the voltayie, which means the equivalent

T : _ : ; } ——** load of the rectifier is a combination of resistive and switgh

""" \/ : _ : [lolm/dwl loads. As shown in Figure 15(b), the voltage (200 V) is
- o ][mmlns 340‘.400ms][Lir:e _ru.um; 500345Hz[142545 levelled down to the voltagéﬁ, (48 V) and the ripples of the

@) voltage V., are again kept to be very low. As a result, the

— v proposed rectifier can indeed work well with both resistive
ek Frevu —— g —fr—— 2 Moise Filter . .

TS ; ; ; H ; ; : ; and switching loads.

S R NEURE RURPE SN SO 5. T

e [250 V/dlv] : :

T N N o
T 1

VIIl. COMPARISON WITH ATYPICAL SYSTEM

In this section, the proposed rectifier is compared to a

P03 VIV ese i T "

/X -------- R R system to evaluate the efficiency performance. In order to be
----- ‘kﬁ'-—-——-——-—— fair, the system used for comparison should be able to work
P \./ \_/ \J R with the widely-spread single-phase unbalanced power grid
& sy I 5000&;&:‘:2& and also should have the following features: (1) a common

b AC and DC ground; (2) capability of working with any power

(0) factor; (3) bidirectional power flow; (4) capability of recing

Figure 14. Transient response after a sudden AC power owtdthe(a) the usage of DC capacitors. Because of so many integrated

Ct =5 pF, C— =10 pF and (b)C4 = 100 pF, C— = 10 uF. features, it is not easy to find a suitable solution. For examp

most rectifiers would fail if their AC and DC grounds are
directly connected together. Indeed, there are a few tgedo
with common AC and DC ground in the literature, such as the
Zigzag converter proposed in [39] and the Karschny conkerte
roposed in [40]. However, they are not good candidates for
t e comparison because the Karschny converter cannot work
with non-unity power factor [40] while the Zigzag converter
requires relatively large and increased number of capacito
[39]. It is worth mentioning that the Zigzag converter betsefi
. o with multilevel outputs, which helps improve the power diyal
C. System Performance with a Switching Load of the grid current and also to reduce the size of AC filters.

shown in Figure 14(b). Indeed, the voltage was decreased
at a much slower pace, which took abd@tms for the voltage
V. to decrease frora00 V to 0 V. Since the main focus of this
paper is not about the hold-up time, no further mathemati
analysis is made. Interested readers are referred to [158do0
how to design capacitors for single-phase rectifiers witld-ho
up time requirement.

@__._NW\ : Ripple eliminator . Dr
L Iy Ly i - :
Obi

V sz“@i ST | v []Rb

Tek Frevu a
T T T

EillkHz Noise Filter
T T

[250 V/dlv] V, o [250 V/divi

SR} J ______________________

: \V: : :
i SN W/\ N va v,g: [103 Wd‘i\'/]"

Figure 16. The full-bridge system used for the comparison.

After careful comparison among different systems, the full

\/ """ \/ \/ """ X7 X bridge system shown in Figure 16 is used for the comparison.
L 'D W M ot The isolating transformef” facilitates the direct connection

Ihu.Ums 1a00ms|ine 000V aasenrefissese | between AC and DC grounds. Moreover, the conventional

(b) single-phase full-bridge rectifier is used as the interface

between the AC and DC sides to achieve any power factor. At
the same time, a ripple eliminator [8], [11], [12], [13], [14
hooked onto the DC bus to absorb the ripple energy. Hence,

Apart from resistive loads, rectifiers often have switchinthe total usage of capacitors can be significantly reduceabkwh
devices connected as loads. Such switching devices can hiaving low DC-bus voltage ripples.

Figure 15. System performance with a buck DC/DC converteraarekistor
as the load of the rectifier.
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can be significantly reduced while maintaining low output

100 T T T T T T r r r
——#— Proposed —»— Full-bridge system voltage ripples by advanced control strategies. As a result
95¢ 1 highly-reliable film capacitors can be used to replace bulky
~ ool electrolytic capacitors. The elimination of DC-bus elebttic
e\; capacitors is achieved by the neutral leg of the rectifiehoit
S g5t adding any other power components. To be more precise, all
2 the ripple energy is diverted from the upper (output) capaci
W 8o to the lower capacitor through the neutral leg so that theetpp
- capacitor can be reduced a lot. At the same time, the voltage
across the lower capacitor is designed to have large rigdes
o i it is not supplied to any loads. In this case, both capacitors
0 100200 300 0 Power (wy - 00 900 1000 can be reduced to a level that film capacitors are cost eftecti
to be used.
Figure 17. Efficiency comparison. The rectification leg of the rectifier is used to maintain the

grid current and the DC-bus voltage. Importantly, the intpac
] ] o of different voltages across the capacitors are analysed in
Based on the above discussion, it is clear that the fullpiail. |t has been found that the different voltages angelar
bridge system shown in Figure 16 is a good candidate f9jiage ripples do not affect the aforementioned functions
the comparison because it has all the four main featurgshe two legs but do affect the selection of the switches
of the proposed rectifier. The full-bridge system and thgscause the upper switches and lower switches of both legs
proposed rectifier have their own merits. For example, thgay have different voltage and current stresses. Expetahen
proposed rectifier does not need the isolating transformer gggyits have been presented to show that the required uage o
the number of used switches are only four, which meaggyacitors can be reduced by over 70 times while maintaining
two switches are saved compared to the full-bridge systefle same level of output voltage ripples for the test rig.
Moreover, it is easier to commercially implement the pr&mbs the rectifier can indeed work well without using DC-bus
rectifier by using a power module with four switches. On th@lectrolytic capacitors.
other hand, the full-bridge system benefits with lower \gdta
stress of switches because of the adopted full-bridge ogyol
As a result, the switching loss of the full-bridge system is ) i )
expected to be lower than the proposed rectifier. Howev_er,The authors_ Would_llke to thank the reviewers for their
because of the reduced number of switches and the remol®jghtful and interesting comments, which have helped the
isolating transformer, the efficiency of the proposed syste?uthors significantly improve the quality of this paper.
could be comparable with that of the full-bridge system even
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