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A Single-phase Four-Switch Rectifier with
Significantly Reduced Capacitance

Wen-Long Ming, Qing-Chang Zhongenior Member, IEEERNd Xin ZhangMember, IEEE

Abstract—A single-phase four-switch rectifier with consider-
ably reduced capacitance is investigated in this paper.Theectifier
consists of one conventional rectification leg and one neuwt leg
linked with two capacitors that split the DC bus. The ripple
energy in the rectifier is diverted into the lower split capagtor
so that the voltage across the upper split capacitor, desigm to be
the DC output voltage, has very small ripples. The voltage aoss
the lower capacitor is designed to have large ripples on purpse
so that the total capacitance needed is significantly redudeand
highly reliable film capacitors, instead of electrolytic cgacitors,
can be used. At the same time, the rectification leg is contrad
independently from the neutral leg to regulate the input curent
to achieve unity power factor and also to maintain the DC-
bus voltage. Experimental results are presented to validat the
performance of the proposed strategy.

Index Terms—Single-phase rectifiers, voltage ripples, electro-
lytic capacitors, neutral leg, reliability, ripple elimin ator.

I. INTRODUCTION

More and more AC and DC microgrids are now connectd
to the public grid and various loads through power converte

a serious problem for volume-critical and/or weight-catfi
applications, such as electrical vehicles [4] and airqoaftrer
systems [5]. What is worse is that electrolytic capacitors,
known to have limited lifetime, are one of the most vulneeabl
components in power electronic systems [6], [7], [8]. As a
result, in order to enhance the reliability of power elesico
systems, it is highly desirable to minimise the usage of
electrolytic capacitors and use highly-reliable smallazimrs
like film capacitors if possible, while maintaining low vatfe
ripples.

In general, the reduction of electrolytic capacitors can
be achieved in four approaches. One approach is to inject
harmonic currents to suppress fluctuations of input energy
by changing control strategies for existing power switches
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 aneeasi
@plementation, which lead to lower system costs compared

other solutions. The second approach is to add an active

[1]. For both AC and DC microgrids, single-phase rectifiergergy storage compensator in parallel with DC-bus capacit

are often needed when supplying DC loads. Such rectifi
are expected to have high power density, high efficiencyj hi

reliability and low costs. There are numerous topologiethé

preR bypass ripple energy that originally flows into DC-bus

apacitors [5], [10], [11], [12], [13], [14], [15], [16]. Tik
as been extensively studied in the last few years. Normally

literature, aiming to have improved performance from the§g.e added compensator is operated as buck/boost converters

three aspects. Moreover, with the integration of renewad@ecyagsorb ripple (_:urrents fr_om DC bus. The_thlrd _apgg)ﬁ
energy sources into the power grid, there is a trend to ha@écjise (i'; C(_)ranectlng an actlvebcor_npﬁnsbatﬁr In Series tl t
bidirectional single-phase power converter as an interfa'(-:) us [17]. The compensator basically behaves as a voltage

between power grid and energy sources [1], [2], [3]. As ??urce to offset voltage ripples. Due to the series conmrecti
result, the study of single-phase rectifiers has attracterem 1€ compensator have lower voltage stress compared tdedaral

and more attention.

Conventionally, bulky electrolytic capacitors are oftes r "
quired for single-phase rectifiers to produce smooth DEP
bus voltage, due to the pulsating input power. However, t
volume and weight of bulky electrolytic capacitors could b&
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compensators. The last approach is to introduce a ripple por
terminated with a capacitor, as reported in [8], [18], tostihe
ple power. Different from other solutions, an AC capacit
stead 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 ret.
The rectification leg is operated as a half-bridge rectifter 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
be designed according to their own objectives. Importantly
the neutral leg is able to divert the ripple energy from the
upper split (output) capacitor to the lower split capacifs a
result, the output voltage does not contain any low frequenc
ripples and hence, the upper split capacitor can be signtfica
reduced. Note that the voltage across the lower split cagaci
is designed to have relatively large ripples on purposelsera

it is not supplied to any loads. Accordingly, the total usafje
DC-bus capacitors could be reduced significantly so that it i
now possible to use highly reliable film capacitors, instead ) - ) o
of bulky electrolytic capacitors. This makes the rectifieryy 7194 1. The single-phase rectifier under investigation.
suitable for high-reliability applications. The selectioriteria

of the split capacitors are discussed with the aim to miremig4pacitors and reducing the output voltage ripples because
the|r.usage. This is mainly fqr systems wnhoyt hold-up iMg&ingle-phase full-bridge rectifiers have only one DC vadiag
requirement. For systems with hold-up requirement, the rgnich is used as both the DC output and the only ripple energy
quired capacitance needs to be large enough if no other megfifer on the DC bus. In light of this, a lot of auxiliary cirics:
is applied to provide the energy required; see [17] for #&tai 516 proposed to construct another DC or AC voltage to store
design methods. . _ _the voltage ripples, which can be connected in parallel or in

The rest of the paper is organised as follows. Section dLies at the AC or DC sides (5], [8], [13], [23], [24].
introduces the rectifier under investigation. In SectidnHow For the topology shown in Figure 1, there are two DC
to significantly reduce DC-bus capacitors is discussed md’voltages because of the split capacitors. This provides a
Section IV, the associated control strategies are develdpe ,ossiple way to operate the rectifiers to make one of the
order to achieve the minimal DC-bus capacitance, the sefect, y|iages as the output voltage to supply loads and to make the
criteria of the split capacitors are then discussed in SBCt'qther voltage as the ripple energy buffer. The total capaci
V and the impact of the different voltages across the splibig pe significantly reduced because the ripple energy is
capacitors are analysed in Section V1. Experimental réSuljjyerted from the output capacitor to the other capacitbicty
are prowded in Section VII and the conclusions are made iy,|d have high voltage ripples. By diverting all the ripple
Section IX. power to the lower capacitaf_, the output voltagd/, can

become ripple free, which means the output capacitance
Il. THE SINGLE-PHASE RECTIFIER UNDERINVESTIGATION ~Can be reduced a lot because it does not need to process any
. . o , low frequency ripple energy. Importantly, the capacitr

The rectifier proposed in the preliminary version of thig,, 5150 be significantly reduced because its voltage is not
paper [19] is investigated further in this paper. It cossBE o, jieq to any loads so it can be designed to have largeesippl
one rectification leg and one neutral leg, as shown in Figuge v, rn0se. Accordingly, both capacitors can be signifigant
1. The rectifier can be formed by adding two active SWitchegy,ceq and replaced with highly-reliable film capacitdtss
into a conventional half-bridge PWM rectifier by putting §p,,4ves the system power density and reliability and reguc
neutral leg consisting of two switches across the DC bUgqiem weight and volume. Although costly film capacitoes ar
with their midpoint connected to the midpoint of the splifseq o replace electrolytic capacitors, the cost arisiogf

capacitors through an inductor. The neutral leg is actually ., itors could still be reduced because the total capaet
typical DC/DC converter, which has been widely adopted il%quired is considerably reduced.

industry. In particular, the neutral leg has been appligtitee-

phase four-wire power inverters as reported in [1], [201]{2

[22]. According to the analysis made in [1], the neutral Isg i

a stable system although the inductor is coupled with thie spl In order to clearly show how to significantly reduce the

capacitors. DC-bus capacitors, there is a need to analyse the relatpnsh
It is well known that bulky electrolytic capacitors arebetween the ripple energy and the required capacitors for

often needed for single-phase rectifiers to smooth the secothe investigated rectifier. For this purpose, an averagriitir

order voltage ripples on the DC bus. However, the relighilitmodel is built up at first.

volume and weight of electrolytic capacitors could be amesi

prob_lem_for high-reliability, vqume-critich and weiglhtitical A. Circuit Analysis

applications [6], [7], [8]. As a result, in order to enhance -

the reliability and power density of rectifiers, it is highly It is assumed that the DC-bus voltage of the rectifier is

de_sirable to r_eduC(_a thg usage _of capacitors so that highly- Voe = Vo4V 1)

reliable capacitors like film capacitors could be used tdaep

electrolytic capacitors. However, for conventional seaghase whereV, andV_ are the voltages across the split capacitors

rectifiers, there exists a trade-off between reducing redui C;. and C_ with respect to the neutral poinWV and the

IIl. REDUCTION OF THEBULKY DC-BUS CAPACITORS



reference of the grid current, which is in phase with the grid
voltage. Since the switching frequency is much higher tihan t

ig(1-d2) line frequency, the duty cycle of Switah, can be calculated
in the average sense as
V. V.
dy = —— — —% gsinwt @)
igd> Vbe  Vbe

to maintain the DC-bus voltag€ép, according to [26], [29].
Normally, Switches)3; and (@, are operated complementarily
to split the DC-bus voltagé’pc into V. and V_ [1], [21],
[30], [31]. The duty cycle of Switch)s can be calculated as

b = o= ®)

Figure 2. The average circuit model of the single-phasefigcshown in ) Vbe
Figure 1. because the neutral leg is operated as a DC/DC buck converter

Because of the power balance between the AC and DC sides
ﬂgnoring the power losses), there is
e

negative point of the DC bus, respectively. Suppose that t

2
grid current is Voly _ VE ©)
' ] 2 R
ig = Igsinwt (2)  and the load current is
and the grid voltage is In— Voly
2V,

vg = Vgsinwt (3)  which is also the DC component of curreht(4) can then be

in which V, and I, are the peak values of the grid voltagd®-Written as
and current, respectively, ardis the angular line frequency. icy = I sinwt(L + Vy sinwt) — Volg LiL
Note that the grid voltage and current are supposed to be In ‘ Vbe DC 2V Vbe
phase in order to achieve unity power factor, apds a pure _ LZ Vel o8 Yot
AC current without a DC component.  Vpne ! 2Vpe

Because the switches are operated at a frequency much VglgV_ V..
higher than the fundamental frequency, the averaged \asiab C2ViVpe ﬁc“‘ (10)
e.g. average currents and average voltages, can be adopt%th”a”y’ (5) can be re-written as
well represent the original variables according to the ayieg
theory [25] so that the circuit can be analysed by using thg, = ~1, sinwt(£ Y sinwt) +ip (1 — L)
average circuit model [26], [27]. The average circuit model ' Vbc  Vpbe Ve
of the rectification leg can be built following the procedsire = _ﬁi _ Voly cos 2wt
developed in [26]. The switche3; andQ- are replaced with Vbe ! 2Vpe
a current sourcé, (1 —d») and a voltage sourceépc (1 —ds), + Voly LiL- (11)
where d, is the duty cycle ofQ,, as shown in Figure 2. 2Vpe  Vbe

Similarly, the average circuit model of the neutral leg can PAs is well known, no DC currents could pass through ca-
obtained as shown in Figure 2, whetg is the duty cycle of pacitors. As a resultj;, should have a DC component so
Switch Q3. Note that, in this paper, the split capacitors arthat ic, and ic_ do not have any DC component. It can
not necessarily the same, unlike the case in [26], [28],,[2%e found out from (10) and (11) that the DC component;of
so the model in this paper is more generic. Also note thatig —Ig = —ggTIj, i.e., the same value as the load current.
order to facilitate the exposition in the sequel, the dutgley If the neutral current is controlled to provide the DC
of the lower switch of the rectification leg)) and the duty component only, that is,

cycle of the upper switch of the neutral le@4) are adopted

. i, = —1
in the model. ‘ o
According to the average circuit model of the rectifier showitien the capacitor currents are
in Figure 2, the capacitor currents can be found as vV Vyl,
oy = V—z’g ~ oy, 908 2wt

ic+ = idg(1—d2)—Ir—irds (4) q be be

. ) . an

ic- = —igdy+ir(l—ds) (5) _ Vi o VI,

o = “y ol 5y cos 2wt.
and the neutral curreri, can be found as - be be _
In addition to the same second-order ripple current
i =ic- —ict +ig—Ig. (6)  — 32l cos2wt flowing through the split capacitors, the grid

In order to obtain the unity power factor, the two switche%urrentlg is split betweenc andic— because in this case

@1 and QQ, can be operated complementarily to track the icy + (—ic-) = ig,



which could lead to high voltage ripples and hence bulkyroportional-integral (P1) controller is then applied &gulate
electrolytic capacitors are needed. In order to reduce ttie voltage. The output of the Pl controller can be converted
voltage ripples, the current flowing through the capacitote PWM signals to drive the switches. The parameters for
should be regulated differently. For this reason, a difierethe Pl controller can be selected according to classicagdes
control strategy is proposed in the next subsection. methods for a second-order system, with the characteristic
equation given by

B. Reduction of DC-bus Capacitance K.

K3

The idea is to push the current componentsigf in s? + C—pSJr o 0,
; + +

(10) through the neutral leg instead of through the upper .
split capacitor so thatc. does not contain any fundamentaivhere K, and K; are the gains of the Pl controller. These
or second order ripple currents. That is to make = 0, Parameters can be chosen to obtain the damping coefficient of
ignoring the switching ripples. Hence, according to (16§ t K 1 1
currentiz, should be controlled to satisfy 7” K ﬁ
Yoly s 2wt Voly 12 o
ov_ T oy (12)  As a result,

iL lg —

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

case, the current flowing through the lower split capacitqmhe relationship betweef, and K, is mostly related to the
should be VI capacitorC, . In practice K, or K; can be initially set to small

ic— = —# cos 2wt. (13) values, which approximately satisfy (15), and then grdstual

- be increased to achieve the desired performance. In this way

In other words, it only contains the second-order harmonjgih parameters can be well tuned.
component or the second-order component only flows throughz) Removal of the ripple componentsiin, : As discussed
the lower split capacitor. As a result, all the voltage rgmére pefore, the capacitor curreit,. should be maintained around
then diverted to the lower capacitét_, which would increase ,erg in order to smooth the ripples of the output voltage
the voltage ripples orC_. However, this does not matternote thatC, is now very small so the ripple current may
because there is no load connected’toand the voltagd’”_  flow through the DC load and it is more effective to minimize
can tolerate a much higher ripple voltage. Hence, only alsmge ripple component in the DC-bus currenf. As a result,
C_ is needed. Since the upper capacifgr does not contain jnstead of controllingc, the strategy to minimize the DC-
any fundamental and second-order ripple voltage compsnepys 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 capacitdrs and C_ can s adopted, via adding a resistor—capacitor circuit on tt p
be very small, which makes it possible to replace the reduirgf the measured to filter out the switching ripples at first

bulky electrolytic capacitors with film capacitors. and then using a digital high pass filtee; to remove the
DC component. The used resistor and capacitor larés?
IV. CONTROL DESIGN and 0.01uF. As a result, the transfer function of the BPF is
A. Control of the Neutral Leg (SH&%. 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 componentin_ . Several possible controllers, e.g. hysteresis contsolléth

1) Regulation of the output voltag¥,: Maintaining a @ variable switching frequency and repetitive controlleith
stable output voltag&’, with very small ripples at the desired@ fixed switching frequency, can be applied to minimise the
ou'[put reference V0|tag§: is a major target. The regu|ationripp|e current:. In order to reduce the stress on the switches,
of the sum of the voltagek, andV_, i.e. the DC-bus voltage @ repetitive controller is applied in this paper as showrhi t
Ve, is the task of the rectification leg and will be discussed iashed box of Figure 3. Another benefit of the repetitive con-
the next subsection. The neutral leg is responsible fottisygi  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 cothér
from each other. Since the voltagg is used as the output &, and an internal model given by

voltage, it can be directly controlled by forming a voltage K,
loop and then the voltagé_ can be indirectly controlled by C(s) = PR,
regulating the DC-bus voltage. st

In order to regulate the output voltadé , it is measured Wherer, is designed based on the analysis in [1], [32] as
and put through the hold filter

1—eTs
e w B
Ts with w; = 2550, 7 = 0.02s.

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 simplaut the removal of the ripple components &f, deals

1
Tqa =7 —— =0.0196 s
w;

H(s)
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Figure 4. Controller for the rectification leg.

Figure 3. Controller for the neutral leg.

with non-DC components. Hence, the output of the repetitighould improve the performance of the control but may lead
controller can be added to the output of the PI controller féo a large charging current when starting up the system that
V., to generate the PWM signals for the switcligsand @4, might trigger the current protection and also may introduce
as shown in Figure 3. Note that the-* sign at the output noticeable disturbance into the current controller. Thretsmuld
of the controllers is because the duty cycle controlledss be avoided. Note that the output of this controller is™*
instead ofd,, which is1 — ds. because the voltage under control relate$’to
In general, the adoption of the BPF does not lead to any
resonance of the controllers with the rectifier. This is rhain e
due to the fact that the BPF behaves as a low-pass fiIterBat Control of the Rectification Leg
high frequencies and is cascaded with the repetitive cbetyo ~ The control of the rectification leg is very similar to that
which again is a low-pass filter. of conventional half-bridge rectifiers, which is mainly dse
3) Removal of fundamental componenidn.: The control to regulate the grid current and to control the whole DC-
of the DC-bus ripple currentto 0 leads to the fact that the bus voltage. To be more precise, the grid current is expected
ripples are now diverted to the lower capacitor. In this to be in phase with the grid voltage and also to be clean
case, the current of the capacitor is expected to only have with low harmonics. For this purpose, the grid currept
a second-order component. However, according to (6), whefould be measured as a feedback to form a current tracking
i =0, there is controller. Here, the repetitive controller shown in thestoed
ig=ir —ic— + I, box of Figure 3 is adopted again. In order to generate the grid
) _ _ current reference;, an outer-loop voltage controller can be
which means that the grid currefyf could flow through the -gnstructed.
inductor Ly and the capacito€’_ if not controlled properly.  There can be different ways to construct this voltage con-
Hence, there is a need to make sure that no fundamental CQfBrler; see e.g. [33]. In this paper, the voltage controlte
ponent flows through the capacitor otherwise it would lead designed to maintain the maximum voltage ... of V_
to increased voltage ripples without providing any benefits ¢onstant. Hence, the total DC-bus voltage is maintained at
This can be achieved by forcing the fundamental componept | v« with a PI controller. The output of the controller
of V_ to be zero, as shown in Figure 3. The following resonaghn pe used as the peak value of the grid current reference
controller K26 hws i%, as shown in Figure 4. This is multiplied with the phase
Kgr(s) = 5 - 55 (16) signal of the grid voltage, which can be obtained from a phase
s2 4+ 26hws + (hw) locked-loop, to form the grid current referenge As a result,
with ¢ = 0.01, h = 1, andw = 2xf, can be adopted. the grid current is in phase with the grid voltage to achieve
The output of the resonant controller is then added onto ttfee unity power factor. Here, the phase-locked-loop predos
outputs of the other two controllers before sending to the [34] is adopted.
PWM conversion block, as shown in Figure 3. The g&in of The above-mentioned control strategy of the half-bridge
the resonant controller can be selected by fine tuning througctification leg is now somewhat standard [26], [28], [29],
trial-and-error in practice; it is chosen ds;, = 10 for the [35]. What is different here is that the maximum DC-bus
experimental system to be tested. In general, a large gabitage, instead of the average DC-bus voltage, is selected




as the controlled output. As a result, the objective hereis should be satisfied. In other words,
to control the maximum DC-bus voltage. For this purpose, v SV 19
the maximum DC-bus voltage should be extracted at first. —min = Vg (19)

Since_the voltagéd/, is controlled to be.m_ore or Iess.pureAt the same timey_,,,., has an upper bound as well because
DC without second-order components, it is only required & the limit on the devices and/or the applications. Henke, t
extract the maximum value of the voltageé , which can be capacitor is mainly limited by the allowed maximum voltage

obtained by adding the DC component with the peak voltage , =~ and the required minimum capacitan€e,,;, is
of the ripple component, as shown in Figure 4. The hold filter VI
9-9

(14) is again used to obtain the DC component. In order to C_ = 5 5 ,
extract the second-order component, the resonant filter (16 W(Viamaz = Vmin)

is again adopted witlf = 0.01, h = 2, andw = 27f. A which can be small i’_ 4. iS high enough.
Peak block in Figure 4 is used to calculate the peak value ofin addition, another important factor for selecting cafisi
the ripple component. The sum of the average voltage and t§ehe maximum allowable ripple currents [4], [7], [36]. Shi
peak voltage of the ripple component then forms the maximugivery important for the reliability of capacitors. In geak
voltage of the voltagel, which is denoted a3’_,,.. in large current ripples lead to short lifetime. The currepptées
Figure 4 and is added witht; to obtain the maximum DC-bus are closely related to the voltage ripples and the equitalen

(20)

voltage for feedback. impedance of capacitors. In order to evaluate the level of
voltage ripples, (20) can be rewritten as

C. Stability of the System VI

Because of the decoupled nature of the controllers for the c. = A g

- . wAV_ (meaz + meln)
two legs, the stability of the system can be easily guarantee VoI
The controller for the rectification leg has a very typical = # (21)
W — ¥V —ave

structure, which is very mature and widely used in industry.
The controller for the neutral leg has a very special stmactuyh = — VemaatVomin
ereAV_ =V a0 — Vomin and Vg, = ——2ers—=mn

with one current loop and two voltage loops. What is spesial ire the peak-peak ripple voltage and the average voltage of
that these three loops are in parallel rather than cascadia@s 1/_ respectively. Since the capacitor impedance at the second
Stablllty of each IOOp can be treated |nd|V|dua“y The eutr order frequency |321_’ the peak-peak ValUélZ.C, of the

loop is designed to regulate the AC component$f (or i)  second-order ripple current flowing through. is
to be around zero, i.e., to remove any non-DC componerits in
At the same time, the voltage loop relatedifo is to maintain Nie— = AY‘ =920C_AV_. (22)
the DC component of the voltagé, while the voltage loop 26C_
related tol_ is designed to reduce the fundamental componegf,siitute (21) into (22), then there i
of voltage V_. Hence, the functions of the three loops are
decoupled in the frequency domain for current or voltage. Nic_ = M.
The three loops consist of simple PI, repetitive and resbnan V_ave
controllers, which have been widely analysed in the litm&t This is consistent with (13). The average voltage should
See, for example, [1]. Hence, detailed analysis of the l#abi e increased in order to reduce the ripple current. For the
of the loops is not repeated in this paper. proposed strategy, the voltagie can be different or the same
asV,. As a result, the voltag®”,,. can be maintained at
a higher value in order to reduce the ripple current. This
A. Selection of Capacitof’_ can be naturally achieved when the maximum volt&ge, .

As demonstrated in [9], [24], the total ripple energy storei@ controlled at the allowable value because the higher the
in the split capacitors over a charging period for singlaggh maximum voltage is, the higher the average volt&ge,. is.

S

(23)

V. SELECTION OFCOMPONENTS

rectifiers with the unity power factor is Of course, some other factors such as hold-up time require-
V.I ment [17], current stress and limited voltage rating of the
E, =22 capacitors and switches, should be taken into account when

2w . . . .
With the proposed strategy, all the ripple energy is noWem)rfselectlng capacitors. If the maximum voltage of the capacit

on the lower capacitof!_ instead of both capacitors, and is determined, then increased capacitance means increased
C . Hence hold-up_Ume and reduced current stress, which is preferred
’ in practical applications. As a result, there are severaler

c. = 2E, (17) offs when selecting capacitors for a certain application.

ngaz - V—zmzn
where V_ .., and V_,,;,, are the maximum and minimumpg, Selection of Inductof. 5
voltages ofV_, respectively. A small capacitor means that
high V_,,.. and/or lowV_,,;, is needed. However, in order

to ensure the proper boost operation of the rectifier,

The fast switching of the neutral leg leads to switching
ripples over the current flowing through the inductbg.
Since the two switche®s; and @, are operated complement-

V_ > V| sinwt| (18) arily, the on time ofQs is % and the on time of), is %



in one PWM period. Since the switching frequency is much Table |

higher than the line frequency, it can be assumed that the PARAMETERS OF THE SYSTEM
current mcreaseéﬂ (to withstand the positive voltagi, ) | Parameters [ Values |
and the current decreasé(dM (to withstand the negative Grid voltage (RMS) | 110 V
voltageV_ ) in these two modés are the same. According to (8), Line frequency 50 Hz
Switching frequencyfs | 19 kHz
the maximum peak-peak current rippte;,,, on the inductor Vr 200 V
Ly is reached when the duty cydllg reaches the maximum, V. man 750 V
which is when the voltag®”_ reaches the maximum. That is, C{% 220 Q
+ 5 uk
AiL _ V+d3mam _ V+V—maw (24) C_ 5 l/«F
" LNfs LNfs(V+ + meam) LL//N gg m:
Y .
For the given maximum allowed ripple currentiy,,, the
minimum inductance is
ViV mae reduced a lot if the switching frequencf is significantly
Lnmin = 5= . (25) ; d i di 25
Nitomfs(Vi + Vomaz) increased, again according to (25).

. . L Based on (20), the required minimum capacitance is
The inductance can be reduced if the switching frequen min = o2 vgng2 S~ 276 uF. Here,Z, = 3 A is

fs is increased. When choosing the magnetic core for the = ez~ min

inductor, the DC current component in_should be taken used in the calculation, considering the losses of thefiecti
into con,sideration to avoid saturation In order to leave some margin, the capacitor is selected as

Note that increasing’ ... helps reduce the capacit6t_ 5 uF. According to (23), the maximum second-order ripple

_ V 1, _ Vyl, ~
but it leads to increased inductantes so there is a trade-off current is Aic—maz = v - s ~ 1A

TILO/1+V1'
between these two. One possible option to break this tr#dei € capacitoC can then be selected baseo{@nmm and
is to reduceC_ by increasingV_,,.. but decreasd.y by

increasingys.

1C—mazx-

For the selection of the capacit6t,, according to (27), if
the maximum switching ripple voltag& V. ..., is expected to
) ] be around V, then Cy i, =5 uF.
C. Selection of Capacitof’ If a conventional single-phase full-bridge rectifier is ad-

When Qs is turned on,C. is discharged throught y and opted then the DC-bus capacitor should be larger than
the maximum ripple current is given in (24). If the switchlngm ~ 740 pF in order for the output ripple voltage
frequency of the rectifier is high and the inductance in serieo be maintained lower thah V. For capacitors at this level,
with the DC load is considered [37], it is reasonable to agsurslectrolytic capacitors are often needed. The experinhesda
that the switching ripple current mainly flows through theits presented later show that the rectifier under investiga
capacitor C.. According to [38], the peak-peak switchingcan achievé V output ripple voltage only with twd pF film

ripple voltage across the capacitor. is capacitors. This means the DC-bus capacitors can be reduced
Nipm by over70 times while maintaining the same level of output
AVys = + NipmRo+ voltage ripples.
8O+fs
1 V+V—maz
= (——+R , (26
(8O+f5 + C+)LNfS(V+ + V_inaz) (26) VI. IMPACT OF DIFFERENTVOLTAGES V. AND V_

where R¢ is the equivalent series resistance (ESR) of the 1pe voltages across the two split capacitors are normally
capacitorC';.. The second part, i.€\izm Rcy, is caused by maintained to be the same in similar topologies. However, as
the ESR of the capacitor. Sindéc. is often negligible for mentioned above, the voltages are controlled to be differen
film capacitors, (26) becomes on purpose for the proposed strategy, which contributes to
Nipm suppressing the voltage ripples and reducing the required

Cimin ~ m (27) capacitors. One question that arises naturally is whetner t

. voltage difference would cause any problem to the control of
for the given maximum switching ripple voltageV, ,,, and

. ) , . ! the rectification leg and the neutral leg. This is analysed in
the maximum ripple currenf\iy,,,. Note that increasing thethiS section
switching frequency reduces, . '

D. Design Example A. Impact on the Rectification Leg

Here, an example is given for demonstration. The selectedThe main objective of the rectification leg is to maintain
components, as summarised in Table I, are also used whiee grid current to be clean and to be in phase with the grid
building up the test rig. voltage. As stated previously, the control of the rectifarat

For the inductorLy with Aip,, = 4 A, the required leg and the neutral leg are independent from each other. As
minimum inductance iLy ~ 2.1 mH, according to (25). a result, the regulation of the input current only depends on
In this study,2.2 mH is used. Note that the inductor can bé¢he rectification leg instead of both legs. According to (A}



maximum and minimum values of the duty cycle of the two 1) Switches and diodes of the rectification legor the

switches in the rectification leg are

1
damar = —Vi+V,
2 VDC(+ g)
1
2 VDC(+ g)

SinceVy, V_ > V,, thenda,n, > 0 anddamq, < 1 can be
achieved for any combinations &f. and V_. According to

the average model, the duty cycle of the switgh is

rectification leg, there are two switches and two diodes in
total. The current flowing through the rectification leg ntgin
depends on the grid curref)f. The positive cycle of the grid
currenti, flows through the Switcld), and the corresponding
free-wheeling diode isD;. On the other hand, the negative
cycle of the grid current, flows through the Switchl);

and the the corresponding free-wheeling diodelg. As
demonstrated in [26], the average currents flowing through
active switcheg),; and (- and diodesD; and D, are

dy = _‘}@ — va sin wt 1 2n oV
e e I, = 5= | (1= de)dt=Ir(5— —05)
= — (V4 — Vsinwt) T Jn g7
Vi+ Vo 1 (7 oV
- - - : Ig, = — [ igdadt =Ig(==—0.5) (29)
If all the ripple power is provided by the lower capacitorih @ = o 0 tgt20t = 1R V,m :
(28) becomes 1 [T oV
1 ID] = —/ ig(l—dg)dt:IR(—_ —|—05)
dy = — (V4 — Vysinwt) 27 Jo Vom
Vi+4/V2,in + == (1 — sin 2wt 2m
" \/ o ) Ip, = i/ iydadt = Tn(2YE 40.5).
where the derivation of_ can be found in [24] for a 21 Jr Vom

glven_load powerr,. It is c_Iear that the obtalned_duty CYCl€lt can be seen that most of the currents flow through the diodes

contains a second-order ripple component coming fI6M  ather than the active switches. More importantly, the enis

The existence of a second-order ripple component is COMMQN o active switches are different ¥,  V_. The same is

for all rectifiers based on the half-bridge structure andsdog, a tor the diode currents. For exampleVif > V., which is

not constitute any problem because the switching freque%ferred in order to reduce_, thenlo, > Io ’;;,]d Ip >

is much higher than the second-order frequency. The o Y. As a result, the power loss of the uppzer swit@ﬁw i

dlffere_nce here is that the ripples are stored in the IOWﬁ[gher than that of the lower swita, if V. > V.. (29) can

capacitor only. . L be used as a principle to select the active switches and sliode
Bgcause the rectification leg is mdepen_dently controlle&r course, the two voltages can be controlled to be the same.

the input power factor and the THD of the input current Cafh this case, the average currents of the switches become the

be regulated as usual and are not affected_ by the dlffere%%(?ne and also, the average currents of the switches become
betweenV, and V_. As a result, the regulation of the INPULH e same too

current is not affected by the voltage difference betwg&gn

and v 2) Switches and diodes of the neutral Idgor the neutral

leg, there are also two switches and two diodes in total. The
current flowing through the neutral leg mainly depends on the
H’gductor currentiz,. In order to analyse the average currents,
similar analysis can be done. The only difference here is the
conduction periods of)s, Q4 and D3, D,. For example, the
conduction period of Switcly); in the rectification leg is from

m to 27, which is not affected by other factors like the input

B. Impact on the Neutral Leg

The neutral leg is used for two purposes, i.e. splitting t
DC-bus voltage td/, andV_ and diverting the ripple power
to the lower capacitoC_. According to the average model,
the duty cycle of the switcli);s can be given as

dy = 1-— Ve or output power. This is because the periods of the positive
Vbc and negative cycles of the curreqyt are the same, which is
- 1 Vi . However, it is obvious that those periods of the currgnt

)

Vi + \/V—Qmin 4 w%, (1 — sin 2wt) are not the same according to (12), which leads to the fact
o ) that the conduction periods ¢fs, Q4 and D3, D, are not the
which is also affected by a second-order ripple componesit. 83me |n order to calculate their average currents, theee is
long asV_. < Ve, which is always true becausgc = Vi+  neeq to first know these periods. Ligt = 0, then
V_ > V., V_, the duty cycled; can be always achieved by

controlling the two switche§)s and@, in an complementary . Vol Valy
. I, sinwt — cos 2wt — =0,
way. Hence, the voltage difference does not cause any proble 2V,
to the control of the neutral leg either. or
C. Impact on the Current Stress of the Switches sin® wt + % sinwt — 3~ 2‘/7* =0.
JF

The voltage difference may lead to different current seess g
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 1
diodes for both legs. 2V, 2



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 capacitan€e can be. It is worth
mentioning that high voltage stress leads to high switching
t1= — arcsin(= V_E Lo 2V L) loss, which decreases the efficiency. When large elecicolyt
w 2\ V2 Vi o 2V,7 capacitors are used, the voltage stress could be lower e&cau
2 V_.nae could be reduced. In this case, the switching loss of the
ty = =_1 arcsin(l — 424 - L)_ rectifier is lower. However, the loss caused by the ESR of the
woow 2\ Vg7 Vi 2V, capacitors becomes higher because the required capacitanc

As a result, the average currents flowing through actifé@" be very large and electrolytic capf_;lcitors have to be.used
switchesQ; andQ, and diodesD; 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
e capacitors.
Ip, = o ipdsdt
) “tﬁ% E. Impact on Switching Ripples of the Grid Current
Ig, = o ir (1 —dg)dt (30) Since the switching frequency is much higher than the
til+2w fundamental frequency, the average grid current over each
Ip, = 1 ipdsdt switching period can be controlled to track its referendeictv
2m Ji, is a sinusoidal signal. Apart from controlling the average g
1 [t current, it is also desirable to maintain the switching leppf
Ip, = o " 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 pringipies switching ripple of the grid current can be given as

currents/p, and Ip, are again higher than the curreris,
and Ig,. Moreover, becaus&_ is set higher thar/,, I,

and I, are higher thard,, andIp,, respectively. i = vz Vpe + Vg sinwt
For certain applications with known system parameters, the g Lyfs 2
average currents flowing through the switches and diodes of 1 9 . 2
both legs can be easily obtained based on the above analysis. - W(V+V— = Vg sin”wi) +
Together with the voltage stress, i.e. the DC-bus volfége, Vo — VL)V, .
suitable switches and diodes can be selected. AT sinwt. (31)

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

In order to choose suitable switches for both legs, th€ccording to (31), the switching ripple current is relatecat-
voltage stress of the switches is another factor to be cAfost all system parameters. Compared to most of the analysis
sidered. in the literature, the only difference here is that the \gits

Compared to the current stress of the switches, it is moye andV_ are designed to be different on purpose. The first
straightforward to analyse the voltage stress of the se#ch T : [ A :
g Y g art of the switching ripple, |.eL91T( Voo ~ Vs sin? wt), is

Regarc_iless O_f other system parameters, the voltage Stresgl\?/ays positive in the positive and negative half cycleshaf t
the switches is always the sum of the voltaggsand V_. It . (K =V )V, .
. rid current. However, the second part, ke ———"2 sin wt,
is well known that low voltage stress generally leads to lo L ; o 9fs Vo
: - o hanges its sign during the positive and negative cyclebef t
costs and high efficiency. As a result, it is always hoped 1Q. . o L
o o - grid current. For example, iV, < V_, it is negative in the
maintain the voltage stress within a reasonable level.eEit . . . N
é)osmve half cycle of the grid current but is positive in the

ﬁ;r?g,sé?gﬁhgrv‘gﬁac? rifIgett(;r:r?i(:]lg(:jebth(teh(\elorza%(ieresrtr:; negative half cycle of the grid current. The resulted efisct
9 y q tthat the switching ripples of the grid current in the negativ

of the DC load and cannot be changed. However, the voltage,

V_ does have some freedom to be decreased. According‘ﬁ)lf cycle are larger than those in the positive half cycte. |
+

the discussion before, the proposed rectifier can stillquerf > V-, then the switching ripples of the grid current in the

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

long as the minimum voliage of- is higher than the peak ((°% WS T1E BOR SIS S SERT0 TRENC
of the grid voltage. Hence, there 18_,,;,, = V;. Note that y P grid. i

the ripple level of the output voltagé, s still very low even & LCL filter, instead of an inductaL,, can be adopted so
PP P ge; Y that the switching ripple currents can flow through the filter

if V_min = V. The only compromise here is the DC-bus . X
k : : ca§JaC|t0r instead of the grid.

capacitance. In order to meet a given maximum voltage stres

Vimaz, the maximum voltage of/_ is then fixed, which is

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

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

voltageV_ 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 [Tekeen ! ! %Vi—l - DUDHZ el Filter
circuit, which was constructed based on TMS320F28335 DSP. T P :
The main parameters of the test system are the same as the
ones in the design example of Section V as summarised in

Table I. The system parameters like the indudigrand the ~ jm¢---'- e YD oy it 833 Adiv]
switching frequency are selected according to the test rig | [ /% /\/ /\ /><

and the available components in the lab and hence are not|“t.y i i i T hid Nl Y i
optimized for performance. Note that the two split capasito N N T NS N tl'o'rﬁs'/'dbi
are very small (5uF), which demonstrates the capability =y B0 B e ner e
of significantly reducing capacitors while maintaining low @)

ripples on the DC output voltage. The required usage of -
capacitors is reduced by ov&f times from740 pF to 10 e P PP
uF. Here, two 5uF metallized polypropylene film capacitors E L o VE[2S0VAiV] b {250 Vidiv] - o

(MKP1848C55012JK2) are used as the two split capacitors | [ \|dow / N ARy N 25/ N NN N
in experiments. The system responses both in the steady stat | == ﬁv e e T T
and during transient period are presented. A vg [IO/VQV]

A. Steady-state Performance

250 - S0y

1) The grid currenti, and the DC voltage¥, and V_: iz 480000ms[une Toaty 433534Hz[153315
The system steady-state performance with = 200 V is (b)
given in Figure 5(a)-(d) fol*, .. = 600, V* . = 650, Tolcon : - ; T —
VZ ew = 700 and V> = 750, respectively. It is clear that ? ? ? TV ’ ‘ ?

the DC output voltagd/, is always maintained around its | X7 NN
reference200 V while the ripple voltage ofi_ varies from Fogo v ALY
337 V to 431 V depending on the maximum voltages Wf . .;.—'t RV

}V+: 250 d'iv]

Importantly, the voltage ripples of the voltage. are only O Vil Sa . aili A_/d'_v]
about5 V when V* . = 700 V and 750 V. As a result, /\ /\/ /.\
nearly all the ripple power is now stored on the lower cagacit L\ vvv
C_ instead of bothC'y andC_ over a wide range of_. It e — Y M 10 ps/divN
is worth again pointing out that only twe.F are used in the v —aiomins)ine 7030V sty ]
system. The reduction of capacitors and ripples on the ¢utpu (c)
V. have been achieved at the same time. TeRsiop__ ‘ ) [I—‘,:—J U e FTer,

In order to clearly illustrate the relationship between the R Y _[_2_59_\/_/41_V_]_§ ______

voltage ripples and the average voltage on the capa€itgqr | ¥ N[/ N /N JANBIN I NN NN

the steady-state performance to reduce the ripple voltaderu Eo L sV : : : [2507 f div]. i o i .

different average voltage df_ is shown in Figure 6. It can be AR R NN '

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

a wide range ofV_ while the ripples ofl’_ are much larger, 4 ; ; :

ranging from337 V to 431 V. Furthermore, the ripples df_ NS Y ----- v . \

decreased along with the increase of its average voltage. Th [@ v R L [10 ms/diy
. . i . [1U.Ums 4,50000ms Llne /uuuv 500003 Hef 15:42:29

obtained experimental results nicely match the conditizi) (

with AV_ = 185090 (represented by the dashed line in Figure (@)

6) over a Wlde range OF_..c as long as the boost operatiorrigure 5. Grid voltage,, grid currenti, and DC voltaged/, andV._ with
of the rectifier is successful. Here, the numhl&H000 was Vi = 200 V: (a) whenV=, ., = 600 V, (b) WherV*wm =650V, (c)
found via curve fitting. when Ve = 700 V and (d) whenV* =750 V.
Moreover, the grid curren, 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 experimentalr the cases when the DC voltages and V_ were lower
data, the THD of the grid current is aroudfh and the input than the peak grid voltage and when the controller that re-
power factor is above.99 for all cases. This verifies that themoves the fundamental component fram. was disabled. As
regulation of the grid current is not affected by large rgml shown in Figure 7, the output voltage ripple becomes around
of V_ and the voltage difference betweéfy andV_. 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 o/, andV_ also lead to distorted grid
quality because it is not the main focus of this paper. Intliglturrent 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 systengntroller 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
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V_ now consists of a noticeable fundamental component. The = T thidies |
experimental data of Figures 5(c) and 8 were processed in (©)
MATLAB/SIMULINK to extract the fundamental component  [TeKsu a_ T - ] B e e

and indeed the fundamental component increased from 2 V to
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 is
achieved by controlling the AC componenbf the DC-bus
current/. In order to show the system performance of the
current control, the waveforms of the DC-bus current and the
capacitors currents-; andic-_ over a wide range ol/_
are shown in Figure 9(a)-(d). Note that a low-pass filter with
a cut-off frequency of6 kHz is applied to remove the high

g F0.06 5 ;

:».-\- --»-w"ﬂ.-w-\- ; = ;

Y 7 SE L ; i i it; [10 ms/div]
Jf0.0ms__667.600ms|line_ 000w 33687 Hefiraras |

(d)

11

frequency component in the currents. It can be seen that fhgire 9. Voltage/_, DC-bus ripple current and capacitor currentg:;. and

ic— with V¥ = 200 V: (a) whenV* = 600V, (b) whenV*
V, (c) when V.

Stop Hﬁ 1.400Hz _Hoise Filter
T T T T T T T

max

=700 V and (d) whenV*

max

z = 750 V.

= 650

AC component of the DC-bus current and the currént

'+ [250.V/di

- S0

Bl ---*‘-.-.--- i+5y- P | 103 V/div]: is[8.33 A/div].

/\/‘(/\//\/\

J00ms 0.00000s)[Line 7 0.00%

500671 Helfz134s |

Figure 8. Deteriorated system performance when the cdertritiat removes
=700 V).

the fundamental component froig:_ was disabled {(*

max

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 capacitaf’_. In general, it can be seen that
the higher the capacitor voltagé_, the lower the capacitor
currentic_. The relationship between the capacitor voltage
and the capacitor current is shown in Figure 10, which nicely
matches the conditionvic— = 222, where the numbes00
was found via curve fitting.
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16 _ start-up is shown in Figure 12. The grid current first inceshs
AN to charge the capacitors and then the current was maintained
' e T~l13A | well back to its steady-state value after the DC output gelta
_ 12 ST A was settled. The system start-up took ab@i ms, which is
< o e °--& | only about10 cycles.
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Figure 10. DC-bus current and capacitor current-4 andic_ over a I[‘Mms L Teay [1?51 23
wide range ofV_gye.

Figure 12. System start-up/{ = 200 V and V* = 700 V).
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______________________________________________ Figure 13. Transient response when the reference of thagelt, was
/V+ [250 V/dlv] : : : : : changed from200 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

Gk ' ' ' 1 . [50 Hz/div] t 1400 n'ls/dw] highlighting that _the ripple Ie\_/el of th_e output voltadé i_s
by quist: 51,0 He ][400ms s24.392ms][Line._/0.00¥ 49,3504 Hef1g:40:18 alwayS small durlng the transient per|0d. However, thelelpp
(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 currérare shown in allowable maximum neutral current is increased. . For tke te
Figure 11(a) and Figure 11(b) to demonstrate the performaﬁtg, the neutral current is limited by the neutral inductehjch
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 currentl 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 outputio the hold-up time under different capacitors. In orderdor
voltageV,, and DC-bus current are considerably reduced agdair comparison, only the capacitof, was changed while the
shown in Figure 11(b). other system parameters were kept unchanged. @/jth= 5
uF, the time for the voltag®’, decreased fror200 V to 0 V
is about14 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 repatitcurrent
controller for the neutral leg.

B. Transient Performance
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Telipreny : e b Nse e clude DC/DC converters and DC/AC converters. In order to
VeSOV tlldms oo 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 arountB V while its input voltageV, is 200
V and the loadR; is 20 Q. Note that a 47@? resistor is also
connected across the voltayie, which means the equivalent
B load of the rectifier is a combination of resistive and switgh
loads. As shown in Figure 15(b), the voltafjg (200 V) is

t: [10 ms/div]

50 [ B

][m,n;s gqnfmmsuuge Foon i e levelled down to the voltag®, (48 V) and the ripples of the
@) voltage V., are again kept to be very low. As a result, the
N s proposed rectifier can indeed work well with both resistive
ek Frevu ———— g —fT—— iz_Moise Filter . .
TR ; ; A SIS ; and switching loads.
oo Z...i....ﬁ...42ms.ﬁ...1!..._
g [250 V/dw] : : : : o

.........................................

VIIl. COMPARISON WITH ATYPICAL SYSTEM

In this section, the proposed rectifier is compared to a

22 uvé [103 V/chv] e EEE
lg. [1() 66 A/le] : : ..
EN /'X -------- R R R system to evaluate the efficiency performance. In order to be
E T T "‘; L"————-——-—— fair, the system used for comparison should be able to work
\_/ \_/ \/ O R with the widely-spread single-phase unbalanced power grid
I i 10 ms/d: . .
2 BT e SD.DDQSHZ]:EZSSLV] and also should have the following features: (1) a common
b AC and DC ground; (2) capability of working with any power
(b) factor; (3) bidirectional power flow; (4) capability of recing
Figure 14. Transient response after a sudden AC power outdige(a) the usage of DC capacitors. Because of so many integrated
Cy =5 pF, C- =10 pF and (b)Cy =100 pF, € =10 pF. features, it is not easy to find a suitable solution. For edamp

most rectifiers would fail if their AC and DC grounds are
directly connected together. Indeed, there are a few tgjedo
with common AC and DC ground in the literature, such as the

V. to decrease frora00 V to 0 V. Since the main focus of this Zigzag converter proposed in [39] and the Karschny conwerte

paper is not about the hold-up time, no further mathematlc%lerpOSEd in [40]. However, they are not good candidates for

analysis is made. Interested readers are referred to [1s8d0 & comparison because the Karschny converter cannot work

how to design capacitors for single-phase rectifiers witld-ho with non-unity power factor [40] while the Zigzag converter
up time requirement requires relatively large and increased number of capacito

[39]. It is worth mentioning that the Zigzag converter betsefi
with multilevel outputs, which helps improve the power qiyal
of the grid current and also to reduce the size of AC filters.

@_‘__/\/W\ Ripple eliminator Dp
Obi ; '
Vs Qb 2 ‘I S}S T Ve I:I Ry : i

shown in Figure 14(b). Indeed, the voltage was decreased
at a much slower pace, which took abdtms for the voltage

C. System Performance with a Switching Load

Tek rrevu i | = SU.U‘kHz Noisellfi\ter
o : . .
............. A_;, | JV Y z‘s‘o‘v/dw']' e z‘s‘o‘V/'dw] | - .
o — Figure 16. The full-bridge system used for the comparison.
48 Vé 0V
/-\ /\ After careful comparison among different systems, the- full
"""""""""""""""""""" = bridge system shown in Figure 16 is used for the comparison.
o e AL ; ; ; M0y The isolating transformef” facilitates the direct connectipn
Jooms — T40s0ims]ine 000y sesovafissaz between AC and DC grounds. Moreover, the conventional
(b) single-phase full-bridge rectifier is used as the interface

o 15 Svet . i 2 buck DO/DC o - between the AC and DC sides to achieve any power factor. At
igure . ystem periormance with a buc converter anesistor : H o H
as the load of the rectifier. the same time, a ripple eliminator [8], [11], [12], [13], [1s
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 reducelgwh
devices connected as loads. Such switching devices can having low DC-bus voltage ripples.
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Figure 17. Efficiency comparison.

14

can be significantly reduced while maintaining low output
voltage ripples by advanced control strategies. As a result
highly-reliable film capacitors can be used to replace bulky
electrolytic capacitors. The elimination of DC-bus elebttic
capacitors is achieved by the neutral leg of the rectifieheuit
adding any other power components. To be more precise, all
the ripple energy is diverted from the upper (output) capaci
to the lower capacitor through the neutral leg so that theeupp
capacitor can be reduced a lot. At the same time, the voltage
across the lower capacitor is designed to have large rigsdes
it is not supplied to any loads. In this case, both capacitors
can be reduced to a level that film capacitors are cost effecti
to be used.

The rectification leg of the rectifier is used to maintain the
grid current and the DC-bus voltage. Importantly, the intpac
of different voltages across the capacitors are analysed in

Based on the above discussion, it is clear that the fullatajl. |t has been found that the different voltages angelar
bridge system shown in Figure 16 is a good candidate f9g|tage ripples do not affect the aforementioned functions
the comparison because it has all the four main featurgs ihe two legs but do affect the selection of the switches

of the proposed rectifier. The full-bridge system and thg,
proposed rectifier have their own merits. For example, the.

cause the upper switches and lower switches of both legs
ay have different voltage and current stresses. Expetahen

proposed rectifier does not need the isolating transformer Jesults have been presented to show that the required usage 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 thgiecrolytic capacitors.

other hand, the full-bridge system benefits with lower \gdta
stress of switches because of the adopted full-bridge ¢ayol
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could be comparable with that of the full-bridge system even

if the switching loss of the proposed rectifier is higher.
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