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Abstract—This paper describes a new modulation concept
for the uni- and bidirectional SWISS rectifier which mitigates
input current distortions at the gird voltage sector boundaries.
An analytical model is derived and compared to simulations,
showing that these distortions are increasing the input current
THD significantly. Furthermore, an algorithm is presented which
allows the calculation of a temporary pulse width modulation
for the SWISS Rectifier’s active 3" harmonic current injection
network which mitigates the distortions. Simulations show that
the AC input currents’ THD can be reduced from 4.2 %
to 0.8 % on a prototype system. The concept is verified by
measurement results taken on a bidirectional 7.5 kW SWISS
Rectifier prototype.

I. INTRODUCTION

The increasing power consumption of data centers and
telecommunication equipment has led to a demand for more
efficient power supply systems. As data center equipment is
an intrinsic DC load, DC distribution systems are expected
to provide significant gains in efficiency as rectifier stages
of the power supply modules can be omitted. Furthermore,
a direct battery buffering of the DC bus voltage allows to
omit a dedicated UPS system, which increases efficiency
further, improves reliability and reduces capital cost and floor
space [1][2]. Accordingly, standards for 380 V DC distribution
systems have been created recently [3]. Additionally, similar
benefits are expected from DC distribution systems e.g. in
office builds and industry [4].

As the DC bus voltage of 380V is lower than the full-wave
rectified voltage of the 400 V AC grid, two-stage systems are
normally used. These consist of a power factor correction
stage (PFC) connected in series with a DC-DC converter.
This is typically also the case for fast chargers of Electric
Vehicle batteries which are powered from the three-phase
mains [6][7]. In these applications buck-type PFC converters,
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Fig. 1. Schematic of the bidirectional SWISS Rectifier with AC side EMI
filter capacitors as introduced in [5]. The input filter damping structures (Lq,
Rg) are not shown for phases b and ¢ for clarity.
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Fig. 2. Simulation results for the SWISS Rectifier specified in Table I, in
AC-t0-DC operation at nominal power. uxN, uyN and u,y are the DC side
voltages of the IVS with reference to the AC grid’s neutral N. The distortions

of the AC input currents i, 1, - at intersections of the phase voltages w1, ¢
are visible. A low frequency (< 10 kHz) input current THD of 4.2 % results.

like the SWISS Rectifier, are an advantageous alternative,
allowing a single-stage conversion between the three-phase
mains and a DC bus with lower voltage.

The schematic of the conventional bidirectional SWISS
Rectifier, as introduced in [S5] and [8], is shown in Fig. 1. It
consists of an AC side input filter, an Input Voltage Selector
(IVS), two DC-DC converters (Sxp, Spy, Lp and Syg, Sya,
L,) and a DC output capacitor Cp,. Additional capacitors Cf
are used to shorten the commutation paths of the two DC-
DC converters. The IVS consists of a three-phase full-wave
diode bridge with anti-parallel switches and a third harmonic
injection network. Its switches are controlled such that the
input phase with highest potential is connected to node x, the
one with lowest potential to node z and the remaining phase to
node y. Therefore, the injection network’s switches Szya, Sgyg
and Sgye operate with twice the mains frequency, while the



TABLE I

SPECIFICATIONS OF SIMULATED SWISS RECTIFIER

AC Input Voltage (Line to Neutral) U1 = 230 Vimgs
AC Input Frequency f=50Hz
Switching Frequency fs = 36kHz
Nominal DC Voltage Upn =400V
DC Link Capacitance Cpn = 470 uF
DC Link Inductance Lp.n = 250uH

DC Output Power P =T7.5kW
AC Filter Capacitance Csbc = 4.4F
DC Filter Capacitance Cx,y,z = 4.4uF
AC Filter Inductance Ly = 120uH

AC Filter Damping Lq = 120pH

AC Filter Damping Ry =6.80Q

rectifier switches Sxa, Syf, Sxes Sazs Op, and Sg, are operated
with mains frequency. This can be seen in Fig. 2 where the
grid voltages and the IVS output voltages uyxn, uyn and u,n
are shown.

As described in [5] the two DC-DC converters of the
SWISS Rectifier can ideally be controlled in such a way that
sinusoidal AC side input currents ¢,, ¢, and 7. result. Fig. 2
shows simulation results for the bidirectional 7.5 kW SWISS
Rectifier specified in Table I. While the rectifier’s input
currents are sinusoidal and in phase with the grid voltages,
it can be seen that they are distorted at the intersections of
the AC mains phase voltages u,, up and ..

These distortions are caused by the switching frequency
voltage ripple across the input filter capacitors C;, i, . [9]. This
can be seen in Fig. 3 which shows detailed simulation results
for the intersection interval of the phase voltages u, and uy,.
Additionally the voltages ucsz and ucg across the respec-
tive input filter capacitors and their local averages <UCa>T§s
<uCB>Ts over one switching period T} are shown. Neglecting
the voltage drop due to the fundamental of the phase current 7,
across L, the local average <“CE>TS equals the corresponding
phase voltage u, before the current distortion starts. The same
holds for (ucp)7, and up,. As the voltages u, and uy, approach
each other, the instantaneous voltages ucs and uqp would
have to intersect for this to hold true. However, this is not
the case as shown in Fig. 3, because the diodes D5y and Dy,
are starting to conduct once u;, = uca — Ucp, reaches zero
(cf. Fig. 4). Therefore the local averages (uca)s, and (ucp)7.
no longer matches the corresponding phase voltages u, and
uy,. This impresses a voltage on the input filter inductors Ly,
which leads to a distortion of the input currents 7, and i, as
shown in Fig. 3.

Therefore, in the following a modified circuit topology
which reduces the conduction losses in the IVS and decouples
the switching operation of the DC-DC converters and the
IVS is proposed. For this circuit, an analysis of the current
distortion’s impact on the converter’s THD is given in Chap-
ter III. Subsequently, a novel modulation concept, which
mitigates the current distortions by temporary pulse width
modulation of the IVS switches is introduced in Chapter
IV. In Chapter V measurement results, taken on a 7.5kW
prototype SWISS Rectifier, are presented which verify the
theoretical considerations.

II. DC SIDE FILTER CAPACITORS

As written above, an implementation of the SWISS Recti-
fier typically requires additional filter capacitors Cf in order to
shorten the commutation paths of the two DC-DC converters
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Fig. 3. Detailed simulation results for the first intersection at wt = 30°
showing the intersecting grid phase voltages u, and uy, and the corresponding
filter capacitor voltages uca and ucg,. (uCQ)TS is the average of ucg over
one switching frequency period 7. It can be seen that no intersection of ucs
and up occurs because of Dax and Dy (cf. Fig. 4).
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Fig. 4. Schematic of the SWISS Rectifier with Sxp turned on, showing the
additional conduction path caused by the diode Dy, when the voltage ugg,
i.e. the difference of the voltages of the filter capacitors C'z and Cf, reaches
zero. This implies u;p > 0 which means that uca and u o cannot intersect
(cf. Fig. 3).

as shown in Fig. 1. Therefore, nodes X, y and z form a kind
of split DC link which provides the input voltages uy, and
Uy, for the DC-DC converters. However, as the switches of
the IVS are operated at mains frequency only, the voltages
UxN, UyN and u,N, are piecewise sinusoidal and hence form
a three-phase system (cf. Fig. 2). This allows to move the
input filter capacitors to the DC side of the IVS as shown in
Fig. 5.

Throughout this paper a star connection of the filter ca-
pacitors (Cx, Cy and C,) is assumed. However, a line-to-line
(delta) connection could be used as well. Note that a total of
three capacitors of equal capacitance is required in order to
load the AC grid symmetrically, even for a delta connection
as the voltages at nodes X, y and z are piecewise sinusoidal
and form a three phase system within every 60° mains sector.

Placing the input filter capacitors on the DC side of the
IVS has several advantages: It shortens the commutation paths
of the DC-DC converters which means that no additional
capacitors C} are required. Furthermore, the currents iy, iy
and i, flowing through the IVS are continuous in the case of
DC side filter capacitors, as opposed to the original SWISS
Rectifier where iy, iy and i, are discontinuous due to the DC-
DC converters. This leads to a reduction of conduction losses



in the IVS switches. Additionally, the DC side capacitors are
decoupling the switching operations of the IVS and the DC-
DC converters. In the original bidirectional SWISS Rectifier,
special commutation sequences are required in the IVS in
order not to interrupt the currents ¢, and ¢, in the output
inductors [8]. This is not the case with DC side input filter
capacitors, as Cy, Cy and C, provide a conduction path for the
IVS and the DC-DC converter currents at all valid switching
states.

This implies that the SWISS Rectifier with DC side filter
capacitors can, to some extent, be considered as a system
consisting of two individual converters: an IVS stage which
performs an AC-to-DC voltage conversion and a DC-DC
converter stage which ensures sinusoidal input currents and
provides DC output voltage control. Therefore, the IVS and
the DC-DC converters can be designed, optimized and oper-
ated almost independently of each other. For example, several
individual DC-DC converter modules could be fed from a
single, larger IVS which provides the xyz (DC) link. In
this case, the IVS and the DC-DC converters could even be
spatially separated, for example accommodated in different
cabinets.

III. INPUT CURRENT DISTORTIONS

As described Chapter I the conventional SWISS Rectifier
exhibits AC input current distortions at the intersections of the
grid’s phase voltages. This is due to the switching frequency
voltage ripple at the input filter capacitors which causes
additional diodes in the IVS to conduct as shown in Fig.
4. Note that the problem persists, even if the input filter
capacitors are moved to the DC side of the IVS. In this case
the voltage ripple across C, Cy and C, causes diodes of
turned-off DC-DC converter switches to conduct as shown
in Fig. 6. This results in the same grid current distortions
as with AC side filter capacitors, as can be seen from the
simulation results shown in Fig. 7. An analysis of these
current distortions and their impact on the AC currents’ THD
follows.

In order to derive an analytical model of the current
distortions the switching frequency ripple components of the
currents in Ly and Ly, ,, are neglected and i, = 7, = Ipc is
assumed. The grid voltages and currents are considered to be
purely sinusoidal. Due to the phase symmetry it is sufficient to
consider only the first intersection of u, and uy,, i.e. wt ~ 7/3.
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Fig. 5. Schematic of the bidirectional SWISS Rectifier with input filter

capacitors placed at the DC side of the IVS. A star connection of filter
capacitor is shown here, however a line-to-line (delta) connection could be
used as well. The same input filter damping structure as in the original SWISS
Rectifier with AC side input filter capacitors can be used.
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Fig. 6. Schematic of the SWISS Rectifier with Sxp turned on, showing
the additional conduction path caused by the diode Dy when the voltage
uxy across the filter capacitors Cx and C'y reaches zero. This implies that
uxy > 0 (cf. Fig. 7).
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Fig. 7. Detailed simulation results for the first sector boundary (at wt ~ 30°)
with input filter capacitors on the DC side of the IVS (Cx, Cy and Cy, cf.
Fig. 6). It can be seen that uxy, cannot become negative because of Dyp.
This implies that the average over one switching period of the voltage u g, at
the input of the IVS differs significantly from the corresponding grid voltage
Uah. Accordingly a distortion of the input currents i, and 4}, occurs.

The filter capacitors are assumed to have equal capacitance,

ie. CX = Cy = CZ = Cf.

As explained above, the switching frequency ripple across
the input filter capacitors is the root cause of the current
distortions. Therefore, an analytical expression for its peak-
to-peak value i, is required. It can be seen from Fig. 7 that
Uyy assumes the peak value at the switching transitions of
Sxp- It can therefore be calculated as:

R 1 O=de)/fs '
Uyy = a/o icx — ey dT

1

= m [(lx - Z'y) (1 - dp) + Ipc (dn - dp)] > (1)

where dj, is the duty cycle of Sys and d, is the duty cycle
of Si,. Assuming that the SWISS Rectifier is operated such
that the AC gird currents are in phase with the gird voltages
and that the current distortion is short compared to the grid
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Fig. 8. Drawing (not to scale) of the assumptions made to derive (10). At the
beginning of the distortion (§ = —t4/2) the local average (uxy)s, of uxy
equals the grid voltage u,y,. The difference of (uxy>TS and wu,), increases
linearly until £ = 0 where it reaches a peak value of uxy /4. This voltage,
(uxy>Ts — U, drives the distortion current ¢4 in the filter inductors of the
corresponding phases.
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Fig. 9. Simplified schematics of the two phases with intersecting voltages:
a) before the IVS changes polarity at £ = 0 and b) immediately afterwards.
The distortion current ¢4 flowing in the filter inductors L¢ leads to a rapid
change of uxy after the IVS’ switching as ix and iy change polarity.

voltage period the following simplifications hold:

dp, = M cos(wt) = M wt s~ (2)
2 3
dy = M cos(wt — 7) 3)

Note that M is the modulation index of the SWISS Rectifier.
Neglecting any voltage drops across the switches, diodes and
filter inductors, the steady state voltage transfer ratio between
AC and DC side is defined as

3 - 2Upn

Upn’%Uf)ﬁziMUl M = 3U , (4)
1

where U; is the amplitude of the AC grid’s phase voltage
[10]. By neglecting the grid frequency component of the filter
capacitor current icy vy, further simplifications can be found:

. M

ix = Ipcdy, = IDC? )
i, = —Ipcdy = —Ipc M (6)
1y = —(ix + iz) 7

By combining (1) to (7) iy, can approximated as

i Ipc M
v 2 Ct fs ’

®)

When the line-to-line voltage u,, becomes smaller than
half the voltage ripple 4, calculated in (1) or (8), the current
distortion starts. Hence, the time span ¢4 /2 from the beginning

| | N

PR —

Fig. 10. Simplified distortion current within one mains period assumed for
the rms-value calculation used to derive (11).
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of the distortion until the zero crossing of the line-to-line
voltage 1,1, can be derived:

Uab (g LMd) \[Ulsm< Qtd) 7&,

2
Ld = l arcsin ( Ipc M ) ~ l Ipc M
2w 4W6ULCr fs)  waV6ULCr fs

At the beginning of the current distortion (uxy), (the
average of wuy, over one switching period 7T}) is equal to the
gird voltage wu,p. As can be seen from Fig. 7, in the center of
the distortion (at w1, = 0), the ripple of uy, is approximately
half the value compared to the point in time where the current
distortion starts. This is shown in Fig. 8 and it enables an
estimation of the distortion current’s amplitude i4:

o 1 0 T fw Ew
ld = —— X - | — Ua d
. 2 L¢ —td/2uy(3+ 2 ) Ub<3 ) <

1 0 axy( 5 ) ﬂx td
S Dy (g ) de =2
2Lf 7td/2 4 td/? g

32 Ly

So far only the first half of the distortion, until u,}, reaches
zero (at £ = 0) was considered. Once u,p, changes its sign, the
IVS commutates in order to reverse the polarity of wu;. This
is shown in the simplified schematics in Fig. 9. Note, that the
polarity reversal of the IVS changes the sign of the IVS’ DC
side currents iy and 4y. This leads to a considerably higher
peak value of uy, during the first switching period after the
polarity reversal. Therefore a higher voltage is applied to the
filter inductors Ly in this cycle which leads to a fast polarity
reversal of the distortion current 7q. This can also be seen in
the simulation results shown in Fig. 7. The current distortion
is therefore approximately symmetric in time around the zero
crossing of the line-to-line voltage w,p, (at wt = w/3).

For further analysis the converter’s grid currents i, . are
approximated as sum of a fundamental component i, 1, o(1)
which is in phase with the grid voltages and a distortion .
Each phase is distorted four times per gird voltage period.
By modeling each distortion as one triangular wave with a
period of tq and amplitude 7q (cf. Fig. 10), the rms value Iy
of iqa,b,c can be calculated as

€))

Q

(10)

id
ﬁ\/zltdf.

In order to generalize (11) for any SWISS Rectifier, the
following normalization is applied:

Iy = Y

Qs
Cy = 3U12w Qf = Ptan(qSl) S (12)
Ry 3U? 3U?
Li=1L =Lt pu——b ==L 1
f = Lfpu w f,p.u. WP Rl P B ( 3)
A 2P
Ipc M = Ia,b,c(l) = E . (14)

Note that ¢; represents the phase shift of the input current’s
fundamental which results from the reactive power consump-
tion of the input filter capacitors. The reactive power created
by the filter inductors is neglected as it is typically much
smaller than the Q.

By combining (11) with (8)-(10) and applying the normal-
izations (12)-(14) the normalized RMS value of the current



TABLE 11
COMPARISON BETWEEN CALCULATION AND SIMULATION
Calculated  Simulated Error
Uxy 48.6 V 43.4V 12 %
tq 275 us 279pus  —1.4%
iq 3.48A 3.34A 4.2%
Id/fa,b,c(l) (THD) 4.31 % 4.23 % 1.9%
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Fig. 11. SWISS Rectifier with DC side input filter capacitors and AC-to-DC
power transfer during the first intersection of u, and uy,. By turning Sxz off
and turning on Szys the IVS’ output voltage uyf, is forced to zero.

distortions can be expressed as a function of general system
parameters:

/U N S N T P
Loy 1634 Ly \ fs tan(on) |

where I, 4 (1) is the RMS value of the AC side input currents’
fundamental component at nominal power. This allows an
estimation of the current distortions’ impact on the rectifier’s
input current THD. It can be seen that increasing the switching
frequency or the input filter capacitors (increasing ¢;) reduces
the magnitude of the current distortions with a power of 2.5,
while it is inversely proportional to the input filter inductance.

Table II shows the numerical results for the equations
derived above and compares the values to results obtained
from a simulation of the system specified in Table I. The
calculated values are typically within 10 % of the simulation
results. Furthermore, it can be seen that the low frequency
THD! of the rectifier’s input currents is 4.2 %. A modulation
technique eliminating the current distortions is presented in
the following.

IV. MITIGATING DISTORTIONS BY PWM OF THE IVS

As described in the previous chapter, the AC input current
distortions can have a significant contribution to the THD
of a SWISS Rectifier. For the system specified in Table I
current distortions with a normalized RMS value of 4.2 %
result. However, the distortions can be prevented by properly
modulating the switches in the IVS as will be shown in the
following.

The root cause of the current distortions is the switching
frequency voltage ripple across the input filter capacitors and
the fact that the voltages uy, and uy, cannot be negative (cf.
Fig. 7). However, if the input filter capacitors are placed on
the DC side of the IVS, the IVS can be used to temporarily
disconnect the filter capacitors Cy , , from the filter inductors
L¢ by simultaneously turning on two of the three injection

I'Spectral components up to 10kHz, i.e. up to the 200" harmonic of the
grid frequency, are considered.
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Fig. 12. Simulation results, showing pulse width modulated injection
switches Saya and Sgf during the first intersection of w, and wj, which
reduces the current distortions. Furthermore, the calculated peak-to-peak
ripple of uxy is shown as dixy.
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Fig. 13. Time behavior of the filter capacitor voltage ripple uxy within one

switching period Ty for DC-to-AC power transfer. The signal v/, is used as
approximation for wuyy in order to simplify the algebraic calculations.

switches, e.g. Saya and Si . This short-circuits the corre-
sponding input nodes a and b and results in uz5 = 0, as shown
in Fig. 11. Therefore, it is possible to mitigate the current
distortions by toggling the second injection switch such that
the average over one switching period of ug; equals the gird
voltage uap.

A. AC-to-DC Power Transfer

The following considerations focus on AC-to-DC power
transfer and the intersection of w, and uy, at wt &~ 7 /3, how-
ever, they can be generalized for the other five intersections
and DC-to-AC power transfer. It can be seen from Fig. 12 that
Uxy increases while Sy is not conducting, which implies that
Uxy is minimal when Sy is turned off. Therefore, the turn-off
of Syp is selected as origin for the auxiliary time axis 7.

Fig. 13 shows a diagram of the filter capacitor voltage
during the first half of the first intersection (wt < 7/3, u, >
up,). The additional injection switch Szy5 is turned on at time
7/ and is turned off together with Sxp in order to allow tuyy,
to charge. In order to simplify the analytical calculations u;y
is used as an approximation for wyy:

ul (1) = 16

w(7) Ly = 1—7%) itr>(1—d)r, OO
Uy (T) R Ul (1) if7 <7/

uah () = 0 ’ ’ ifr > 7", 17
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Fig. 14. Simulation results for the SWISS Rectifier specified in Table I
using the proposed modulation technique for the IVS switches. Compared

with the results in Fig. 2, the current distortions are significantly reduced,
the low frequency (< 10kHz) THD of i, }, . reduces from 4.2 % to 0.8 %.

Note that either equation (1) or (8) can be used to estimate the
peak value iy The average (ugp(7))7, over one switching
frequency period Ty of the IVS output voltage u,; can be
found by integration:

N / 1 / ,
>T5_TS ; uxy(T)dTNTs ; qu(T)dT.

(18)

In order to prevent the current distortions 7' has to be
selected such that (ugp(7'))7. equals the corresponding AC
grid voltage wu,p, which is used as reference value wy¢:

Uref = Ua — Ub = Uab 19)
By solving (18) an algebraic expression for 7/ can be found:

Uref = <uaB(T/)>TS =

Uref : - 1*dp

, 2 m (]. — dp) lfuref S Uxy 3
T = TS uref 1 2 17dp
1—,/d, —2dp . ifUref > Uyy —5 2

(20)

This implies that the current distortions can be mitigated
by measuring the grid voltages and evaluating equations (1),
(19) and (20) every switching frequency cycle. The additional
injection switch Szys is then turned on at time 7’ after the
turn-off of Syp.

All considerations and calculations given above hold only
for the first half of the first current distortion, i.e. for wt <
/3. In the second half (wt > 7/3) the grid voltage w.p
becomes negative which implies that the output voltage of
the IVS has to be negative as well, while the filter capacitor
voltage uy, remains positive. This is achieved by modulating
Spyb instead of Sgya, as can be seen in Fig. 12. By replacing
the grid voltages u, and wuy, and the injection switches with
the corresponding values, this can be generalized for the other
two positive grid voltage intersections (wt =~ 180°,300°).
Furthermore, the concept can be expanded to the negative
side DC-DC converter (Sgy, dn, Uy,) to mitigate the current
distortions at the intersections of negative grid phase voltages
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Fig. 15. Schematic of the SWISS Rectifier with DC-to-AC power transfer
(ip < 0, in < 0) during the first intersection of u, and uy,. When the filter
capacitor voltage uxy reaches zero the diode D is forward biased and starts
to conduct, thus preventing wuxy from reversing polarity. Therefore, similar
input current distortions as for AC-to-DC power transfer result (cf. Fig. 6).
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Fig. 16. SWISS Rectifier with DC-to-AC power transfer (i, < 0, tn < 0)
during the first intersection of u, and uy,. Two Rectifier switches (Sxa, S,p)
are turned on simultaneously (Sgyg is turned off) in order to achieve ugp = 0.

(wt =~ 0°,120°,240°). The resulting formulas are summarized
in Table III. Simulation results for AC-to-DC operation of
the SWISS Rectifier with the compensation enabled for all
intersections are shown in Fig. 14.

B. DC-to-AC Power Transfer

The previous descriptions focus on AC-to-DC power trans-
fer, however, the current distortions exist for DC-to-AC power
transfer as well. A similar mitigation strategy can be used as
will be shown in the following.

As depicted in Fig. 15 the diode Dy starts to conduct
for DC-to-AC power transfer once the filter capacitor voltage
Uyy reaches zero. Therefore, the local average of wuy, starts
to deviate from the grid voltage u,;, once the ripple is larger
than 2w, as explained above for AC-to-DC power transfer.
Thus similar grid current distortions result.

In order to temporarily disconnect the grid filter inductors
Ly from the filter capacitors Cy y , two rectifier switches, e.g.
Sxa» S, are turned on simultaneously as shown in Fig. 16.
Simulation results of a SWISS Rectifier using this modulation
technique are shown in Fig. 17. Note that, unlike for AC-to-
DC power transfer, it is not possible to modulate the injection
switches S7 (i = a,b,¢) because uy, has to be discharged
to zero once the additional switch is turned on at 7. It can
be shown that this is the case only when the rectifier switches
Sxab,e> Sab,es are modulated.

The equations required to implement the mitigation algo-
rithm for DC-to-AC power transfer are summarized in the
right column of Table III. Note that the switching transition



TABLE III
EQUATIONS REQUIRED TO IMPLEMENT THE DISTORTION MITIGATION ALGORITHM

AC-to-DC Power Transfer

DC-to-AC Power Transfer
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Fig. 17. Detailed simulation results for DC-to-AC power transfer and the
first intersection of u, and uy, showing the modulation of a second rectifier
switch (Sxa, Syf). The distortion in 4, and 4y, is significantly reduced.

which marks the beginning of the time span 7’ is different
than in AC-to-DC power transfer.

Fig. 18 shows simulation results for the SWISS Rectifier
specified in Table I with 7.5kW DC-to-AC power transfer.
For illustration, the distortion compensation is disabled for
the intersections at wt ~ 120° and wt ~ 180°. It can be seen
that the current distortions are significantly reduced.

V. MEASUREMENT RESULTS

In order to demonstrate the practicability of the algorithm
described above, it was implemented on a bidirectional 7.5 kW
prototype SWISS Rectifier. The values of all major compo-
nents used in the system are given in Table I and were used
for the presented simulation results.

A. AC-to-DC Power Transfer

Fig. 19 shows measurements taken on the hardware proto-
type operating with AC-to-DC power transfer. The mitigation
algorithm is active during the grid voltage intersections at
wt ~ 60°, 120° and 240°. At wt ~ 300° it is disabled in
order to demonstrate the effect and magnitude of the current

0 30 60 90 120 150 180 210 240 270 300 330 360

wt/°
Fig. 18. Simulation results for the SWISS Rectifier specified in Table I
with DC-to-AC power transfer. The proposed algorithm is used to mitigate

the current distortions. During the intersections at wt =~ 120°,180° the
mitigation algorithm is turned off for illustrative purposes.

distortions in the grid current i,. It can be seen that the
amplitude of the current distortions is reduced below the
switching frequency ripple of the input current.

B. DC-to-AC Power Transfer

Measurement results for DC-to-AC power transfer at nom-
inal power are shown in Fig. 20. Again, the mitigation algo-
rithm is disabled during the two intersections at wt ~ 240°
and wt ~ 300° for comparison. Furthermore, the input filter
capacitor voltage uy, is shown. Note that it is positive at all
times, which is in accordance with Section IV-B

Fig. 21 shows detailed measurements of the first inter-
section of u, and up at wt ~ 60° for the same operating
conditions as in Fig. 20. The output voltage uz; of the IVS
is shown as well. It can be seen that the control algorithm
turns on additional rectifier switches in order to reduce the
average output voltage u,y, of the IVS. Therefore, the average
of up closely follows the grid voltage u,1,. Note that the grid
voltage u,, shows a switching frequency ripple due to the
output impedance of the AC-source employed to provide the
three-phase AC mains supply voltage.
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Fig. 19. Measurement results for the SWISS Rectifier prototype operated
with Ipc = 17.4 A and Uy = 115 V. The current distortion compensation
is turned off during the intersection at wt &~ 300° for illustrative purposes.
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Fig. 20. Measurement results for the SWISS Rectifier prototype operated with
nominal DC-to-AC power transfer. The distortion compensation is turned off
during the intersection at wt ~ 240°, 300° for illustrative purposes.

VI. CONCLUSION

This paper analyzes the AC input current distortion in
three-phase buck-type SWISS Rectifiers which is caused by
the switching frequency voltage ripple across its input filter
capacitors. An analytical model is derived which allows the
estimation of the distortion current’s peak value and its
impact on the converter’s overall THD. It is shown that the
current distortion’s magnitude depends on the AC side filter
inductance value, the ratio of switching frequency and AC
grid frequency and the AC filter capacitance value.

In order to reduce the current distortion, a modification of
the original SWISS Rectifier’s circuit topology is proposed.
By moving the AC side filter capacitors to the DC side
of the input voltage selector (IVS), the commutation paths
of the DC-DC converters are shortened and the conduction
losses in the IVS switches are reduced. Furthermore, the DC-
DC converters and the IVS can be operated independently
which allows a temporary pulse width modulation of the IVS
switches at the phase voltage sector boundaries in order to
mitigate the input current distortions.

The modulation concept and the formulas required for its
implementation are derived. It can be applied to uni- and
bidirectional SWISS Rectifiers and AC-to-DC as well as

3.15 3.18 321 3.24 3.27 330 333 3.36 3.39 342 345 348 3.51
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Fig. 21. Detailed results of the first grid voltage intersection of phases a and
b (at wt ~ 30°) for the same configuration as in Fig. 20. Shown are the
voltage uxy of the DC side input filter capacitors, the line-to-line gird voltage
U, and the output voltage ugy, of the IVS, as well as the grid current 7.

DC-to-AC power transfer. Furthermore, it does not require
additional sensors; the DC link current sensor and the AC
grid voltage sensors, which are typically present in a SWISS
Rectifier, are sufficient. In total, three multiplications, one
division and one square root have to be evaluated once every
switching cycle.

Simulations of various operating conditions and measure-
ments taken on a 7.5 kW hardware prototype are proving the
principle’s feasibility.

REFERENCES

[1] G. AlLee and W. Tschudi, “Edison Redux: 380 Vdc Brings Reliability
and Efficiency to Sustainable Data Centers,” IEEE Power and Energy
Magazine, vol. 10, no. 6, pp. 50-59, Nov 2012.

[2] D. E. Geary, D. P. Mohr, D. Owen, M. Salato, and B. J. Sonnen-
berg, “380V DC Eco-System Development: Present Status and Future
Challenges,” in Proc. of 35th International Telecommunications Energy
Conference (INTELEC), Oct 2013, pp. 1-6.

[3] ETSI, “Environmental Engineering (EE); Power Supply Interface at the
Input to Telecommunications and Datacom (ICT) Equipment; Part 3:
Operated by Rectified Current Source, Alternating Current Source or
Direct Current Source up to 400 V; Sub-part 1: Direct Current Source
up to 400V,” EN 300 132-3-1, Feb. 2012.

[4] D. J. Becker and B. J. Sonnenberg, “DC Microgrids in Buildings
and Data Centers,” in Proc. of 33rd International Telecommunications
Energy Conference (INTELEC), Oct 2011, pp. 1-7.

[5]1 J. W. Kolar and T. Friedli, “The Essence of Three-Phase PFC Rectifier
Systems - Part 1.” IEEE Transactions on Power Electronics, vol. 28,
no. 1, pp. 176198, Jan. 2013.

[6] D. Aggeler, F. Canales, H. Zelaya-De La Parra, A. Coccia, N. Butcher
and O. Apeldoorn, “Ultra-Fast DC-Charge Infrastructures for EV-
Mobility and Future Smart Grids,” in Proc. of Innovative Smart Grid
Technologies Conference Europe (ISGT), Oct 2010, pp. 1-8.

[71 A. Kuperman, U. Levy, J. Goren, A. Zafransky and A. Savernin,
“Battery Charger for Electric Vehicle Traction Battery Switch Station,”
IEEE Transactions on Industrial Electronics, vol. 60, no. 12, pp. 5391—
5399, Dec 2013.

[81 M. F. Vancu, T. Soeiro, J. Miihlethaler, J. W. Kolar and D. Aggeler,
“Comparative Evaluation of Bidirectional Buck-Type PFC Converter
Systems for Interfacing Residential DC Distribution Systems to the
Smart Grid,” in Proc. of Industrial Electronics Society Conference
(IECON), Oct. 2012, pp. 5153-5160.

[91 R. Chen, Y. Yao, L. Zhao and M. Xu, “Inhibiting Mains Current

Distortion for SWISS Rectifier - A Three-Phase Buck-Type Harmonic

Current Injection PFC Converter,” in Proc. of Applied Power Electronics

Conference and Exposition (APEC), Mar. 2015, pp. 1850-1854.

T. B. Soeiro, T. Friedli and J. W. Kolar, “SWISS Rectifier - A Novel

Three-Phase Buck-Type PFC Topology for Electric Vehicle Battery

Charging,” in Proc. of Applied Power Electronics Conference and

Exposition (APEC), Feb. 2012, pp. 2617-2624.

[10]




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Required"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




