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Abstract -- Efficiency of high power Uninterruptible Power
Supplies (UPS) is a fundamental criterion regarding the
permanent use of such a device A state of the art on soft-
switching over constraint of the UPS application has been made.
The principle of Auxiliary Resonant Commutated Pole (ARCP)
using autotransformer has been identified asthe most interesting
way to increase efficiency or switching frequency. Its application
for multi-level convertershasbeen studied. A simplified resonant
pole has been proposed for both three-level rectifier and inverter
used in UPS. The design criteria have been discussed. A single
phase of a 125 kVA three-level UPS has been realized and tested.
The concept has been validated.

Index Terms -- ARCP, multi-level, NPC, PFC, soft-switching,
UPS, ZVS.

l. INTRODUCTION

This paper deals with both converters of an UPS3erAf
introducing the UPS constraints, a state of theoérsoft-
switching used in order to increase efficiency esde Then,
the working principle used will be analyzed for the-level
converters. The topology of a simplified resonasiepwill be
described for both three-level rectifier and ineexf an UPS.
The design will be set out. Finally the experiméngsults on
the 125 kVA prototype will be discussed.

UPS are used in many applications for supplyingrggne
with a high level of quality regardless of the giidiost of the
high power UPS work as two consecutive convertgls 4
rectifier provides a DC bus voltage from the gndidahen an
inverter generates a three-phase sinusoidal voliage 1).
DC bus voltage allows balancing a blackout of thié during
some time by energy storage. During UPS lifetinfiégiency

determines how much money the owners will spendthus
has become a critical point. The DC voltage leseddt by the
voltage level of the grid. Therefore, current leiimposed
by the power. For a rated power over 100 kVA antiva-

level topology, the switching frequency is arounkHz, due
to the switching losses of the components useda(lysaen

Insulated Gate Bipolar Transistor, IGBT).

A way to improve efficiency is the multilevel topgjies.
As described in [2], these topologies split the BGs in
several voltage sources. Thus the switching lodseseases
as the voltage level switched. The quality of treve@forms is
improved and then, the losses due to filtering raduced.
Nevertheless, the number of consecutive switcheises, so
the conduction losses too. In similar conditior$j, dchieves
both better efficiency and higher switching freqeyearound
10 kHz) with a three-level topology than a two-legee. But
this frequency remains in the audible range, whiwhy be

unenviable in some applications like the data asnte
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Fig. 1. UPS on-line



Another way is the soft-switching mode, which cetssin
cancelling the current or the voltage in the deuiedore
switching OFF or ON. Using a lossless snubber ésettore
allowed for the other switching (ON or OFF). Thenditions
for cancelling can be introduced in the switchirdl by the
DC bus, by the load or locally around the switcheTmnain
criterion to improve efficiency at this current é&vs to avoid
conduction losses in the path of the main currlnteans
that only parallel topologies are suitable for.i&éncy must
remain high at low current because of the low feamy

recovery losses of the main diode. After the tulfred D,, a
resonance between the leakage inductance pofind the
capacitor G swing the voltage Yfrom U to zero, allowing
the ZVS turn-on of T.

Fig. 3. shows the waveforms of the converter fpositive
current, assuming its constant value during switghime. In
the beginning, the switch,;Ts ON, thus the voltage\is null.

At the time t, T, is turned off. The main current | could go
through the capacitor £ This snubber effect decreases the
turn-off losses of T Nevertheless, many charges must be

alternative modulation. The voltage range of theinmagone out of the semi-conductor and causes manditesgs.

switches must be maintained. Auxiliary switches sk in
soft-switching  conditions. Regarding the
application,
maintained, and costs minimized. These constrdéad to
the lossless snubber [4] and the resonant polepih zero
current (ZCS) and zero voltage switching (ZVS) [®]- The
auxiliary commutated resonant pole (ARCP), firssaibed
in [6], could be work with an autotransformer aibary
voltage source [7]-[9]. The main advantages aralbdurrent
cutback in the auxiliary switches and an open-looptrol of
the switching process. Reference [9] talks aboutARTP
with an autotransformer in the neutral-point-clachgdlPC)
three-level inverter, but this topology can not ieed the
half-current cutback. References [10], [11] presbatway to
control safely an ARCP topology, taking into accotime
auxiliary losses. Derived from these concepts,iditgttional
resonant pole is described and tested in [12], {a2% three-
level power factor corrector (PFC) rectifier. Theitshing
losses have been divided by two over the wholegaridoad
(200 kVA). The low sizing of the auxiliary compornerand
the simple and effective control make this resomehe well-
suited for the UPS.

. WORKING PRINCIPLE

ZVS turn-on, current rate control and snubber-tesdis
turn-off for the main devices are the key pointshef ARCP.
Fig. 2 shows a two-level ARCP inverter. The augjlia
switches T, and Dy, allow a resonant curreng ko flow in
the resonant pole before the turn-on of the maiiichwr;.

At t,, when the voltage Vis equal to the DC bus one, the

industriatiode D is turned-on. Before the turn-on of the main shitc
Pulse Width Modulation (PWM) must bethe auxiliary switch %; is turned-on att The DC bus voltage

is applied on the autotransformer. The ratio m géfs the
mid-point voltage of the auxiliary pole, leadingtte rise of
the auxiliary currentd. Thus the current in Dramps down.
The leakage inductance of the autotransformer dintiite
current rate in the resonant pole, and then thevesg losses
are decreased in the main diode.

At t4, D, is turned-off. A resonance between the leakage
inductance and the capacitog @nds to decrease the voltage
V, to zero. At¢, by setting m above %% femains higher than
the main one when Vbecomes null. So the anti-parallel
diode of T; begins to flow the remaining current. It stopped
the resonance. Between and ¢, T; may be turned-on at
ZVS. The voltage across the secondary winding & th
autotransformer is now the DC bus voltage, so theliary
current ramps down as the current inrises up. At 4 the
auxiliary diode [ is turned-off. The auxiliary current
remains constant at a level which depends on the
magnetization of the autotransformer. After a dertime
Tuax, Txy may be turned-off at ZCS. Some diodes{D
make the cancellation of the autotransformer fl@sgible.
Between ¢ and §, the DC bus voltage is applied across the
upper part of the primary winding (N Thus the voltage
across the auxiliary diode,Ds higher than twice the DC bus
voltage (2). A parasitic current could flow in tihesonant
pole when the diode Dis on. Three diodes should be
arranged in a serial way to avoid this. The resbiarmrent

The autotransformer sTshares the resonant current betweeR@n not pass through these diodes, so the auxilases
both auxiliary devices (& and D). Its leakage inductance Should not increase. Both capacitors may be usethes
sets the current rate of the auxiliary currentntirethe main "€sonant one. Using only one capacitor decreases th

devices (T and D). The low current rate reduces the reverse@Vervoltage due to a resonance between the par&xlibus
Simplified resonant pole

inductance and it. As described in [10] and [124ietay time
ensures the turn-on of, Bind the turn-off of {; in the case of

default. This topology provides a robust, simpld &w loss
solution.
= L (1)
N, +N,
U
BVor,=—— (2)
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Fig. 3. Waveforms of the two-level converter
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I1l.  APPLICATION IN ATHREELEVEL UPS

Efficiency is a key point in the UPS market regagdthe
permanent use of such a device. The three-levaldgjes
have achieved a better efficiency than two-levedprby the
use of better components (600 V rated IGBT), lesitage
level switched and less filtering needs. The wofktloe
rectifier at the maximum voltage level sets DC bottage
from 800 V in European market to 900 V in North-Ainan
ones. This work focuses on a 125 kVA UPS, with avgro
factor of 0,9.

Fig. 4 describes one phase of a three-level siraglif
resonant pole UPS. The rectifier is made on théokdslbioost
topology, used as a power factor corrector (PFC3ah be
split in both two-level boost converters. It medms current
of both cells (EJ/Dg; and To/Dgs) is always positive, or
negative. Therefore, each boost works with its $freg
resonant pole as described in [12].

The inverter is based on the NPC topology and waiiks
a bidirectional power flow. At the nominal pointofper
factor of 0.9), the active switching cellsgf/Dc, and Ts/Dcs)
carry the most of the switching losses, around 90r26rder
to reduce the cost of the soft-switching topologyly these
two cells have been assisted by a resonant poleritheless,
the snubber capacitorg£and Gs could suffer from a hard
discharge during the reactive phases (an outptag®lsign
different from the output current one). The switghiof the
reactive cells (4Ds; and TsJ/Dsg) swings the voltage across
the capacitors. A way to protect both capacitocs witching
devices is to modify the control of the topologyh#&vi the
switching cell k4Ds; is active, the main current is negative.
No current flows through the componeng,Tit may be
switched off. The switching cell changes tg/Ds, no matter
for the output waveform or the losses. The conbblthe
other reactive cell (§/Dss) is the same with a positive
current. The control strategy is illustrated in fibre first
switching cell. Firstly, the voltage acrosg;® measured and
compared to zero. If the voltage is null, then then-on is
allowed. After a delay time \Jax, the turn-on should be
effective. The turn-off is usual. Secondly, a siengélay time
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Fig. 4. ﬁ]ree—level soft-switching UPS



Tuax (longer than normal soft-switching time) controte This time depends on the inductance, ldue to the
auxiliary device %;. Finally, a sensor looks for the sign of theresonant current rate (3, 4). But the duration h&f whole
current in the output inductor and turns-off theghti process is mainly driven by this value, owing te tharging
component. and discharging time of the inductance (7). Thedede
demagnetizing time has been taken into accounts THi
illustrated in Fig. 6. The ratio m has limited effe on the
V1T total time. On the other side, the ratio sets theakdown
PWM i voltage of the auxiliary diode Dand shares the resonant
Thas’ current between this diode and the auxiliary IGBJ. The
losses of the auxiliary devices tend to decreaseldtay time.
So the higher the ratio is, the safer the switctpngcess is
and the faster the switching is, but the more waniizd both
auxiliary currents are and the higher the blockingage is.
Here the choice for the ratio m is 0,66. The aawflidiode is
a 1700 V-rated. To reach the needed delay time, the
equivalent inductance gL must be equal to 350 nH. It is
mostly the turn-on delay time of the IGBT whichwdis the
design of the auxiliary resonant pole.

In order to minimize the conduction losses in the
autotransformer, the number of turns has to bemiigd. So
the ratio between core area and winding area neuashbarge
as possible. Finally the total number of turns5q3 turns for
N1, 10 turns for N). The resonant current has a large
frequency spreading (up to 1 MHz). As a consequetiee
windings must be designed to contain the incredstheir
apparent resistance at high frequency. A Litz viias been

The design of the simplified ARCP topology needs gse, with 400 wires with a 100 pm diameter. The
Compromise between the level of losses and thetid[]raf autotransformer has been designed as a p|anar thﬂd@
the switching processes. In order to reduce thsel®f the concentric windings. The secondary winding ibl shared in
main diodes by decreasing the current rate, thevalgat two parts, with the winding Noetween each part. By spacing
resonant inductancegLmay be defined by (3, 4). It is correctly each part, a sufficient leakage induataisccreated,
assumed that the current tail of IGBT could onlgréase the gnd the AC resistance has been minimized.
voltage rate by reducing the capacitor current. $hebber  The intrinsic current represents the energy neéalsiing
capacitors may be chosen by (5), leading to deeré&sturn-  the capacitor voltage. The peak of the auxiliaryrent

off losses of IGBT. Moreover, the IGBT used as maifgllows the main one plus the intrinsic current.(8nubber
devices need some time to turn-on. The ZVS corgralade  capacitors have been set at 94 nF. Then the iititosrent

in the driver, to minimize the delay time betweemet , -5

-
L

Fig. 5. Control of the proposed converter

IV. DESIGN CONSIDERATIONS

cancellation of the voltage and the effective tam-This or 106l
time has been measured at 300 ns. This delay sroesated i
in the resonant pole by the ratio m and the cumatet (6). If 51 [ .7
this ratio equals %%, there is no delay time. 710~ %
di m 6<10 %
- = ®3) s
dtise Lp 2 5<10° T
,6 il
di 1-m 10 i Ton (Lr)
— = ( ) é’l 4) 3108 --- Ton 2L1) |+
dt tau Ly 2 e X ¢ 10%td (1)
: B o x-%¥ 10%td (2L1)
%/ < I_ (5) 1x10 6 —— 10%300 ns
torr  Ci ; . ; |
0.5 0.6 0.7 0.8 0.9
t, =4/ L, [C, [3$in aco 1—l (6) m
d R R m Fig. 6. Variations of total and delay time with tfa¢gio m for two inductance
values

oS @-M P2 B2+ L T, ac0{1—1j+ M Gin aco{l—ij 7)
U mIl-m) m m m



equals 150 A, in comparison to the main RMS oné thaalue as high as 500 V (with the 650 V-rated IGBT).

equal 180 A.

The total process time is set around 4 us. Assumitigad
time of 2 us, the minimum duty cycle have to be entbran
10 %. According to the three-level topology, thedaty
cycles happen when the voltage reference crossezdio
level. It leads to a severe distortion on the neairrent.

The main IGBT have been rated at 400 A, regardirttye
high crest factor of the RCD load. This type ofddaads to a
factor 3 between the maximum current and the RM&eat
(180 A). Thus two identical legs have been buittclleg has

The UPS have to be able to supply a load withgelarest
factor. Thus the prototype has been tested ovamge lcurrent
range (from O to 600 A). As said before, the oviage
remains on acceptable value at a 600 A-level seitciThe
recovery phenomenon of the auxiliary diode leadsato
negative peak on the resonant curren{s@nd k g).

B. Steady-state operation

With its control board, the prototype is able torkvas an
UPS phase, meaning the rectifier charges the DGbdghe

a 200 A/650 V-rated devices, which are connected aby inverter supplies the load as the grid. Fig. 1théswaveforms
parallel path in order to use litle package, adig to the ©ON the rectifier part, between the converter amdfilter, for

size of the snubber capacitors. The auxiliary sveiscmust be
chosen regarding their maximum current (9). Usuallfactor
from 3 to 5 between the maximum current and theeotr
range is set, depending on the type of semicondiictsed
(diodes or different IGBTs). Here, a 100 A/600 VYech
IGBT has been chosen as auxiliary device. Similatthe
auxiliary diodes are 75 A/1700 V-rated devices (10he
auxiliary resonant pole increases the overall cbshe UPS
by around 10 %.

|Rsi+méJ—Di (8)
2 \Cq

I, =miy 9)

|, =(1-m)a, (10)

V. EXPERIMENTAL RESULTS

A. “One-shot” test

In order to validate the working process of thedified
resonant pole, an experimental prototype has beénhdnd
tested. A “One-shot” bench test has been set ity éask the
switching process. First, Fig. 7 shows the whotecpss (turn-
off and turn-on) of the positive active cell fIDc,) for a
positive current (400 A).

Fig. 8 focuses on the ZVS switching of the inverer the
same cell and for a 500 A current. The resonantientitk s
linearly grows from zero to the main ong before swings
with the voltage Vce and decreases, as descrilfedebe

The detection of the zero voltage is illustrated thg
switching process of the rectifier (Fig. 9). Whéxe tvoltage
across the IGBT crosses the zero level, the sfateogate
voltage begins to swing to its high level. The amuity of the
current in the IGBT (Ic), half the main curreng)(Iproves the
effectiveness of the on state of the IGBT. As actsion, the
voltage shifting of the autotransformer is suffiti¢o balance
both the ON-switch delay of the IGBT and the exbsses in
the auxiliary devices. In Fig. 7, the parasitic omsnce
between the capacitors and the DC bus leakage taue
can be seen. The overvoltage due to this resonemains
under 150 V, so the converter is able to work witBC bus

the nominal load. The positive resonant curregt gl in
black) follows the main one. A zoom at the switchperiod
lets us to see the switching process (Fig. 11). Wéeeforms
of the inverter (Fig. 12) show the issue of theimum duty
cycle, leading to a severe distortion on the caeverurrent

| o
=l agannasnsas [
| Vge
‘ 10V/div
st Vce
100A/div | 100V/div
—
I .
100A/div 2 us/div
Fig. 7: Waveforms of the inverter (4‘00 V, 400 A)
Vce
i 100V/div
o Vge I
TS 10V/div
Is
200A/div
|
T ZOOFﬁdiv 500 ns/div

Fig. 8. Swith ON of the inverter (400 V, 500 A)
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Vge T
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Fig. 9. Waveforms of the rectifier (400 V, 400 A)



(Icom_s in red). This distortion has been visible on dlput

VI. CONCLUSION

voltage Vs (in black). This issue could be addressed by a This work proposes a high efficiency topology fdgh

variable delay control, following the main current.

The measurement of the efficiency will be achiewsd
both electrical and thermal measures. By measutirg
difference between the output and the input eleatpower,
the efficiency may be estimated. Many thermal senbave
been added on the prototype, especially on thesim&aflThe
amount of temperature could be measured. A caildoraif
the thermal properties of the prototype could be&edby
imposing a continuous current in the IGBT and meaaguhe
power needed to obtain the same amount of temperaiu
the heatsink. The losses are directly measured avituite
good precision. The first measures show a halftgoarease
at the nominal load, leading to an efficiency of%6 Other
measures are going to assess more precisely the gai

iCroy|

Veom e
200V/div

-

lcom E

200A/div
g IRe.p
200A/div
2 ms/div
Fig. 10. Steady-state waveforms of the rectifier
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Fig. 12. Steady-state waveforms of the inverter

power UPS. While using a three-level topology, a-tevel
unidirectional resonant pole may be used on battifier and
inverter part. Usual control of the NPC topologys Hzeen
modified to allow the work of the resonant pole.sénple
open-loop control
robustness. A prototype has been carried out atkVZ5 of
nominal power. The concept has been validated éadst
state operation. The measurements have shownftbierefy
up to 96 % for both conversions.
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