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Abstract — A high performance single phase offline UPS with
reduced switching time is proposed in the presentgper. The

proposed UPS can protect loads from supply outageyvervoltage

and undervoltage. A bidirectional DC-DC converter tikes part of

the presented model, in order to reduce the systesize. Thus, the
converter has the capability to charge the batteryand to keep a
regulated voltage for the inverter’s DC-link. In order to provide

a regulated output voltage for any type of load, #WM (Pulse-

Width Modulation) inverter with a multi-loop contro | strategy,

using capacitor current as feedback variable, is ab developed.
By using the sliding window method, to detect longeriod voltage

disturbances in real time, the switching time betwen mains and

UPS can be significantly reduced. Moreover, simulan and

practical results in different mains conditions areanalyzed.

Keywords— Uninterruptible Power Supply; Static UPS;
Bidirectional DC-DC Converter; Sliding Window Technique.

l. INTRODUCTION

Offline Uninterruptible Power Supply (UPS) are fairksed
nowadays, mostly for low power and low cost applaragi[1].
This topology is able to protect loads from long penpodver
disturbances, such as power failure, overvoltage,
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1. PROPOSEDUPSCIRCUIT

The proposed Offline UPS is able to protect loads from
power failure, overvoltage, and undervoltage. This modsl h
two modes of operation — normal and backup. In normal mode,
the voltage from the main supply is found regulatedughdo
directly power the loads while, in backup mode, when a long
period disturbance affects the main supply, the UPS becomes
the voltage source of the loads. The transitions betetn
modes of operation are carried out softly and synchrdnize
reduce undesirable voltage transients. The switching time
during power outages is fairly improved due the recurrence
sliding window technique to calculate in real time tiodtage
RMS (Root Mean Square) value. Another characteristtbisf
model is a pure sinusoidal output voltage, protectinfgmift
types of load rather than DC devices only.

The schematic of the proposed UPS is presented in Figure
1. It consists of a battery bank,(;;), a bidirectional DC-DC
converter §; ands,), an inverter §; toSg) and a static bypass
switch Q, and@,). As it is common in most UPS system, this
model is supposed to use a lead-acid battery as thrgyene

anstorage element. The bidirectional DC-DC converter isiew

undervoltage. This is explained by the switching time froent on the UPS systems and has been applied in [3]. In the
main supply that usually takes one quarter to half of @ griproposed system, this module has the responsibility tb dea
cycle, which makes this topology being recommended taith conversions of DC voltage levels between the batad

protect less sensitive loads [2]. Such loads are yndstlices
working with DC (Direct Current), i.e. personal compsteand
for that reason it is common to find Offline UPS present

square or a semi-sinusoidal waveform output voltage. Bygdo
this simple modification, companies can significantly reduc

the equipment’s cost once it simplifies the inverterdate.
Besides simplifying its involved control, it also redudhe
concerns about the power semiconductors.

At a first glance, powering a DC device with a non-

sinusoidal waveform seems to be a good practice, bfacin
these devices are projected to work with a pure sidako

inverter. The single phase inverter generates the PWidgPu
Width Modulation) output voltage. Finally, the static bypas
switch, when is active, connects the loads to the sugiply.

o
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voltage. The actual power quality standards enforce loads
connected to the grid to have a low THD (Total Harmonic
Distortion) input current. Thus, recent DC devices on the
market usually have any PFC (Power Factor Correctimoiit

or some type of filter at its main entrance. The gmes of such
circuits reveals how important it is to maintain a itz
sinusoidal supply voltage otherwise it may lead to devic
malfunction.

Figure 1. Schematic circuit of the proposed UPS.

For a better understanding of the UPS function, the two
different modes of operation are explained next:
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1) Normal Mode The loads are powered by the main circuit known as buck converter. The conversion ratio can be
power supply ;) through the bypass switci9,andQ,) and  obtained by (2).
the battery bank can be charged at this time. In case of
charging, the inverter is used as a rectifier whike t
bidirectional DC-DC converter steps down the voltage from

the C,, capacitor to charge the battery bank. The UPS stays at agq it can be concluded, this bidirectional configuration

this mode as long as the supply voltage remains in presgfiows the reduction of passive components (capacitor and
values. inductor) which would be needed for booth converters
2) Backup ModeThe energy comes from the battery bankseparately.

and the bidirectional converter is controlled to work eest
. . B. Inverter
converter supplying the DC voltage needed by the inverter to i )
feed the loads. The output filter, composed withinductor tThe single phatlsg PWIE/' mvegerT%f trt'e prloposed _tUrF:S
and(C, capacitor, keeps a sinusoidal voltage over the loadgYSieM 1S presented 1n ‘Figure -o. € wo 1egs switches

) . . , odulate the sinusoidal output voltage and a LC filter
reducing the harmonics generated by the inverter's PWMyon ates  undesirable  harmonics. Different methods  to

commutation. This mode ends when the battery is completeycyate the filter elements have been proposediisiptoject,

discharged or the main supply is back again in requireg will be used the method proposedAyDavid et a[4].
conditions.

S
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Il.  SYSTEM DESCRIPTION

A. Bidirectional DC-DC converter

In this UPS system the bidirectional DC-DC converter can
either operate as a buck converter, charging the batteas a
boost converter to feed the inverter's DC link. Thene, the
energy can flow in two opposite directions as it is stebun
Figure 2.

a)
D;
Tpatt Lo o l* Figure 3. Inverter module circuit.
T Vac . o . . .
+ e Initially it is calculated the inductor value using @hich
52_| depends its maximum current rip@g ..., input DC voltage
_ k V4, output peak voItagE,peak, and switching PWM frequency
fsw-

Figure 2. Bidireccional DC-DC converter modes: a) Boost coreramode;
b) Battery Charger Mode

_ 1 (Vdc - Vapeak) ' Vopeak)
S 2-f_ -AiQ Vv,

In the first case (Figure 2-a)), controlliig switch with a swoTTmert o e ,
constant duty cycl®, theLg, inductor will store the current _ Then the capacitor value is iteratively calculated using
from the battery, during,, period. For the release tirffig;, expressions (4), (5) and (6)' The first condition asseasthe
the same current will follow the path throuBhto be stored in glétl;)?/\f/f Iﬁggegfzx{téﬂﬁ] f'ltﬁgﬂaewgs}s(f;e ?:tolre?r?; nggr?ge
C4. capacitor. At a certain period of time, the capacititage AT g requency. :
becomes higher than battery voltage, if a correct dytje is condition it is necessary the switching frequengy ) to be at
chosen. This configuration, known as boost converter, Heas tleast one decade above of the fundamental output frequency

L,

®)

conversion ratio done by (1) (fo)-
v i f=r @
i on e — 4
—=1-0D, D=—r—7— (1 ¢ [
Vo Tan+Toff ( ) 271' LOCO
For the case presented in Figure 2-b), if a constant duty Aijmax
cycle control is applied afy switch, a similar process will take Comns = 16-f_ - Av, ®)
place. Here, durind,, period, the current coming frofy, sw max
capacitor will charge the battery and will be stored.jp 100

inductor. But, durind’, s, period, only the current stored in the
inductor will charge the battery, through diode. Thus, the
output voltage expected will be smaller thgp, making this

C‘Jminz = (zn-fo)z . Lo (6)
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IV. CONTROLLERDESIGN sample the RMS value is recalculated, giving itsatam in

real time [8]. Figure 6 shows a representation of thisquhoe.
A. Battery Charger/Boost Converter Control Strategy [8]. Fig P

The control strategy for the proposed converter is ptede
in Figure 4. It consists in a closed-loop control systéth a Pl
compensator to maintain the output voltage regulated. The Vems =
control can be applied for both boost converter mode and
battery charger mode. Tl&s) represents the transfer function
of the circuit in Laplace domain.

For a faster response, the RMS value is calculateal tauff
wave, since this value is the same as for a full sidasevave.
If the calculated voltage crosses the preset uppeiowerl
Vac,or PI G(s) > Vacour boundaries it is considered that a disturbance is affettiag

+K_ main supply and an enable signal activates the compaador
the inverter begins feeding the loads.

Sampling Arra)
Figure 4. Control strategy applied to the bidirectional DC-Daheerter. T Dﬂ]]]%]]%]jﬂ(?y

be considered. Figure 5 shows a diagram of the developed \/

model. For synchronized transitions between main supply and

UPS a PLL (Phase-Locked Loop) circuit was add to generaterigure 6. Representative schematic of sliding window technigged to
the referencei, f) of the inverter control. Also, a disturbance calculate the RMS value.

detection block was introduced to enable the comparator PWM
generator.

B. Inverter Control Strategy
To control the inverter module different approaches must

~VY

V. SIMULATION RESULTS

Computer simulations were carried out using PSIM

Inverter Lo software in order to verify the proposed UPS systespanse.
Defined parameters during simulations are describethbie

Cye = ‘\

TABLE I. DEFINED UPSPARAMETERS USED DURING SIMULATIONS
RESULTS
Parameter Value
R AC Supply Voltage i) 115 Vrms (50 Hz)
-
v Battery Bank VoltageH, ;) 96 vV
(%

¢ DC Link Voltage ¥,.) 200 V
Distubance Switching Frequencies(,) 20 kHz

Detector Output Inductork,) 220puH

Figure 5. Inverter control strategy. Output Capacitord,) 10uF

) DC Link Capacitor €.) 500pF

In order to supply the loads with low THD voltage, the -

inverter is controlled with a multi-loop control syste The DC Link Inductor {qc) 330uH

robustness of this control strategy has been proved] iani
[7] and it is characterized by using, in the internaiplothe
current of one of the output filter elements. For tlaisecit was
chosen capacitor current since it is the element itartsfthe
output voltage. Also, it was applied a PID (Proportipnal
Integral and Derivative) compensator at this subsydstana
better response while, on the outside loop, a single Riopak
compensator was added to generate the capacitor curr
reference.

In the first case it was tried out a transition frommakr mode
to backup mode during a power outage in the presence of a
diode rectifier as the nonlinear load. Simulation restdis be
visualized in Figure 7. To get the maximum delay toh&PS
entrance, the outage occurs at zero voltage point whitheis
worst case for the sliding window RMS calculation. This

ppens because the next lower voltage values acquiesd aff
less the RMS equation and the disturbance detectibtekd a

To detect long period voltage disturbances on the mailonger time. As shown in Figure 7, the main supply fail80
supply is proposed RMS value calculation using slidingms and the UPS begins feeding the load after 3,4 ms waich i
window technique. This technique is implemented inless than a quarter of the grid cycle. If the supplytfappened
discrete-time domain by sampling the voltage and storingt the peak of the voltage the UPS response could be eve
samples in an array until it gets full. The value is therfaster. In the same figure can also be seen that the énvert
determined by using (7). After that, for each new acquiregontrol has a good response supplying nonlinear loads.
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10 4 Figure 9. Simulation results during an undervoltage occureetcd80 ms: a)
T 0 Main supply voltagey;); b) Load Voltage1,).
=109 Similar simulation was carried out in the occurrence of
20 1 undervoltage event. Results are illustrated in Figurecaritbe
-30 seen that the system takes the same actuation tirtteefeame
0.06 00 - 0.10 012 reason of the previous simulation.

Figure 7. Simulation results in the presence of a nonlinead [during a
power outage at 80ms: a) Main supply voltagg;if) Load voltaged,); c)

Backup Mode

Normal Mode
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Figure 8 presents the simulation results in occurrene of 100 1
overvoltage. The event occurs at 80 ms and the UPS ditect: < 501
around 4 ms after. The transition only happens at zetageol = _ |
crossing due the uncontrolled turn-off characteristicthef ® 100
thyristorized switch. 150 4
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Figure 10.Simulation results in the presence of a RL loadrduthe return of
main supply at 55 ms: a) Main supply voltagg);(b) Load voltage,); Load

Figure 8. Simulation results during an overvoltage occurreatc& ms: a)
current {,).

Main supply voltagei;); b) Load Voltage1,).
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Finally, simulations were performed in order to analyze the Similar to the previous simulations, an undervoltage
transition from backup to normal modes of operation,nimga  disturbance was under experiment at this time. The results can
the return of the main supply,{ to its nominal values. Figure be found in Figure 12, where CH1 and CH2 are the load and

10 presents the obtained results. Looking to Figure)l@hb

mains voltages, respectively. Taking a look to the nmai

UPS inverter is normally powering a RL load until the mainsvoltage (CH2), it suffers a gradual decrease on itpliaude

return at 55 ms, 90° ahead of the load voltage phase.thadm
moment, the PLL initiates synchronization and takes abaut t
cycles (at 85 ms) to load voltage get in phase with mhirtke

value over time. In CH1, it can be visualized that thad|
supply initially comes directly from the mains. Righteafthe
control detects that this voltage is above the presptiresl

developed algorithm the switching process only happens aftgalue, the inverter is enabled, but only starts aftenéhe zero
synchronization is achieved and for the next voltage zercerossing point, when the Triacs turned off. In thisecebe

crossing point. The transition point is displayed by eove
mark in the same figure.

VI. EXPERIMENTAL RESULTS

For the UPS discussed so far, part of its system has be
implemented in laboratory, in order to prove its reliapiti
protect the loads. Thus, it has been built an inverteoiyyu,
since it is the module responsible to directly supply tiaeldo
The applied control at this part was a single loopesyswith a
proportional compensator. A static bypass switch, compose
with a Triac semiconductor, was also added to the module :
allow the transitions between both UPS modes of operatio
The main control of this simple configuration was impleradnt
in a dsP1C30f2010 microcontroller (Microchip). The ldsde,
used in the following results, was a resistive one. Inlerdl
can be found listed all the parameters and elemeatsinghe
developed prototype.

TABLE Il DEFINED UPSPARAMETERS USED DURING EXPERIMENTAL

RESULTS

Parameter Value
AC Supply Voltage ;) 24 Vrms (50 Hz)
DC Link Voltage ¥,.) 60V
Switching Frequencies(,) 20 kHz
Output Inductor k,) 220pH
Output Capacitor(,) 10 uF
Mosfet BUK453-100B
Thysristor BT152-400R

Figure 11 presents the experimental results during a pow
outage occurrence. As it can be seen, the applied coales
about 2,5ms for disturbance detection and
initialization. It can also be noticed that when the iterer
begins to supply the load, it is done completely syncheahiz
as a consequence of the applied PLL.

CHI et -

Figure 11.Experimental results of the load voltage underagmutage.
(10ms/Div — 10V/Div)
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invertecis

UPS commutes from normal to backup operation mode. The
precise instant of the switching action is signed withaerow
mark on CH1 waveform, where can be noticed a small
transient. Analogous results were obtained during experiinenta
of overvoltage disturbance.

M

CH1

Figure 12.Experimental results during an overvoltage, with Gkt load
voltage and CH2 the mains voltage. The arrow maticates the switching
occurrence. (25ms/Div — 20V/Div).

The last experiment, showed in Figure 13, was carried out
in order to prove the UPS transition between backup timalo
operation mode. From the same figure, CH1 and CH2 represent
both load and mains voltage, respectively. In CH1, thertay
is feeding the load while the mainsvoltage is out ofise.
When the mains voltage returns (90° delayed), the PLL’'s
inverter is initialized to get the synchronization afteee grid
cycles. On the developed algorithm, the load is thensetetn
the mains supply on the fifth cycle and on zero crossingt poi
for safety reasons (arrow mark). It can be notice the
interference on the mains voltage (CH2), caused by thetémve
switching frequency before being disabled.

CH1

Figure 13.Experimental results duringthe return of the maivith CH1 the
load voltage and CH2 the mains voltage. The arrovkrimaicates the
switching occurrence. (25 ms/Div — 20V/Div)

CONCLUSION

A high performance Offline UPS with reduced switching
time has been proposed. The inverter control strategyglurin
simulations has shown an improved steady-state response even
in presence of nonlinear loads. A reduced switching tirae
achieved by using the sliding window RMS calculation to
detect disturbances on the main supply. The bidirectiogal D
DC converter has also shown to be a good compromise in order



to reduce the system size. Furthermore, a simplifietbiyme (3]
of the UPS’s inverter has been built in order to get
experimental results of the system capability to prdosads. n
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