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Abstract—This paper presents a simplified sinusoidal unin- cost and low reliability. In this paper, a novel scheme of an un-
terruptible power supply (UPS) system. The proposed scheme interruptible power supply system based on two power conver-
includes features such as high power factor, low total harmonic sion stages is presented. The proposed configuration has low

distortion and good dynamic response at the ac output voltage. . . i . ; .
In addition, the scheme has the desirable characteristics of high weight, high efficiency and low cost. Besides, it exhibits close

efficiency, simple circuit and low cost compared with a traditional  Unity power factor.
standalone multiple stages UPS with power factor correction.
The paper also presents the circuit operation, the analysis and,
experimental results of the proposed UPS scheme. The proposed IIl. PROPOSEDSYSTEM

UPS approach is a good solution in low power applications{500 Fig. 2 shows the proposed UPS, which is based on two power
W) conversion stages. The UPS offers excellent features, such as:
Index Terms—Batter chargers, boostinverters, power factor cor- - simple structure, high power factor, low total harmonic distor-
rection, uninterruptible power systems, variable structure systems. iqn (THD), fast dynamic response at the output voltage, high

efficiency and low cost. These features make it a better solution
l. INTRODUCTION than the classical approach.
. . The first stage of the proposed UPS consists of an integrated
T N ADD an gxternal .UPS is the 'trad|t|o.na| _approach used H%\ttery charger, which was introduced in [1]. This topology uses
provide unlnterrupnble powerin applications su_ch as pegfﬂyback converter in order to provide high power factor, battery
sonal computers, medical equipment, telecomml_m_|cat|oq S¥ )arging, and high frequency isolation between both the main
tems’ control systems, etc. Or_1 the other hand, it is desiral ﬁut (utility line) and the battery set to the load. This structure
to include power factor cor_re_cnon (PFC) because of the We€Hoes the functions of battery charging and power factor correc-
knovyn adva}ntages that .th's Improve ment represents; besi by using just one magnetic structure, reducing costs and ac-
the mternaﬂoqal regulgtlo_ng make it mandatory. However, Hbmplishing high reliability and simplicity of the converter. The
order to get this capacn_y Mt IS hecessary to add_ an_extra po\'ﬂ%ﬁack converter can be operated either in discontinuous con-
stage as can be seen in F|g. L1n some applications, a sigiiztion mode (DCM) or continuous conduction mode (CCM).
soidal output voltage is required, and in those cases, the POY¥She converter works in DCM the control circuit is simpler.

inverter stage is implemented based on the fuII-bridgg buck ilqbwever, the use of the DCM flyback converter makes the pro-
verter (FB-BI). In t.hese converters, the outpgt voltage is alwa}ﬁ?jsed scheme just suitable for low power applications.

lower than the dc input voltage; therefore, it is necessary to addThe second stage of the UPS is an inverter topology that fea-
an extra stage or a transformer to adequate its input voltage. s oty boosting and inverting functions. This topology was

(Fig. 1.)' N _previously introduced in [2]. The boost dc-ac converter, referred
As it can be obseryed n Fig. 1, the UPS SCh?”_‘e consﬁ} oost inverterfeatures an excellent property; it naturally gen-
of four power conversion stages, resulting poor efficiency, hi ates an ac output voltage that can be lower or larger than the dc

input voltage, depending on the duty cycle [2]-[4]. This prop-

" o ved June 23 1998: revised N ber 14. 2001 Thi erty is not found in the classical voltage source inverter, which
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Fig. 1. Traditional uninterruptible power supply system with active PFC.
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Fig. 2. Proposed uninterruptible power supply system: (a) block diagram and (b) circuit diagram.

Live Filter VoCBUS mode and the charging operation mode. At the same time, it

s ™
PN | D Do controls the battery charging current. In addition, the switch
»t T — .
. ()3 protects the battery from high current levels that overpass
x Y 1 e

Vac Li])l>Ls 7= 48v  the specifications of the battery manufacturer.
~, o N The PFC-battery charger can operates either in DCM or
J x 3 CCM. If the converter is operated in CCM an extra loop,
to control the converter input current, must be added. This

complicates the control strategy and increases the cost; besides,
another controller need be used for the backup operation mode.
If the converter operates in DCM, only one loop is needed to
control the output voltage, and the same controller can be used
in normal and backup mode; based on this, the converter was
tested in DCM.
Fig. 3. Integrated battery charger topology as input stage of the proposed UPSi normal and charging operation modes, the equivalent
circuit of the integrated battery charger topology is a flyback
when the converter operates in the backup operation modenverter in DCM. Therefore, it behaves (in natural way) as a
The main converteri{(s¢, L1 and(@,) operates when the mainlinear load to the utility line [5]. In the backup operation mode
utility line is working properly, whereas the backup convertghe equivalent circuit is a well-known dc-dc flyback converter.
(Veat, L2 and@,) operates when the principal energy supplin this operation mode, as the battery voltage is low, the peak
fails. The switch(@; selects between the normal operatioand average currents are higher than these ones in normal and
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Fig. 5. Logic circuit that determines the operation modes of the PFC-batten
charger.

charging operation mode. Therefore, we must be careful whili
selecting the battery voltage and the semiconductor devices.
The system includes a logic circuit that determines the gat:
signals for the PFC-battery charger power switches. This cor
trol circuit gives the}, , 2, ands gate signals according the
battery and the utility line conditions. The logic circuit was ob- : . CF
tained by using the Karnough maps shown in Fig. 4. The resul o P
tant circuit is shown in Fig. 5. L

[N RN

A. Some Experimental Results 2) Input current .
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An experimental prototype was designed and built. The
specifications were as followoutput power = 200 W, Fig. 7. Inputvoltage and current waveforms in charging operation mode (1-
input voltage = 120 Vr11157 Vear = 48 V, and Vpcegus 100 Vidiv, 2- 4 Aldiv).
= 48 V. The converter was implemented in DCM using mixed
devices (MOSFEFIGBT) as power switches in order toconverters and the load is connected differentially across them
increase the efficiency. (Fig. 8). These converters produce a dc-biased sinusoidal

The experimental input voltage and current waveforms imaveform; i.e., each converter produces a unipolar voltage. The
normal operation mode are shown in Fig. 6. As can be seen, thedulation of each converter is 186ut of phase with respect
voltage and current waveforms are in phase. Therefore, a cl@sehe other, which maximizes the voltage excursion over the
to one power factor and low THD were obtained. load (Fig. 9) [3], [4].

The converter was tested in charging operation mode too. Theror optimizing the boost inverter dynamics, while ensuring
experimental input voltage and current waveforms are shownderrect operation in any operative condition, the sliding mode
Fig. 7 during this operation mode. As we can see in this figureontroller is one of the most suitable approaches. The main ad-
the input current waveform has a dead time around crossivgntage over the classical control schemes is its robustness for
zero. This effect is due to the relatively high battery voltage [6plant parameter variations and invariant steady state responses
causing a reduction of the power factor and a higher THD thamthe ideal case.
those ones in the normal operation mode. However, a higher
VeaT Voltage means higher efficiency in the backup operatigg Analysis of the Boost Inverter

mode. . . -
The converter is analyzed using the sliding mode control

strategy. To do this the converter is modeled as two dc/dc boost

converters, but one is considered as an ideal sinusoidal voltage
The boost inverter achieves dc—ac conversion as followsource. On the other hand, there are two possible positions of

the power stage consists of two current bidirectional bodste switch 1 and 1). Taken into account these considerations,

IV. BOOSTINVERTER STAGE
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Fig. 8. Boost inverter with sliding mode control. 9 P

i) The sliding surface.

Va (volts) The sliding surface proposed is a lineal combination of
the state variables and the reference variables, that is
200
160 c=8SX - 8SX, = SeX 3)
120 where
80 S={[s; s2], X = Statevariables

40 X, = Reference variables eX = [ez; exy]”.

L A R O A O I .

0.01 0.02 003 t(sed) The control law proposed is
A Vb (volts) U= Ueq + UN (4)

where
Ueq = EqQuivalent contral wuy = —sgno.
This control law is composed of two terms, the first one

807 Vo M is only valid in the sliding surfacu.,, ) and the other one
407 assures the existence of a sliding mode.
LB i) Existence of a sliding mode.
oot om 003 the®) Existence of a sliding mode implies that the following
Fig. 9. Output voltage for each dc—dc converter. condition is fulfilled [7]:
oo < 0. (5)
the simplified circuit of the boost inverter is the shown in Solving for&

Fig. 10. The system equations in matrix form are: P [AX + BXue +C — Xr:| +SBXuy.  (6)

) Therefore
T1| 0 —wo/2 | | 21 .
B | |wo/2  —wy T o6 = SBX[—osgno| < 0. (7)
0 wo/2] [ x1 b This equation can be obtained by using the equivalent
+ —wo/2 0 o tle @ control, that is
X =AX +BXu+C (2) Ueq = —[SBX]}[SAX 4 SC - SX,]. (8)
In order to guarantee the existence conditions of a sliding
where mode, the following inequality must be fulfilled:
1 1 SBX >0 9)
w1 =IVL, @ =V./C, W= T WL T Re Or
. Vi v s1%2 — Sy > 0. (10)
VI “= RVC In order to assure the existence conditiosismust be

positive (due taz, is always positive) and greater than
Many papers have presented a guide for designing the sliding  the absolute value of,.

mode control [7]-{11]. In brief, the design steps could be sum- i) Stability analysis in the sliding surface.

marized as follows: Atool developed to describe the movement in the sliding
1) propose the sliding surface; surface is the equivalent control [12]. The equivalent con-
2) verify the existence of a sliding mode trol is applied whenr = 0, hences = 0. These condi-

3) analyze the stability in the sliding surface. tions imply that the system is in the sliding surface.
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The equivalent controfu.q) is given by the (8) [12]. lf\'/_{!l/_\

In this, the conditionSBX # 0 must be satisfied to L : PN : I/

avoid singularities in the equivalent control. The equiv- | & N TR R
alent control must be substituted in the model of the 4.} /_;//
S S . Aol

system and the stability analysis must be made under
this condition. For the system, we are dealing with the . :
stability analysis, which is complicated due to the non- | <,/ = I :
linear systems that result. Some methodologies could be e
applied (Liapunov-like methods, for instance) but that A : : ' - ¥ :
analysis is beyond the purpose of the present work.

[ Y il

C

B. Design Example

The design of the boost inverter is made considering thatthe £ - . .. 1. 0]
. . . . L. ) Output'voltage X N : . . : 7
switching frequency( f;) is higher than 60 Hz and a resistive 4) Output current; ST ; ; ; C ]
Ioadisused.TheparametersusedBJe:200W,f5mx: | AT NS AT AT AN ET I IS AATININ VAT ITATS ST ATATrE I AT NI A O
30 kHz, Vi, = 48 V, V, = 120 V.. The implementation is _ o . )
based on the maximum ripple desired in the inductor curre?_?;,; Ed )Output voltage and current for resistive load operation (3—100 V/div,
V).
and capacitor voltage.
First, the dc component of the capacitor voltadg. ) is cal- - . X ,
culated [4] '_.-..,....|1L|..|....|....] ....1...’.|....|;..y|:...j
: ; VN NS : N,
Vop SUUEUUNS A VENUEURNE 3 SRS
Vie 2 5~ + Vi (11) Y A U ¥ A

where:V,, = Peak output voltage: 170 V.

Using (11), V. results 133 V. In order to avoid a “trimed”
output voltage V. is chosen 150 V. The maximum capacitor
voltage and inductor current is determined by [4]

Vop

Voor = Vac = 12)
2Dma.x - G/ (1 - Dmax) ‘/in
I = n . 13
Lonax (1= Do ? I (13)
where 3) Output voit

utput voitage . T . . : : R
Vi ; 2(Vac — Vin) Houputcarent: F o]
DmaX:l_mv Gnl:T' WITITETN W ATITEUE ISR ATATE AW ST AU AT SEW WA ANAT R TSP AT E WA

Solving, Dy,ax = 0.8, chax =235V, andIme =125A Fig. 12. Output voltage and current waveforms for nonlinear load operation
The inductance and capacitance are calculated with a 20% &hd00 V/div, 4- 4 A/div).

1.5% of ripple, respectively

[ — _ ten Vi (14) C. Some Experimental Results
0.21y,

max

o An experimental prototype was designed and built. The spec-
C= ooty Lo (15) ifications wereP, = 200 W, Vi, = 48 V, andV, = 120 Vps.
’ The experimental output voltage and current waveforms under

. _ 4
where:, = Peak output current 2.35 A, resistive load are shown in Fig. 11. As we can see, the voltage

As thg switching bounder Fechnlque useq IS maintaining ”H%s negligible distortion. The experimental output voltage and
turn on time constant [13},,,, is calculated with

current waveforms under nonlinear load are shown in Fig. 12.

ton = % (16) Aswe can see, the voltage has a small distortion.
Then,t,, =~ 28 11S. Substituting (16) in (14) and (15), the
inductance and capacitance drex 530 uH andC' ~ 22 uF. V. OVERALL SYSTEM PERFORMANCE

To calculate the controller parameters is necessary to found the
boundary of the existence of the sliding mode, determined by The complete system was tested under different operation

s = S271p 17) conditions:
Zapr 1) the performance of the converter in normal and charging
where:x p = I, VL,zop = V.. /C. conditions is addressed;
Using (17) and choses, equal to one, it gets; ~ 0.26; 2) the performance under load variations;

in order to assure the sliding mode, the parametenust be 3) the operation under nonlinear load;
higher than 0.26. Therefore; equal one is chosen. 4) the operation when the utility line fails.
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Fig. 14. System evolution when changes from normal to charging mode 9
(1-5 A/div, 2-50 V/div, 3—100 V/div, 4-5 A/div).

A. Normal and Charging Operation Mode O SR
The efficiency in normal mode is shown in Fig. 13. The max- 5 —
imum input current THD obtained was 6.5%, the maximurmig. 16. System evolution under non linear load. (1-2 A/div, 2-50 V/div,
output voltage THD was 1.5%, and the PF was 0.98. 3-200 V/div, 4-5 A/div).
Fig. 14 shows the system response when the PFC-battery
charger changes from normal to charging operation mode. This Nonlinear Load
figure shows the input current, the bulky capacitor voltage The complete system was also tested under nonlinear load
(output voltage of the battery charger), and the output voltaggnditions. The input current, bulky capacitor voltage, and
and current waveforms. As can be observed, the input curreiitput voltage and current waveforms are shown in Fig. 16. An
increases because of the battery is being charged. In chargifgall distortion appears at the output voltage when the current
mode the maximum input current THD was 21%, and the Rficreases suddenly. The THD of the output voltage is 4.5%.

was 0.91. Also, a small distortion is “reflected” to the input current, this
o is because the bulky capacitor is discharged when the load
B. Load Variation demands current. The THD of the input current under this

In order to verify the fastness of the system a load varigondition is 20%. The THD could be reduced by increasing
tion was made. The load variation was from 100 W to 20de bulk capacitor value, or reducing the bandwidth of the
W and viceversa. The input current, bulky capacitor voltag&FC-battery charger control loop.

(output voltage of the battery charger), and output voltage and
current waveforms are shown in Fig. 15. Fast response at e Outage Test

output voltage is obtained due to the excellent performance ofThe system was tested under failing and restablishing the
the sliding mode control. As can be seen, the bulky capacitatility line. Fig. 17 shows the input current, outage detector, and
voltage falls lightly; despite this, the output voltage keeps cothe output voltage and current waveforms when the utility line

stant. A relative slow response is observed at the input currefiai]s. At the outage time, the PFC-battery charger changes from
this is because a reduced bandwidth is needed to correct tioemal to backup operation inmediatly. As can be seen, the
power factor. output voltage keeps regulated without interruptions. Fig. 18
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offers a simple way for controling battery charging as well as
the PFC characteristics in the converter.

On the other hand, for the inverter stage, a recently proposed

inverter is used [2]. The inverter stage is based on dc-dc boost
converters obtaining a topology that features inverting and
boosting functions at the same. In order to get a good dynamic
response a sliding mode control is used to improve these
characteristics.

Besides the high efficiency obtained in the proposed UPS, an

(1]

Fig. 17. System evolution under an outage test (1-4 A/div, 2-20 V/div, [2]

3-100 V/div, 4-4 A/div).
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(7]

(8]
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Fig. 18. System evolution when the utility line is reestablished (1-4 A/div,[11]

2-20 V/div, 3-100 V/div, 4—-4 A/div).

[12]

shows the system response when the outage ends, that |
when the utility line is reestablished. As can be seen, the ouput
voltage keeps regulated without transient by the transition in
the input voltage. The input current, outage detector, and the
output voltage and current waveforms are shown in Fig. 18

when the utility line is reestablished.

VI. CONCLUSION

At present days, it is very important to achieve high effi
ciency, low cost, and high reliability in UPS designs, and at tt
same time to fulfill the power quality standards (concerning tt
characteristics of power factor and total harmonic distortion c
the input current). This paper presents a novel approach in or
to meet these objectives. The design is based on the reduc

additional benefit to the previously mentioned approaches has
been obtained: a good dynamic response of the output voltage
and high power factor at the input.
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