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Abstract—This paper introduces a family of power converters ~ ™
for power recycling during the burn-in test of synchronized o | ‘
uninterruptible power supplies (UPS’s) with sinusoidal output ' 3 -
voltage. h

The use of the power recycler to replace the resistor load bank - — o vowrr -
in the UPS’s burn-in test causes great energy savings, and the sz L?l; o * Lo, '(':"‘i}
optimized use of electrical energy contributes in reducing the - — L RECYOLER|—
final cost of the product. ®

The main feature of the new circuits is their ability to draw . ?er?{ 1.
from the UPS and to inject into the utility-grid currents with low S T
total harmonic distortion (THD) and high power factor (PF). N

The new circuits operate at constant frequency and are reg- Fig. 1. Block diagram of proposal in [1] and [2].
ulated by conventional pulse width modulation (PWM) using
dedicated PWM and PF controller integrated circuits developed

for power supplies. F‘
Circuit operation, mathematical analysis, design example, and SYNCHRONIZED X LTy
experimental results for discontinuous current mode (DCM) and o Vx4 ivy ’ o

continuous current mode (CCM) operation are provided in this — )

no

R

Nt

paper.
Index Terms—nverters, power-factor correction, rectifiers, un- T
interruptible power supply. INJECTED
SOURCE l—__J
[— -
[. INTRODUCTION

Fig. 2. Block diagram of proposal in [3].
SUALLY, in burn-in tests of uninterruptible power sup-

plies (UPS’s), the manufacturers use resistors as a load, Xt
which presents large energy losses and contributes in increas- a R
ing the cost of the final product. UTILITY + REGULATING
Methods to feed this energy back into the utility have been o ¢ THANSFORMER VOLTAGE
proposed in recent literature. VUPS =Van ) 0 Van =K Van /—a

In [1] and [2], a technique, which uses power converters,
is presented, and the corresponding block diagram is shown B
in Fig. 1. The inverter bridge of the dc power recycler is "
modulated to impose a sinusoidal output current so that a I&Ww. 3. Equivalent circuit diagram of proposal in [4].
total harmonic distortion (THD) current is injected into the

utility. This technique, therefore, requires an active Contr%Ibtained by using two autotransformers or a controlled voltage

gf t?de acthln\{e\:\tlefrr currint, t\rNrr]:th rrr1neerds _If:lgymplerx rc]:lrcunr hrverter. Fig. 2 illustrates the block diagram for this proposal.
esides, the low-frequency transformers (TR’s) are necessa n [4], the proposal consists of using a regulating trans-

_to adapt the voltages to e”S‘_”e the correct operat|on_ of %?mer and a variable inductance between the UPS under test
inverter, and the bulky capacitorSr must be used to filter

the rectified voltage at the dc link. and the utility grid. This method uses only passive and heavy

L equipment not suitable for automation of the test procedures.
In [3], the quadrature voltage injection is used to transf dquip P

> - ig. 3 shows the equivalent circuit diagram for this case.
power from the UPS to the utility. The injected voltage can beg’]A different techn(?que 5], [6] intend?ad o be used in the

burn-in test of synchronized UPS’s is presented in this paper,
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Fig. 4. Proposed structure of the power recycler for the UPS burn-in test.
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Fig. 5. Power-recycler circuit.
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voltage. The first stage of power processing is an input
rectifier, resulting in a positive 120-Hz rectified voltage. The
second stage is a dc/dc converter. This stage is responsible
for imposing a rectified sinusoidal waveform in its input and
output current. The last stage is a current inverter, which
converts the rectified sinusoidal current from the preceding
stage to a sinusoidal current synchronized with the utility grid.
The current inverter operates at low frequency, changing the
pair of active switches every 120 Hz. As the dc/dc converter
introduces high-frequency current harmonics, it is necessary
to use filters at the input and output of the structure. Fig. 6. The stages of operation in DCM for a half period of the grid voltage.
The isolation between the power recycler and utility grid is

necessary |f_ the UPS is not isolated. In this case, the 'SOIat'&'}ring the switching period since the switching frequency is
can be obtained by using a low-frequency transformer betw fich higher than the grid frequency. In DCM, there are three
the power recycler and grid or by using an isolated dc/ (fages of operation, which are presented in Fig. 6.

converter. . . First Stage {,—t1): At instant¢,, switch S is turned on.
The dc/dc convertgr can operate in discontinuous CUreide D is off, and the switch current increases linearly from
mode (DCM) or continuous current mode (CCM). zero. During this stage, the energy is transferred from the
UPS to the buck-boost inductor through the input rectifier.

lll. DCM ANALYSIS OF THE POWER RECYCLER At instantt;, switch S is turned off, finishing this stage.
In DCM, we have one interesting characteristic. The Defining the UPS voltage
semiconductors’ current peak naturally follows the sinusoidal Vi(6) = Vip sin 6 (1)

waveform of the UPS voltage. So, the power recycler operates
in an open loop, and no active control is necessary to obtaimere
a sinusoidal waveform in the UPS-drained and grid-injected Vip UPS voltage peak.
cu.r'rents. Accordmg to Fig. 4, every de/dc converter can beDuring this interval, the switch and inductor currents are
utilized. To describe the operation of the power recycler, ﬂfﬁ'e same and are qi .
. given in
structure with the buck—boost dc/dc converter was used.

Fig. 5 shows the power-recycler circuit using a buck—boost I(t) =Is(t) = M ¢ )
dc/dc converter. L
Ip(t) =0. 3)
A. Operation Stages Second Stage (—¢;): When switchS is blocked at instant

To analyze the operation stages of the power recycler, ohediodeD assumes the inductor current. So, the energy stored
can consider that the input and output voltages are constamthe inductor is transferred to the output through the current
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Fig. 7. Main waveforms in a half period of the grid voltage.

B. Relevant Analysis Results

IS The most relevant results for DCM are presented hereafter.
/ / Defining
. i ‘ ‘ T, switching period;
D P ‘ t. interval to—t;, where switchS is on;
: \ ‘ \ ta interval t;—t», where diodeD is on;
I ! ty intervalts—t3, where switchS and diodeD are off;
I Ip ‘ ‘ D duty cycle.
M Using (2) and (5), one can obtain
to tl 2 t3 t td — Oétc — aDTS (8)
tc td . th
Ts where
Fig. 8. Main waveforms in a switching period. o= V— (9)
op
inverter. The diode current decreases linearly. At instant ~ 1he condition for DCM operation is
this current reaches zero and the diode blocks, finishing this ty+t. < T (10)
stage. -
The utility voltage is given in The limit for DCM operation imposes a maximum value
for the duty cycle
Vo(#) = Vop sin (4) .
Dmax <—. 11
where S 1ia (11)
Vop utility-voltage peak. The curve representing the maximum duty cycle for DCM
The currents in the diode and the inductor are the sariseplotted in Fig. 9.
during this interval and are given in The average output current can be obtained by integrating
V. sin 0 the output current in the switching period and again in a half
In(t) = Ip(t) = Ip(h) — % + (5) period of the utility grid
— X
where L., = V—Lfoav =207 D7 12)
I,(#) switch-current peak in angle ) - o )
and Using (12), the output characteristic can be expressed in
terms of the normalized output power
Is(t) =0. (6) 7 _ XLP B ra2D? (13)
Third Stage {,—t3): During this stage, switcl' and diode ’ V02p ’ 2
D are off and no energy is transferred: The normalized inductance can be obtained directly from
Is(t) = In(t) = I1(t) = 0. 7) the normalized output power
. . . — P, walD?
Fig. 7 illustrates the most relevant waveforms in a half Xp=gaXe=—5— (14)
op

period of grid voltage (a low-switching frequency was used
for clarity), and in Fig. 8, one can find the main-current Fig. 10 shows the curve of the normalized output power or
waveforms in a switching period. inductance.
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Fig. 10. Normalized output power or inductance.

C. Simplified Design Example

To corroborate the theoretical analysis, a power recycler ¥ltage of the filter, and during most of the conduction time
500 W was designed. The characteristics of the converter &fethe buck-boost switch, this voltage is higher than the UPS

V; =220 Vs (60 H2)
V, =220 Vs (60 H2)

F; =500 W

fs =20 kHz.

In this case, the value aof is

Opom = 1.

Using (11) or Fig. 9, the critical condition is

Dmax S 0.5.

To guarantee DCM operation, we chose

Then, the normalized inductance is obtained using (14)

=

Fig. 10:
X =0.251
v2__
X = P‘Z’XL =

Using the switching frequency,

culated

The input and output filters arBy; = Ly, = 3.4 mH and
Cfi = Cfo =2 /JF.

(2201/2)?

500

D =04

L = 387 uH.

0.251 = 48.59 €2.
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D. Experimental Results

A prototype of the 500-W designed power recycler was
implemented. The circuit is shown in Fig. 11. One can notice
that the position of the buck—boost diode has been changed
only for the buck—boost switch to have the same reference as
switchesSy; and Sys of the current inverter, but it does not
affect the circuit operation. During the experimentation, the
UPS was replaced by an isolating transformer. The switches
are oversized because the main objective was to prove the op-
eration principle of the converter. Fig. 12 shows the obtained
experimental results.

The prototype drained around 572 W from the UPS with a
duty cycle of 0.4. The drained power was higher than design,
but this can be explained. There is a ripple in the capacitor

voltage. So, the current in the buck-boost switch does not
have a perfectly triangular waveform. The resulting average
value of the buck-boost switch current is a little higher and
provokes an increase in the power. The 223:Woltage grid

at the moment of acquisition resulted in an increase of 2.75%
in the drained power [according to (13)]. Some error due
to practical implementation must be considered. The utility
voltage presented a THD of 3.34%. The current injected into
the utility grid presented a THD of 6.7% and an angle-aF,
resulting in an almost unitary power factor (PF).

The recycled power was 483 W, and the obtained efficiency
was 84.4%. The current drained from the UPS also presented
a gquasi-unitary PF with an angle 2.6° and a THD of 4.5%.
Notice that, in Fig. 12, the current injected into the utility grid
was plotted at 180 shifted from the utility voltage because
the power flux is from the converter to the grid.

IV. CCM ANALYSIS OF THE POWER RECYCLER

or Though the DCM operation has the advantage of simplicity
because it operates in an open loop, the semiconductors are
submitted to high-current peaks.

In CCM, a current loop is necessary for obtaining input
and output sinusoidal currents, but the semiconductors’ cur-
rent peak is reduced, and the filtering of the high-frequency
harmonics of the input and output currents becomes easier.
This fact will cause a reduction in the volume of the filters.

the inductance can be cal-pnother important characteristic of this operation mode is

that if a sinusoidal current is imposed in the dc/dc converter
inductor, sinusoidal currents with low THD and high PF are
obtained at the power-recycler input and output.

A. Operation Stages

As the dc/dc converter has an imposed current, the driveThe analysis was done using a buck—boost dc/dc converter.
signals of the switcheSy; /So2 and.Sy3/So4 can have a small In CCM, there are only two operation stages—basically the
superposition near the zero crossing of the grid voltage. Jame as the two first stages of DCM operation, as illustrated
superposition of 40Q:s was used=200 ;s around the zero in Fig. 13. The unique difference is that in CCM, the inductor
crossing). Then, the current inverter is always enabled. Thisrrent does not reach zero every switching period. In this
fact hardly affects the theoretical analysis since, near the zease, the semiconductors have a trapezoidal-current waveform
crossing, the transferred power is low.

instead of a triangular waveform, as shown in Fig. 14.
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B. Control-Loop Analysis

As the input and output voltages are established, the duty

grid.

cycle is defined. Its value is almost constant, and there are
only small variations in the duty cycle to follow the sinusoidal

waveform in the inductor current.
In the buck converter, the output current flows through the
In CCM, to obtain input and output sinusoidal currents in th@ductor. As there is a relationship between the input and
power recycler, it is necessary to impose a sinusoidal curréitPut current, as shown in (15), the resulting output current
in the dc/dc converter inductor. So, using only one currefit @S0 sinusoidal
loop, the power-recycler input and output currents present a
sinusoidal waveform with low THD and high PF.

I, = DI,. (15)
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In the boost converter, the inductor is placed at the input. Tke Simplified Design Example
sinusoidal output current is assured by the relationship of 14 ¢orroborate the theoretical analysis, a power recycler us-

I, =(1-D)I. (16) ing the buck—boost converter was designed and implemented.
Its characteristics are
In the buck—boost converter, by imposing a sinusoidal current V; =220 Vs (60 H2)

in the inductor, the input and output currents will be sinusoidal

due to the following relationships: Vo =220 Vs (60 HZ)

P, =700 W

Lip = DIy, 17) £, =20 kHz.
I,=(1-D)Iy. (18)
For the buck—boost topology, the duty cycle is given in

In the Cuk and sepic converters, the control is implemented v

in the input inductor current, and the output current will be D= . (26)
sinusoidal according to the following relationship: Vit Vo
1-D In this case, the duty cycle resuli3 = 0.5.
I,=—-—I,. (19) The buck-boost inductance is specified according to the
D maximum current ripple as denoted in
For the zeta converter, the control is in the inductor con- V. D
nected to the switch. The relationships are presented in L= ﬁ (27)
Li=D(I+1,) (20) Where
I, = ﬂ I;. (22) Alf nax  Maximum inductor-current ripple;
D fs switching frequency.

To obtain the model of the current loop for the six basic For 5 3A-maximum inductor-current ripple in (27), we
topologies of the power recycler, the state-space averag@ainz, — 2.59 mH.
technique [7] was applied considering the switching period. sing a shunt resistor of 02 andV,,. = 5.2 Vp in (25),
For the buck-converter topology, the transfer function fqhe transfer function results
the inductor current in relation to the duty cycle is given in

Ir(S) 2940
) =5t @2 SN
The compensator presented in [8] is adequate for this current
where loop. It has two poles (one placed at the origin to guarantee a
Viaw average value of the input voltage; small static error) and one zero. The crossing frequency was
L dc/dc converter inductance. adjusted in 4.5 kHz.

The value ofV; varies in a sinusoidal way, and its average )
value was considered for the current-loop compensation. D- Experimental Results
Equation (23) considers the shunt resistor for current sam-The implemented circuit is shown in Fig. 15, and the
pling and the pulse width modulation (PWM) sawtooth voltagexperimental results are presented in Fig. 16.
1.(S) Vi Ren Only the current loop of the UC3854 (PF controller) was

= o (23) used. One can notice that a superposition in the drive signals
Ve($) Sy of the current-inverter switches af200 ;s around the zero
where crossing of the grid voltage was used. The input and output
V.(S) error amplifier output voltage; filters wereC'y; = Cy, = 1 pF andLy; = Ly, = 6.4 mH.
R.;,  shunt resistor; The grid voltage presented a THD of 3.5% and 226V The
V,se PWM sawtooth voltage, peak—peak. UPS-drained current presented a THD of 9.5%—an angle of

+3.3 with 715 W. The grid-injected current presented a THD

Using the same method for the boost converter topologa/f 8.6% and an angle o£6.5 with 636 W. The resulting

one obtains L
efficiency was around 89%.
IL(S) Vo Rsh
=== (24)
Ve(S) Sly,.. V. EXTENSION TO OTHER TOPOLOGIES
where One can extend this technique to the six basic dc/dc con-
V.aw  average value of the output voltage. verters, as shown in Fig. 17. If the possible isolated dc/dc
For the topologies using the buck—boost, Cuk, sepic, aR@nverter or other variations were used, many other topologies
zeta converters, the transfer function results can be obtained. _ _ _ _
It is important to notice that if the diodes of the switches
1605) _ Viw, + Vo, ) Bon (25) of the current inverter are fast, the diode of the dc/dc

Ve(S) SLy,,, ' converter can be omitted without affecting the operation of
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Fig. 17. The six basic topologies of the power recycler for synchronized UPS.

the power recycler in the case of the topologies using theAnother way to reduce the current peak through the semi-
boost, buck—boost, or sepic converters. However, if the diodesnductors of DCM is to utilize the interleaving technique: two
are not fast, the presence of diodleis obligatory. dc/dc converters operating in DCM and shifted at %,88ach
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st Dol Mathematical analysis, design procedure, and experimental
R results for DCM and CCM operation are provided in this paper.
As the power recycler is connected to the utility grid, line
P disturbances, such as sags and surges, may affect its operation.
So, some protection must be implemented to avoid these
situations. The influence of the utility-grid frequency change is
small since the UPS is synchronized, and the utility frequency

L1

12 variation is very reduced.
S2 Do2
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