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Abstract-This paper describes the active power flow
behavior of a three-phase line-interactive uninterruptible
power supply system with series-parallel active power-line
conditioning capabilities. The control algorithm uses
synchronous reference frame (SRF)-based controller, which
allows an effective harmonic and reactive power
compensation, generated from any configuration of non-linear
load. The control of the active power flow in the dc-bus of the
UPS is obtained through an additional voltage dc-bus
controller. Under normal line conditions, the UPS system
works with universal filtering capabilities, such as,
compensating the input currents and the output voltages. Two
pulse width modulation (PWM) converters are used to
perform the series and parallel active power-line conditioning.
The active power flow control of the UPS system is discussed
taking into account battery charging and undesired
conditions, such as, input voltage unbalances, total harmonic
distortion of the load currents and displacement factor
(cos¢;). The control algorithm using SRF method are
described and analytically studied. The performance of the
UPS system is evaluated in three-phase, three-wire system.
Experimental results are presented to confirm the theoretical
studies.
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|. INTRODUCTION

The large use of non-linear loads, such as, personal
computers, uninterruptible power supplies (UPS's), etc.,
have increased in the last years, causing problems on the
power supply systems. The harmonic currents drawn by
non-linear loads from utility have contributed to reduce the
power factor and to increase the total harmonic distortion
(THD) in the utility input voltages. Thus, UPS systems
must use any active power-line compensating method to
improve the power source quality when it is providing
clean and uninterruptible power to critical loads, such as,
industrial process controls, computers, medical equipment,
data communication systems, etc. [1-7]. In [6] and [7],
three-phase paralel processing UPS have been presented
with harmonic and reactive power compensation, but the
output voltages and the input currents cannot be controlled
simultaneously. Three-phase UPS systems with series-
parallel active power-line conditioning have been
controlled using different approaches [1-3]. In [2], a three-
phase UPS system was controlled using synchronous
reference frame (SRF)-based controller, but details about
the control of the active power flow of the UPS system was
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not discussed. The design procedures of the two pulse
width modulation (PWM) converters, used to perform the
series and parallel active power-line conditioning, should
be take into account the input voltage variations
(undervoltage, overvoltage, etc.), THD of the load currents,
displacement factor ( cos ¢; ) and battery charging.

This paper describes the active power flow control of a
three-phase line-interactive UPS system with series-parallel
active power-line conditioning capabilities. The SRF-based
controller allows an effective harmonic and reactive power
compensation generated from any configuration of non-
linear load. The control of the active power flow in the dc-
bus of the UPS system is obtained from the interaction
between an SRF-based controller and an additional voltage
dc-bus controller.

The control algorithm using an SRF method are
described and analytically studied. The performance of the
UPS system is evaluated in three-phase, three-wire system.
Experimental results are presented to confirm the
theoretical studies.

I1. OPERATION OF THE LINE-INTERACTIVE UPS
TOPOLOGY

The topology of the line-interactive UPS system is
shown in Fig. 1. Two PWM converters, coupled with a
common dc-bus, are used to perform the series active filter
and parallel active filter functions. The series active filter is
connected in series with the line and the load through three
single-phase linking transformers. A battery bank is placed
in the dc-bus and a static switch ‘sw’ is incorporated to the
circuit to provide a fast disconnection between the UPS
system and the power supply when an occasional
interruption of the incoming power occurs.

The series active power filter acts as a sinusoidal current
source and the paralel active power filter acts as a
sinusoidal voltage source [2]. The parallel active power
filter controls the UPS to have constant rms output voltages
(Viar v, and vy ) with low THD. An SRF-based

controller is used to control the series active power filter
making the source currents (iy,, iy, and i .) baanced
and sinusoidal with low THD, aso. The output UPS
voltages and the source currents are controlled to be in
phase with respect to the line voltages (v, , vy, and vy, ),
respectively. Both the parallel and the series filter use three
independent controllers acting on half-bridge inverters. In

this line-interactive UPS system, an effective power factor
correction is carried out.
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Fig. 1. Line-interactive UPS system topology.

Design procedures of the three-phase PLL (Phase-
Locked Loop) system used in the SRF-based controller are
presented in [2]. The PLL system is also employed to
generate the reference output voltages of the parallel PWM
converter. The input signals of the PLL system are the
sampled line-to-neutral voltages v, , vy, , and vy,

A. SRF-Based Controller for Current Compensation
(Standby Mode).

An SRF-based controller is used to provide and to

control the compensating reference currents (icDa , icD,,, and

iCDC) for the series PWM converter shown in Fig. 1. The

block diagram of the control scheme for current
compensation is shown in Fig. 2. The three-phase load
currents (i, iy, ,if.) are measured and transformed into

a two-phase stationary reference frame (dg)’ quantities
(id”*,ig") based on the transformation (1). Then, these
quantities are transformed from a two-phase stationary
reference frame (dg)’ into a two-phase synchronous
rotating (dq)° reference frame, based on the transformation
(2), where 8 = wx, is the angular position of the reference
frame. The unit vectors sin@ and cos@ are obtained from
PLL system. The currents at the fundamental frequency w
(id® and ig®) are now dc quantities and all the harmonics,
transformed into non-dc quantities, can be filtered using a
low pass filter (LPF) as shown in Fig. 2. Now, idj,
represents the fundamental active component of the load
current in dg axis and i‘]fzc represents the fundamental
reactive component of the load current in dg axis.

An additional dc-bus controller is responsible for
regulating the current 7,. and the voltage V.. Apart from

the conventional active power filter applications, in which
only the dc-bus voltage is controlled, the UPS dc-bus
controller is able to control the dc-bus current for adequate
charging of the battery bank. The dc-bus controller is also
responsible to control the active power flow of the UPS
system. Its output ib,,. is added to the active current in the

d axis idj, asgiven by (3) and, thus, the amplitude of the

series reference currents can be controlled by id( .
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Now, the dc components of the synchronous reference
frame id; and iq,. can be transformed into the stationary

reference frame (dg)’. The inverse transformation matrix
from two-phase synchronous reference frame to two-phase
dtationary reference frame is given by (4). As only the
fundamental active component reference needs to be
obtained, (4) can be replaced by (5).

The matrix that provides the linear transformation from
two-phase system to three-phase stationary reference frame
system is given by (6). Thereby, the dc component of the

synchronous reference frame id{ is transformed into the

stationary reference frame (dg)’ and yields the fundamental

reference components (icDa, icD,,, iCDC). Such reference

currents are generated in software. The single-phase block
diagram of the current controller is shown in Fig. 3, which
ispresented in detailsin [2].
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Fig. 2 - Block Diagram of the Current SRF Based Controller.
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Fig. 3. Single-Phase Current Controller of the Series Active Filter.

I11. ACTIVE POWER FLOW OF THE THREE-PHASE UPS
SYSTEM

Depending on the difference between the mains voltage
and the output voltage, the active power flow of the UPS
system can change its direction. When the rms mains
voltage ¥ is greater than the rms output voltage V', the

active power flows from the mains to the dc-bus via series
converter and from the dc-bus to the load via parallel
converter, as shown in Fig. 4 (8). When V islessthan V',

the active power flows from the mains to the dc-bus via the
output of the parallel converter and from the dc-bus to the
line via series converter, as shown in Fig. 4 (b). Therefore,
controlling the amplitudes of the series reference currents

(zCDa, CDb , ch) the dc-bus furnishes and absorbs power to

make the balance of the active power.
If the line voltage ¥ is equal to the output voltage V',
and the UPS is feeding a linear resistive load, there isn't

any active power flow through both the series and the
parallel converters, as shownin Fig. 4 (c).
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A. Current SRF Controller (Standby Mode)

When the UPS system is providing power to non-linear
load, the parallel PWM converter supports harmonic and
reactive currents. Besides the ratio between the output and
input rms voltages (¥ /V ), the apparent powers handled
by the series converter S, and by the parallel converter

S, depend on both the displacement factor (cos¢;) and

the THD of the load current i; (THD;;). The paralel

converter must have low impedance, enough to absorb the
harmonic currents of the load, while the series converter
must have high impedance, enough to isolate the line from
the load with respect them.

In standby mode the complex powers required by the
series and the parallel converters are, respectively, given by

Ss = (Vs _Vf)ISD (7)
S, =8, -V,IJ
p oLVl (8)

Thus, in the steady state, assuming a balanced sinusoidal
system, the normalized powers handled by the paralel
converter |S, /S, | and by the series converter |S, /S |

can be given by (9) and (10), respectively. The quantities
S;, P, O and H; are the apparent, active, reactive,
and harmonic powers of the load, respectively.
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S

It can be seen from (10), that the lower is cos¢4 or the
higher is THD,; , the higher the apparent power that the
parallel PWM converter could support.

When the charging of the batteries is taking into account,
additional active power P, given by (11), can be included

in the analysis.
P=Pp+P, =(+ky)PL (11)

Where the charging factor &, , is given by

ky = By 12)

Thus, the general form of the normalized powers, in
which the charging factor %, =20, is given by (13) and
(14).
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respectively. Thus, the charging job of the battery bank is
sharing between the two PWM converters, depending on
the difference between the mains voltages and the output
voltages of the UPS system, and the charging factor %, .
The plots of the normalized powers for different &, are
shownin Fig. 6 (a) and (b).

The great advantage of this UPS topology is that during
the standby mode, the power handled by the parallel
converter is ever less than 100% of the load power rate,
while the power handled by the series converter can be less
than 25%.
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Fig. 6. Normalized Powers Handled by the Parallel and Series Active

Filters (cos¢, = 1).
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IV. EXPERIMENTAL RESULTS

The complete scheme of the three-phase line-interactive
UPS system is shown in Fig. 9. To verify the performance
of the UPS system, a prototype was developed and tested.
A 2.5 kVA non-linear load (THD;; O 30%) used to test
the UPS system is a three-phase diode rectifier. The
parameters used in the prototype are: L ;= 300pH, Lz =

1.4mH, C, = 130pF; R =30Q (dc load); Cg4, = 2200uF,
nominal rms line-to-neutral output voltages V', . = 115V

and dc busvoltage - V.= 570V.

The part of the scheme shown in the shaded area uses a
400MHz PC computer, a 12 bits resolution data acquisition
system and a 12 bits resolution D/A converter board. Both
current SRF controller (Fig. 6) and PLL scheme (Fig. 2) are
implemented in software and are responsible to generate
the current and voltage references for the current and
voltage analog controls. Both data acquisition systems and
digital controllers run at 5kHz frequency.

The three-phase input voltages v,,, . and the output

voltages v, ;. ae shown in Fig. 10 (&) and (b),
respectively. The output voltages (vy,, ) are amost

sinusoidal with constant rms voltages. The THD of the
output voltages (THD, ) are approximately 3%. The input

voltages (v, ), the output voltage (v ¢, ), and the difference
between them (v, ) are shown in Fig. 11 (a), (b), and (c),

for three different rms input voltages (V,, 0V,
Vea >V fur and Ve, <Vyg,). Fig. 12 (a), (b), and (c), show

the reference currents (i:a,b’c = iza,b,c) obtained from the

SRF-based controller of Fig. 2, taking into account the
voltage conditions presented in Fig. 11 (a), (b) and (c),
respectively. As can be seen, controlling the amplitude of
the series reference current, the dc-bus can furnishes and
absorbs power to make the active power balance of the
UPS.

Based on Fig. 2, Fig. 13 (a) shows the quantities idec,
which represents the fundamental active component of the
load current in dg axis, for the three voltage conditions: (1)
Vea OV 1, (2) Vg >V gy, and (3) Vs, <V, . Supposing that
the load not varies and the rms output voltages are
constant, the magnitudes of idsc are equal for the three

voltage conditions. The quantities ib,., responsible for
controlling the active power flow of the dc-bus controller
are shown in Fig. 13 (b), taking into account the conditions
(7), (2), and (3). It can be noted that ib,, varies depending
on the ratio between the output and input rms voltages
(Vf/Vs ), for realize the active power flow control. The

dc-bus controller output (ib,.) is added to the active

current in the d axis (idj, ) and the result (id; ) isshownin
Fig.13(c).
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Thereby, the dc component of the synchronous

reference frame id{ can be transformed into the

stationary reference frame (dg)’ and yields the
fundamental reference current components of the series

*

*
converter (lsa,b,c :lca,b,c)-

Figs 14 (a) and (b) show the three-phase load currents
(izgpe) and the three-phase parallel compensating

currents, (im,b,cp), respectively. Details of the

compensated source current (iy, ), the paralel

compensation currents, and the load currents are shown
inFig. 15 (a), (b), and (c).

The source currents are shown in Fig.16 (a), which are
almost sinusoidal and balanced. The THD of the source
currents are approximately 4%. Fig. 16 (b) shows the
phase a source current i, and the input voltage v, .
Fig. 16 (c) shows the phase a source current i, and the
output voltage vz, , respectively. Both the source current

and the output voltage are in phase with respect the input
voltage. The measure power factor (cos¢) is equa to
0,99.

The quantities vz, , iy, i7, and i;a (reference input
current) are shown in Fig. 17 (a), for standby to backup
transition mode that occurs at 0.02s. When the input
power is out the input switch ‘sw’ is opened and the
input current iy, drops to zero, but the output voltage

vz, remains providing power to the load. Thus, the PLL
system forces the UPS to operate at a fixed reference

frequency (wD= 377 rad/s). The transition from backup
to standby operation mode of the UPS system occurs at
0.31s, as shown in Fig. 17 (b) and (c). When the input
power returns, the PLL system synchronizes the UPS
system with respect the then utility and the switch ‘sw’
is closed. Thereby, immediately the input current i,

follows the reference i:a. Note that the output voltage is
unaffected by the transitions from standby to backup
mode and from backup to standby mode. Fig. 17 (d)
shows the UPS operating in standby mode.
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Fig. 11. Phase a Input voltage v, , Output voltage v, , and Seriesvoltage v, : (a) Vy, OV, ; (b) V>V, and (€) V, <V, .
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V. CONCLUSIONS

Performance analysis of a three-phase line-interactive
UPS system with series-parallel active power-line
conditioning capabilities has been presented. The control
algorithm using SRF-based controller was described and
experimentally tested. The active power flow control,
obtained from an additional voltage dc-bus controller,
was discussed taking into account battery charging and
undesired conditions, such as, input voltage variations
(undervoltage, overvoltage, etc.), tota harmonic
distortion of the load currents, displacement factor
(cosg, ). Such analysis allows designing both the series

and the paralel converters with an adequate power
rating.

An advantage of the implemented and tested line-
interactive UPS system is the smaller power rating
handled by both series and parallel converters during the
UPS standby mode of operation. Thereby, the efficiency
of the system isincreased.

Sinusoidal and regulated output voltages, sinusoidal
input currents and high input power factor were
obtained. Thus, it has been demonstrated that the
obtained experimental results confirm the presented
theoretical studies.
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