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Abstract. This paper presents an analysis of a single-phase
line interactive uninterruptible power supply (UPS) system,
allowing output voltage conditioning, such as voltage harmonic
suppression and sag/swell compensation. Additionally, the UPS
input current is also compensated, allowing current harmonic
suppression and reactive power compensation. In other words,
the UPS system acts as a true unified power quality conditioner
(UPQC), when working in standby operation mode. The power
rate handled by both series and parallel PWM converters depend
on the operation conditions of the UPS system, such as the
amplitude of the fundamental input voltage, the total harmonic
distortion of the load current, fundamental power factor of the
load, battery charging, among others. In standby mode, the
amplitude of the UPS output voltage will be allowed to vary in
order to follow the amplitude of the input voltage within a
limited range defined by design requirements. This strategy will
allow an effective optimization of the efficiency of the UPS
system. Mathematical analyses of the single-phase line
interactive UPS system are presented in order to obtain the state
space models of the two PWM converters. Validation results are
presented in order to evaluate the performance of the line
interactive UPS system.
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1. Introduction

The growing use of nonlinear loads by industrial,
commercial and residential consumers have contributed to
increase the utility voltage distortions, which is verified by
means of the high content of harmonic currents drained
from the power supply systems.

Parallel active power filters (APFs) have contributed to
mitigate the effects on the power system caused by the
circulation of harmonic currents generated by nonlinear
loads and power [1-3]. Series APFs have been used to
compensate utility voltage disturbances, such as sags,

https://doi.org/10.24084/repqj10.411

637

swells, harmonic voltages, etc. [3-4]. On the other hand,
series and parallel active filtering capability can be
simultaneously performed by means of unified power
quality conditioners (UPQCs) [5-7].

Specifically, uninterruptible power supply (UPS) systems
have been employed in order to provide clean and
uninterruptible power to critical loads such as, industrial
controls, computers, medical equipments, and others,
against power supply disturbances, such as sags, swells,
outages, etc.

Thus, under normal and abnormal incoming power
conditions, UPS systems must be able to make the
currents drained from the utility grid, sinusoidal with low
harmonic contents. Simultaneously, it must provide to the
load, balanced, regulated, and sinusoidal voltages with
low total harmonic contents.

Similar to UPQCs the line-interactive UPS system
discussed in this paper acts as series and parallel APFs,
when is operating in standby mode [8-12]. The series
PWM converter works as a sinusoidal current source
while the parallel PWM converter works as a sinusoidal
voltage source. The PWM converters are controlled to
operate in phase with the input voltage.

Since, in standby mode, the UPS system operates as a
UPQC, its efficiency is linked with both utility voltage
and load conditions. Thereby, the power rates handled by
the series and parallel PWM converters depend not only
on the amplitude and harmonic contents of the input
voltage, but also on the load fundamental power factor
and on the harmonic contents of the load currents.
Besides, the battery charging has also influence on the
power rate of the PWM converters.

The aim of this paper is to present plotted curves that
allow determining the power rate handled by the PWM
converters considering different conditions of the utility
grid and loads. In addition, taking into account the power
flow through the UPS system when it is operating as a
UPQC, a strategy that allows the increasing of the PWM
converters efficiency is also presented.
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2. UPS Topology

The topology of the single-phase line-interactive UPS
system is shown in Fig. 1, which uses two single-phase
full-bridge PWM converters coupled to a common DC-
link to perform the series and parallel APF functions.
When the incoming power is normal, the series PWM
converter is controlled to behave as a sinusoidal current
source, while the parallel PWM converter is controlled to
behave as a sinusoidal voltage source.

The DC-link can be performed through a battery bank. A
static switch ‘sw’ protects the critical loads, providing a
fast disconnection between the UPS and the power supply
when an occasional interruption of the incoming power
occurs. In this case, the static switch ‘sw’ is opened and
the series converter is disabled. Meanwhile, the parallel
converter remains operating normally without any voltage
transient transferred to the load.

Power Supply

de-link

Battery
Bank

1"+

L 1
“ “
- -

Series PWM Converter

Parallel PWM Converter

Fig. 1. Single-Phase Line-interactive UPS System.

3. Voltage and Current References of the
Series and Parallel Converters

Since the series PWM converter is controlled to make
the source currents (i) sinusoidal and in phase with the
power supply voltage (v, ), it must behave as a current
source with a high enough impedance to isolate the line
from the load harmonic currents. Similarly, the parallel
PWM converter is controlled to act as a sinusoidal voltage
source, such that regulated and sinusoidal output voltage
(vy) is provided to the load. Any voltage disturbances
such as sags, swells, harmonics and transients are handled
by the series PWM converter through the series
transformer. In addition, the parallel converter must
behave as a voltage source with a low enough impedance
to absorb the harmonic currents of the load. As with the
source current, the output voltage is also controlled to be
in phase with the power supply voltage.

A. Current SRF-Based Controller

The current synchronous reference frame (SRF)-based
controller applied to single-phase loads is shown in Fig. 2
(a). Measuring the load current (i;) provides the two-

phase stationary reference frame off quantities (iy,ig).

The acquired load current is treated as the “a” coordinate
of the fictitious two-phase stationary reference frame (o).
Subsequently, has a 7z/2 radian phase delay,

le
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producing the fictitious £ coordinate (iz). Therefore, a

new two-phase system, represented by (1), can be studied
in the of-axes. The d value (i;) of the SRF-based

controller is obtained by (2), where the phase-angle is
obtained from a PLL system, which will be identical to the
utility phase-angle 0. The d-axis quantity iy is found

from i; by using a Low-Pass Filter (LPF).
The total direct current component id7,, , given by (3), is
reached by adding i = to the component obtained from

the DC-link controller (i,.). It represents the positive

sequence component of the load current added to the
current necessary to the battery charging. In other words,

idy,. represents the active current drained from the utility

grid.
i i (o
ia = ip(ax) )
B if(ax—m/2)
iqg =igcos@+igsing )
idrge =ig 4. +ige 3)

The quantity i,. (Fig. 2a) is the output signal of the DC-

bus controller (PI controller), which represents the
compensation of the losses related to the inductances and

switching devices. In other words, the PI output signal i,

represents the total active power demanded by the
conditioners to regulate the DC-link voltage.

B. Voltage SRF-Based Controller

The voltage SRF-based controller applied to single-phase
loads is shown in Fig. 2 (b).
The d quantity (v, ) of the SRF-based controller is

obtained by (4), where vy, is the measured input voltage.

Subsequently, v, has a 7/2 radian phase delay,

producing the fictitious f coordinate (v, B ).

Via = Vyq COSO+V, 5 5in6

“4)

The filtered d-axis component V,, (Fig. 2b) is obtained

from v, by using a LPF. Thus, v,, is proportional to

the amplitude of the UPS output voltage reference.
Normally this quantity is set to be constant and it is
obtained directly from a PLL system.

However, due to the fact that the difference between the
input and output voltages will interfere in the power flow
through the UPS, and consequently increasing the power
rate of the PWM converters [9], it is convenient to change
the amplitude of the output voltage in order to follow the
amplitude of the input voltage within a limited range. This
procedure will contribute to increase the total efficiency of
the UPS system. Obviously, the voltage variation range
must be limited in order to satisfy the load voltage
requirements. Figure 2 (b) shows the upper and lower
limits used to define the range of the UPS output voltage.
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Fig. 2. Block diagrams: (a) Current SRF-based controller;
(b) Voltage SRF-based controller.

4. State Feedback Current and Voltage
Controllers

In this section the state feedback controllers used in the
single-phase  UPS system are presented, which are
implemented in dg-axes.

A. State Feedback Current Controller (Series APF)

The control of the series PWM converter is implemented
based on SRF controller. Thereby, the mathematical
modeling is presented in order to obtain the state space
system and the transfer functions in the dg frame. To
perform the modeling, the coupling inductance Ly and

its resistance Ry, and the series transformer voltage v,

are shown in Fig. 1. Thus, from Fig. 3, state equation of
the system can be expressed by (5).

di Riy . 1 1
== lg _7vc+7upwm (5)
dt Ly ' Ly Ly s
The state-space system is defined as:
x(r) = Ax(r)+ Bul(t) + Fw(r) (©6)

di
where ()= dl“ sox(t)=igsu(t)=uy,,, ; wt)=v,.
t 5

The state equation in the synchronous frame dg, is given
by (7).

l:d s ids udpwm V.

: = Adq . +qu Tl qu (7)
i s | s | u s| vy

ds ds qpwitg dc

RLfs 1 0
L L
— fs —| "
where A, . Ry |’ By, ]
L f5 Lﬁ
1L 0
L.
_| "
Fd‘]s 1
fs

The block diagram of the physical system in dg-axes is
shown in Fig. 3, where D, , and D, are the duty cycles in
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the synchronous reference frame, which are obtained from
the PWM, and V,, is the DC-bus voltage.

Y
<

Fig. 3. Physical system model of the UPS in dg coordinates
(Series APF).

The cross-coupling between the direct and quadrature axes
can be eliminated using the decoupled model shown in
Fig. 4, where the shaded block is the decoupling term.

‘ vd Upl N LN vq

Fig. 4. Model of the decoupled system in dg coordinates.

Thus, in the synchronous dg-frame, neglecting the cross-
coupling, the transfer functions of the system Gy, ,) is

given by (8).
.
(SLy+Ryy)

The block diagram of the current controller is shown in
Fig. 5 (a), where PI controllers are used. Thereby, the

Gyag)(s)= (3)

closed loop transfer functions Id,q(s)/I;q(s) is
obtained, as follows:

1,,(s) _ KDitag)5 + Kijag)

I ,(s) Lps® +(Ry+Kpiay) )s+Kiyq,)
The details of the Current Reference Generation and

Current Control block, represented in Fig. 5 (a), are shown
in Fig. 5 (b).

)
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Fig. 5. Block Diagrams: (a) Current controller; (b) Current
Reference Generation and Current Control.
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B. State Feedback Current Controller (Parallel APF)

The control of the parallel PWM converter is also
implemented based on SRF controller. Thereby, the
mathematical modeling is presented in order to obtain the
state space system and the transfer functions in the dg
frame. To perform the modeling, the coupling inductance

Lpg, and its resistance Ry, , and the filter capacitor C g,

are shown in Fig. 1. Thus, from Fig. 1, state equations of
the system can be expressed by (10) and (11).

diL R b
iz_ﬂipr _7vap+7upwm (10)
dt pr pr pr
dVCfp _ 1 . 1 (10

=i, ——i,
dt Cy o C »
The state equations in the synchronous frame dg, is given
by (12).

i iy
p p
vqp :Adqp vq[7 +qup {M . +Fd‘1p iod a2
dp dp gpwim oq
Vg, Vg,
Ry Ry,
L L
fr fr
o P, Ry
where Adqp = ; Lf!’ pr :
— 0 0 [
fr
1
0 —_— - 0
L fp J
L 0 | o0 0 |
Ly, 0 0
Ji 1
By =| 0 —|F, =~~~ 0
r Ly |" | Cp
0 0 0o -1
0 0 i Ch |

The block_diagram 05 the physical system in dg-axes is
shown in Fig. 6, where D, , and D, are the duty cycles in
the synchronous reference frame, which are obtained from
the PWM, and V,, is the DC-bus voltage.

dod 1

Udpwm +
0q —+{ae 69

-
D, - Ugpwm +, : 2

Fig. 6. Physical system model of the UPS in dg coordinates
(Parallel APF).

>V,

The cross-coupling between the direct and quadrature axes
can be eliminated using the decoupled model shown in
Fig. 7, where the shaded block is the decoupling term.
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Fig. 7. Model of the decoupled system in dg coordinates.

Thus, in the synchronous dg-frame, neglecting the cross-
coupling, the transfer functions of the system G, ;) is

given by (13).
1
2
(s Lfﬂ Cfﬂ + SRLf/’ Cfﬂ +1)

Gprag)\s)= (13)

The block diagram of the current controller is shown in
Fig. 8 (a), where the PI controller is used. Thereby, the
closed loop transfer functions Vd,q(s)/ V;,q(s) is

obtained, as follows:

Vd,q(s)_ X]S2+X2S+X3

* 3 3 (14)
qu(s) Y]S +Y2S +Y3S+Y4
where
X1=Cpp-Kpiigy) Yi=LpCp
X0 =Ky Kpicay)  Y2=Cho-(Kpivgy) *Risp) (15)
X3 =Ye=Kiv gy Kpicag) Y37 Kpvigq)Kpicag) ™!

The details of the Voltage Reference Generation and
Voltage Control block, represented in Fig. 8 (a), are
shown in Fig. 8 (b).

Parallel | viny |
PWM
Inverter

Voltage Reference
Generation and
Voltage Control

v
—

Ld +
5o, s,
4 gez]
Via . —
Physical |'zu
Model v,
in dg-axes [ .
* '.-5'
v 0
Lg + Liy
0
Y

(b)
Fig. 8. Block Diagrams: (a) Voltage controller; (b) Voltage
Reference Generation and Voltage Control.

5. Power Flow Through the UPS System

The apparent powers handled by the parallel and series
converters, S p and S, respectively, depend on the ratio

between the output and input rms voltages (V,/V, ), the
fundamental power factor (cos@;), the THD of the load
current i; (THD;, ) and the battery charging factor

k, =B, /P, , where P, is the active power used to charge

the UPS batteries and P, is the active power demanded

RE&PQJ, Vol.1, No.10, April 2012



by the load. In steady state, assuming that the input
current and the output voltage are sinusoidal, the
normalized powers handled by the parallel converter

| Sp/SL | and by the series converter | S /S, | are given by
(16) and (17), respectively, where §; is the apparent
power of the load [9]. Figure 9 allows verifying the
influence of ratio V,/V, and the factor k, over the

normalized power |S,/S; | and IS /S, | considering a

typical load with cos@,= 1 and THD;; 4= 48%, and k,
varying from 0 to 0.5. As can be noted if the ratio V,/V,

is equal to 1 the efficiency of the UPS system is improved.
In these curves the harmonic distortion of the input

voltage v, was not took into account.

.| _coso Wll1+k,) 1=V, v )P o
St JI+TDH?
%
I+k,)| L (1+k,)-2
B A LA LTS I
el +1
Sy 1+TDH;,

Analysis of (16) and (17) revels that the direction of the
active power flowing through the UPS depends on the
difference between the utility and output voltages and the

battery charging factor k,. Depending on the k, value
and the input voltage deviation from the desired output
voltage, the battery charging can be performed either from
the series or parallel PWM converters or from both.

Considering the charging factor (k) is equal to zero,
Fig. 10 (a) and (b) show the active instantaneous powers
flowing through the UPS considering two situations, such
as V, > V; and V, <V, where the power supply system,
series converter power, parallel converter power and load
power are represented by pg, Ppes, Pep

pcp =Ps~ Pes

Therefore, to make up the balance of the active power on
the DC-bus the amplitude of the series reference current
must be controlled, which is performed by means of an
additional DC-bus controller, as shown in Fig. 5 (a).

and p;,

respectively, with p, = p; —

6. Simulation Results

To verify the behavior of the UPS topology, it was
simulated with the computational tool PSIM Version 9.0%,
in which the single-phase converters operate at 20 kHz
switching frequency. The simulations were performed
considering a single-phase system feeding nonlinear load.
The UPS operating in standby and backup modes is shown
in Figs. 11 and 12. For standby and backup operation
modes, the input, series and output UPS voltages are
shown in Fig. 11, while the input, parallel and output
currents are shown in Fig. 12. The UPS working as
UPQC, and performing the compensation of harmonic
voltages, and sag/swell disturbances, are shown in Figs.
13 and 14. In Figs. 13 and 14 (a), from Os up to 104.16ms
the power supply system is operating at nominal voltage.
After that, from 104.16ms up to 187.5ms the system
operates with sag disturbance.
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Fig. 9. Normalized curves: (a) S,/S,; (b) S,/S; .

Power Supply VL l. oS
linear

load

P, P,

e

Series PWM Converter Parallel PWM Converter

Power Supply v v .
L f’, [ f"’ I" E” non-
D 1 linear
pc:?"”""\ Pcp* load

IEaE

Series PWM Converter Parallel PWM Converter
(b)
Fig. 10. Power flow through of the UPS system:
(a) Ve >V (b) Ve < Vp.

The swell disturbance occurs between 295.83ms and
404.16ms. Figs. 13 and 14 (b) show the controlled
sinusoidal and harmonic free output voltage, while Figs.
13 and 14 (c) show the rms input and output voltages.
While in Fig 13 the output voltage is fixed at its nominal
value (Strategy 1), in Fig. 14 is allowed a variation of
+5% of the load voltage in order to increase the
efficiency of the UPS (Strategy 2).

Fig. 15 shows the instantaneous active power that flows
through the series converter for the two strategies adopted.
As can be noted the power that flows through the series
converter in Fig. 15 (a) is lower than that shown in Fig. 15
(b) during the voltage disturbances. Thus, the Strategy 2
can contribute to increase the efficiency of the UPS
system during normal and abnormal utility conditions.
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Fig. 11. Standby-Backup UPS Voltages: (a) Input voltage
(vy); (b) Series Voltage (v, ); (c) Output voltage (vy ).
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Fig. 12. Standby-Backup UPS Currents. (a) Load Current (i, );
(b) Shunt current (i, ); (c) Input current (i)
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Fig. 15 Instantaneous active power through the series converter.
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7. Conclusion

This paper presented an analysis of a single-phase line
interactive uninterruptible power supply (UPS) system,
allowing the output voltage conditioning, such as voltage
harmonic suppression and sag/swell compensation.
Additionally, the UPS input current was also
compensated, allowing current harmonic suppression and
reactive power compensation.

Curves that allow to identify the power rate handled by
both series and parallel PWM converter were presented, as
well as a strategy employed to increase the efficiency of
the UPS was implemented.

Validation results were presented in order to evaluate the
performance of the line interactive UPS system.
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