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a b s t r a c t
This paper proposes a hybrid discontinuous control methodology for a voltage source converter (VSC),
which is used in an uninterrupted power supply (UPS) application. The UPS controls the voltage at the
point of common coupling (PCC). An LC ﬁlter is connected at the output of the VSC to bypass switching
harmonics. With the help of both ﬁlter inductor current and ﬁlter capacitor voltage control, the voltage
across the ﬁlter capacitor is controlled. Based on the voltage error, the control is switched between current
and voltage control modes. In this scheme, an extra diode state is used that makes the VSC output current
discontinuous. This diode state reduces the switching losses. The UPS controls the active power it supplies
to a three-phase, four-wire distribution system. This gives a full ﬂexibility to the grid to buy power from
the UPS system depending on its cost and load requirement at any given time. The scheme is validated
through simulation using PSCAD.
© 2008 Elsevier B.V. All rights reserved.

1. Introduction
The power quality issues such as harmonics, unbalancing, voltage sag/swell have gained considerable attention over the last few
years. In addition, the concern for global warming has seen considerable development in the distributed generation (DG) technology
in the recent time. An uninterruptible power supply (UPS) can provide solution for the power quality problem, while supplying clean
power from DGs at the same time.
Usually UPSs are used to provide battery back up to computers and other data processing devices. They can be off-line type in
which they remain idle until power failure occurs and start supplying power thereafter. The on-line type UPS continuously powers the
protected load from its reserve while simultaneously replenishing
the reserve by drawing power from the utility supply. A bi-mode
UPS uses the ac–dc rectiﬁcation for battery charging [1]. It then
seamlessly picks up the load once a power failure occurs. Various conﬁgurations of UPS are reported in Ref. [2]. In Ref. [3], the
design of an LC ﬁlter that is connected at the output of the UPS is
discussed.
In this paper, the function of the UPS has been extended. It is
assumed that the UPS is supplied by a distributed generator. The
DG can be a PV stack or fuel cell stack [4] or battery which sup-
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plies the dc bus of the voltage source converter (VSC) connecting
the UPS to the ac grid. It is also possible to use PV or fuel cell to
charge batteries that constitute the dc bus [5]. It is assumed that
the UPS is connected at the point of common coupling (PCC) of the
utility and a major load center. The UPS is then can be controlled
in two different modes. In Mode-1, the utility supplies a constant
power to the load and the remaining power comes from the UPS.
In Mode-2, the UPS supplies a constant power to the load and the
remaining power comes from the utility. An interchange between
the modes can occur instantaneously. However, in both the modes,
the UPS provides a balanced voltage at the PCC [6], thereby cancelling out any unbalance and harmonic content of the load and
therefore enhancing the power quality of the distribution system.
Two different VSC control strategies are considered in this paper.
The ﬁrst strategy, proposed in this paper, uses both voltage and
current control modes. In the voltage control mode, the modiﬁed
concept of three-level hysteretic current control (HCC) given in [7,8]
is used. Generally in a three-level HCC, the output of the converter
is either +Vdc , 0 or −Vdc . In the zero state, a short circuit path is
provided through converter. In this paper, the zero state is modiﬁed
by a diode state. In the diode state, all four switches of a singlephase converter are turned off. Filter inductor current is made zero
with the help of the diodes. The switching between the current and
voltage control modes is based on the error in PCC voltage. If the
error is large, the VSC operates in the current control mode and it
is switched to the voltage control mode as the error reduces.
The performance of the proposed control strategy is compared
with a three-level state feedback controller [9,10] for comparison
of total harmonic distortion (THD) of PCC voltage, conduction and
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switching losses. Extensive simulation studies are performed using
PSCAD and some of the results are presented in the paper.
2. Power ﬂow control
The single-line diagram of a distribution system containing the
UPS is shown in Fig. 1. For simplicity, it is assumed that the UPS is
supplied from a battery with a dc voltage of Vdc . The load is assumed
to be unbalanced and nonlinear. The load is connected at the far
end of a feeder with an impedance of R + jωL, which is supplied by
a source (vs ). An LC ﬁlter is connected at the output of VSC, the
inductance and the capacitance of which are denoted by Lf and Cf ,
respectively, while the resistance Rf indicates the circuit losses. The
PCC voltage is denoted by vt .
2.1. The UPS model
Fig. 2 shows the structure of the UPS. It contains three H-bridge
VSCs. All three VSCs are connected to common dc storage source
Vdc . Each VSC is connected to grid through single-phase transformer
and a capacitor. The three single-phase transformers are used to
provide isolation [7]. Leakage inductance of transformer Lf and the
ﬁlter capacitor Cf constitute the LC ﬁlter for each phase. All three
transformers are connected in star and neutral point is connected

to the neutral of the load or it may be grounded if neutral point of
load is not available. As far as structure of single-phase converter
is concerned, it has four switches with anti-parallel freewheeling
diode. In the later part of this paper, we shall see that output current
of the converter, i.e., ﬁlter inductor current may be discontinuous.
So diodes’ rating must be same as IGBTs’ rating.
The main purpose of the UPS is to maintain a balanced PCC
voltage (vt ) irrespective of unbalance and distortion in the load
currents. It also controls the magnitude of the PCC voltage to a
pre-speciﬁed value even when there is a sag or swell in the source
voltage. To control the power ﬂow according to the modes described
in the previous section, the angle of the PCC voltage must be
controlled. Therefore the reference for the PCC voltage contains
a pre-speciﬁed magnitude and an angle that is based on power
requirements. The VSC then will have to track this reference voltage
in order to achieve the desired performance.
2.2. Reference generation
Let us deﬁne the rms source and PCC voltages as

 

 

Vs = Vs  ∠0◦ and Vt = Vt  ∠ − ı

(1)

Then from Fig. 1, we get the following expression for the active
and reactive power entering the PCC from the source
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Qs =
X Vs  cos ı − Vt  − R Vs  sin ı
R2 + X 2

(2)

(3)

where X = ωL. If |Vs | ≈ |Vt |, the ﬁrst term inside the bracket on the
right hand side of Eq. (2) is negative. However, its inﬂuence on the
positive valued second term is negligible as R  X. It is clear from
Eq. (2) that real power ﬂow can be controlled using ı. Because if ı is
increased or decreased, the amount of real power can be increased
or decreased accordingly. Therefore the reference PCC voltages are
given by
vrefa = Vtm sin(ωt − ı)
vrefb = Vtm sin(ωt − ı − 120◦ )
vrefc = Vtm sin(ωt − ı + 120◦ )

Fig. 1. Single-line diagram of the distribution system containing a UPS.



(4)

where Vtm is a pre-speciﬁed magnitude and ı is controlled according to the power control mode.
2.2.1. Mode-1 control
In this mode, a ﬁxed amount of active power is drawn from the
source and the UPS supplies the balance amount of load requirement. As mentioned before, this can be achieved by controlling ı.
This gives the following power control loop



ı = Kps es + Kis

Fig. 2. UPS structure containing three VSCs that are supplied from a common dc
source.

es dt + Kds

des
dt

(5)

where es = Psref − Ps , Psref is the reference power which is drawn
from the source.
As mentioned earlier, the UPS must regulate the PCC voltage
even during changed source voltage condition. Suppose a voltage
sags occurs causing source voltage (|Vs |) to drop. As per requirement, the PCC voltage |Vt | is still held constant. Hence from Eq. (2),
it is evident that ı must increase in order to maintain the power ﬂow
constant. On the contrary, the angle ı must reduce during swell in
the source voltage.
Also, it can be seen from Eq. (3) that reactive power (Qs ) is
function of ı. Furthermore, since |Vs | cos ı < |Vt |, Qs is negative. This
means that the UPS supplies reactive power to the grid. As described
above that at the time of sag in source voltage, ı is increased to

