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ABSTRACT: The presence of large number of single-phase
distributed energy resources (DERs) can cause severe power
quality problems in distribution networks. The DERs can be installed in random locations. This may cause the generation in a
particular phase exceeds the load demand in that phase. Therefore the excess power in that phase will be fed back to the transmission network. To avoid this problem, the paper proposes the
use of distribution static compensator (DSTATCOM) that needs
to be connected at the first bus following a substation. When operated properly, the DSTATCOM can facilitate a set of balanced
current flow from the substation, even when excess power is generated by DERs. The proposals are validated through extensive
digital computer simulation studies using PSCAD and MATLAB.
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I. INTRODUCTION
UE TO the depletion in the traditional energy resource
and the negative impact on environment of fossil fuels,
renewable energy based generation is gaining substantial attention these days [1-3]. A distributed generator (DG) is usually installed in low voltage distribution networks at customer
premises. Solar photovoltaic (PV) is the most popular form of
DG, especially in countries with abundance of sunlight. In
some countries, the installation of rooftop PVs by householders is accelerated due to government subsidy. The other forms
of DG may include micro wind turbines, fuel cells, microturbines etc. Additionally, a large number of electric vehicles
will be introduced in markets soon. Initially, they will only
charge from the grid in G2V mode. However, as the battery
technology improves, these can also supply power to the grid
in V2G mode. Also storage technology (e.g., battery) will be
used to supplement the variability of the some of the renewable sources. All these generation sources are collectively
called distributed energy resources (DERs).
Due to the proximity of DERs to loads, transmission expense due to power loss can be reduced. However, introduction of DERs in LV networks has some drawbacks that need to
be addressed. Some of the drawbacks are power quality problems like voltage and current unbalance, over and under voltage. Furthermore most of the LV distribution systems are radial in nature. All the protection and operational schemes are
based on this nature. However, when DERs are connected to
LV networks, they do not remain radial any more. This causes
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protection issues like bidirectional power flow requiring
changes in the overcurrent relay settings, sympathetic tripping
and increased fuse blowing [2, 4].
The most frequent problem in LV distribution network is
current and voltage imbalance [5]. Although the utility supply
balanced voltage to the network, unequal distribution of single
phase loads may create some unbalance in the LV side. Most
of the DERs are single-phase and can have different ratings.
Moreover, these will be deployed in LV networks at random
locations. Therefore the net effect of these installations will
ultimately affect the supply side since large unbalanced current be drawn from the MV substation [6].
Usually custom power devices are installed to alleviate the
power quality problems in a distribution network [5]. A distribution static compensator (DSTATCOM) can balance the
supply side currents, improve power factor by reactive power
injection and control the voltage at a bus. It can also act as an
active filter to suppress harmonic current drawn [7-8]. A dynamic voltage restorer (DVR), on the other hand, can supply a
balanced voltage to a sensitive load by series voltage injection
[5]. Some of these problems like harmonics, power loss have
already investigated in the context of DERs to some extent [911]. It has been shown in [12] that a DSTATCOM can reduce
voltage unbalance in a distribution network and the best possible location for installing DSTATCOM has also been investigated.
Since the DERs will be placed randomly, it may so happen
that the generation in a particular phase exceeds the load demand in that phase. In such an event the excess power will be
fed back in the substation and this will create severe current
imbalance. To overcome this problem, a DSTATCOM is utilized in this paper. It is shown that the DSTATCOM has an
ability to circulate extra generated phase power by the DERs
among the phases of the system. To facilitate this, the
DSTATCOM needs to be connected at the very first of the
network. A particular circuit topology of the DSTATCOM is
chosen that enables the circulation of power. Also the
DSTATCOM current references are generated such that a set
of balanced currents are drawn from the MV substation. The
proposals are validated through extensive digital computer
simulation studies using PSCAD and some load flow solutions
using MATLAB.
II. DSTATCOM STRUCTURE AND CONTROL
The structure of the VSC realizing the DSTATCOM is
shown in Fig. 1. It contains three H-bridges that are supplied
from the common dc bus. The output of each H-bridge is connected to a T-filter consisting of an inductor (Lf), a capacitor
(Cf) and the primary side of a single-phase transformer. The
secondary sides of the transformers are connected in wye. The

transformers provide galvanic isolation and voltage boosting.
The turns ratio of each transformer is assumed to be 1:n. The
resistance Rf represents the switching and transformer losses,
while the inductance LT represents the leakage reactance of the
transformers. The DSTATCOM will be controlled in output
feedback current control mode using poles shift control [13],
which is discussed below.

In the pole-shift control, the closed loop poles are obtained
by radially shifting the open loop poles to a more stable location. The closed loop poles are then given by the polynomial
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The polynomials R and S are obtained from the solution of the
equation
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Based on this control law, the switching actions are taken as
If uc  h then u  1
elseif uc  h then u  1

(6)

where h is a small number.
III. DISTRIBUTION SYSTEM COMPENSATION
Fig. 1. Converter structure.

Let us consider only one phase of the DSTATCOM circuit,
in which the following state vector is defined
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where it is the injected current, if is current flowing through the
inductor Lf and vcf is the voltage across the filter capacitor Cf.
Then the state space equation of the system can be written as
x  Ax  Bz

(1)

y  Cx

The DSTATCOM needs to circulate excess power generated by a phase to the remaining phase such that a set of balanced currents are drawn from the source. For this purpose,
this device needs to be connected at the very first node following the substation. Moreover, if a single DSTATCOM can
balance the source currents, no additional DSTATCOM will
be required.
The distribution system under consideration is shown in
Fig. 2, in which vs indicates the utility supply. The feeder impedance is denoted by Rs and Ls. The source and load currents
are denoted by is and il respectively, while the DSTATCOM
injects a current it. We first assume that the DER is not connected to the system (switch S is open).
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Fig. 2. Distribution system with DER and DSTATCOM.
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where uc is the control law from which the switching will be
generated and vt is the PCC voltage.
Assuming the PCC voltage as a disturbance input, the state
equation (1) is converted into a discrete-time input-output
equation as
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For distribution system compensation, we shall use the theory of instantaneous symmetrical component [7]. The main
aim here is to balance the source currents and make then in
phase with the PCC voltages (Unity power factor). To apply
the theory, first the fundamental positive sequence of the PCC
voltage has to be obtained [14]. Let the instantaneous positive
sequence voltages be denoted by vta, vtb and vtc. The reference
currents are given by
vta
Plav
M
v
itb  ilb  tb Plav
M
v
itc  ilc  tc Plav
M
ita  ila 
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where
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The quantity Plav is the average load power, which is obtained
by the average of the instantaneous load power given by
pl  vtaila  vtbilb  vtcilc

(8)

It can be seen from Fig. 2 that the il is the current supplied to
the load minus the current injected by the DER when the
switch S is closed. Therefore the formulation (7) is general and
will work even when the net power injected by the DERs is
negative.
The current references generated through (7) will now be
tracked using the output feedback control given in the previous section. Some numerical examples are now presented, the
system parameters for these are given in Table I.

nection is shown in Fig. 6. It can be seen that the voltage
magnitude has increased slightly (about 5.5%).
The power supplied by each phase of the source is shown in
Fig. 7. It can be seen that they become equal as the DSTATCOM is connected indicating that the DSTATCOM is circulating power between the phases. The tracking performance is
shown in Fig. 8, which shows both the reference and actual
currents before and after DSTATCOM connection. It can be
seen that the current tracking is very accurate.

TABLE-I: SYSTEM PARAMETERS
System Quantities
Systems frequency
Source voltage
Feeder impedance
Load impedance

DSTATCOM
parameters

Values
50 Hz
11 kV (L-L, rms)
Rs = 3.025 , Ls = 57.8 mH
Phase-a: 100 + j157.1 
Phase-b: 150 + j235.62 
Phase-c: 200 + j157.1 
Rf = 9.68 m
Lf = 61.625 H
Cf = 2348.8 F
Vdc = 1.5 kV
Transformer: 1 MVA, n = 25,
10% leakage

Example 1: In this example, we that the DER is connected
to phase-a only at 0.2 s and the DSTATCOM is connected at
0.8 s in the network of Fig. 2. The DER is injects 150 kW and
5 kVar. The source currents before the DSTATCOM connection are shown in Fig. 3. It can be seen that they are unbalanced and the angle difference between the phases a and b is
much less than 120. The power drawn from the source by
each phase before and after DER connection is shown in Fig.
4. It can be seen that phase-a was drawing 100 kW power before the DER connection, which then becomes negative 50
kW once the DER injects 150 kW power.

Fig. 4. Source power before and after DER connection (Example-1).

Fig. 5. Source current after DSTATCOM connection (Example-1).

Fig. 6. PCC voltage before and after DSTATCOM connection (Example-1).

Fig. 3. Source current after DER connection (Example-1).

The results with when the DSTATCOM is connected at 0.8
s are shown in Figs. 5 to 8. Fig. 5 shows the load currents,
which are balanced. Since the excess power is now distributed
in the other two phases, the source current magnitude has reduced. The source voltage before and after DSTATCOM con-

Fig. 7. Source power before and after DSTATCOM connection (Example-1).

Fig. 8. Current tracking performance (Example-1).

Example 2: In this example, we consider the extension to
the distribution system of Fig. 2 as shown in Fig. 9. In this,
Feedeer-2 parameters are the same as Rs and Ls of Table I.
Load-1 impedance is also same as given in Table I, whereas
Load-2 impedances are 150 + j235.62 , 200 + j157.1  and
100 + j157.1  in phases a, b and c respectively.
All the DERs inject a reactive power of 5 kVar. DER-1 is
connected to phase-a at 0.2 s supply 300 kW. DER-2 consisits
of two separate DERs that are connected to phases b and c
independently. Phase-b DER-2 is connected at 0.4 s supplying
150 kW, while that is connected in phase-c at 0.5 s is supplying 250 kW. The DSTATCOM is connected at 1.75 s.

Fig. 10. Source power in the three phases (Example-2).

Fig. 11. Positive sequence PCC voltage angle (Example-2).

Fig. 12. PCC voltage and source current for UPF operation (Example-2).

Fig. 9. A distribution system consisting of two load buses.

The power in the three phases is shown in Fig. 10. It can be
seen that, before that DSTATCOM connection, power in two
phases are negative. The power supplied by the phases becomes balanced once the DSTATCOM is connected, albeit the
total power is negative. This implies that the DERs are supplying power to the source. To verify this point, the angle of the
positive sequence of the PCC voltage is shown in Fig. 11.
When no DER is connected, this angle is negative, indicating
that power is flowing from the source to the load. Once the
DERs start getting connected this angle becomes positive indicating a reverse power flow, however uncontrolled till the
DSTATCOM gets connected. A scaled (103) PCC phase-a
voltage and current are shown in Fig. 12. It can be seen that
they have a phase difference of 180, which is implies that a
unity power factor current is now flowing from the PCC to the
source. The PCC voltage and source current in the steady state
are shown in Figs. 13 and 14.

Fig. 13. Steady state PCC voltage (Example-2).

Fig. 14. Steady state source current (Example-2).

Example 3: In this example, we consider the same system
as given in Example 2, except that we connect the DSTATCOM to Load Bus-2 at 1.75 s. The power supplied by the
three phases of the source is shown in Fig. 15. It can be seen
that the DSTATCOM cannot influence the power from DER-1
since it is connected downstream from Load Bus-1. Similarly,
DSTATCOM cannot influence the phase-a source current,
which has a negative polarity as shown in Fig. 16. The
DSTATCOM however tries to balance the current upstream
from Load Bus-2 and hence the current in phases b and c are
balanced.

ed to the system – all in phase-a. Four of these PVs have a
rating of 5 kW and the rest have a rating of 10 kW.
TABLE-II: 27-NODE SYSTEM PARAMETERS
System Quantities
Systems frequency
Source
(feeder)
impedance
Load impedance of
each node
Impedance of line
segment
between
nodes

Values
50 Hz
Rs = 3.025 , Ls = 57.8 mH
Phase-a: 51.81 + j17.03 
Phase-b: 25.9 + j8.52 
Phase-c: 17.27 + j5.68 
0.02 + j0.01 

We shall first investigate the voltage profile of the system
before and after the PV connection. A load flow program is
developed in MATLAB for the unbalanced network including
the return neutral wire. The percentage voltage unbalance
(VU) is then calculated from [15]
VU 
Fig. 15. Source power in the three phases (Example-3).

V2
 100%
V1

where V2 and V1 respectively are the negative and positive
sequence rms voltage magnitudes. Voltage unbalance at each
of the 27 nodes of the system is shown in Fig. 18. It can be
seen that the unbalance increases significantly after the PV
connections. It is not surprising that the voltage unbalance is
higher in the nodes that are further from the substation (e.g.
nodes 15 and 16).

Fig. 16. Steady state source current (Example-3).

The above examples clearly demonstrate that a single
DSTATCOM connected at the first bus itself can circulate
power in all the three phases. However if the DSTATCOM is
connected at any other bus, this will not be possible. It is to be
noted that the DSTATCOM can only prevent unbalanced current from flowing in the upstream network and cannot influence the downstream current. In the next section, we shall
discuss a strategy that can be employed if a particular threephase load amidst unbalanced loads and single-phase DERs
required a set of balanced voltages.

(9)

Fig. 17. A distribution system consisting of 27 nodes.

IV. LOAD VOLTAGE CORRECTION
So far only simple distribution systems have been considered. In this section, we shall consider a segment of a practical
distribution system. This has 27 nodes as shown in Fig. 17.
The system is connected with the substation through a
11/0.415 kV Δ-Y transformer. As can be seen, the LV side of
the system is not in pure radial nature. Every three-phase node
is assumed to be consuming 6 kW power. However the loads
at each node are assumed to be unbalanced. We have considered uniform length between two nodes and equal load at each
node. The system data are shown in Table II. In addition 19
PV that are injecting power at unity power factor are connectFig. 18. Voltage unbalance profile along the LV network.

A DSTATCOM is now connected at the MV side of the delta-wye transformer, at PCC. The rating of the DSTATCOM is
the same as that given in Table I. In this case, the PVs are
connected at 0.2 s, while the DSTATCOM is connected at 0.5
s. The unbalance in PCC voltage is shown in Fig. 19. Before
PV connection, the unbalance is less than 1%, which reaches
to 3.0% after PV connection. But after DSTATCOM connection it decreases rapidly to almost zero indicating that the
DSTATCOM balances the PCC voltage.
The power supplied by each of the three phases of the
source is shown in Fig. 20, while the source currents are
shown in Fig. 21. It can be seen that the source power and the
source currents almost become zero. Therefore the PVs support all the loads of the network.
However, the VU at the node furthest away from the substation (i.e., node-16), remains at a very high level despite the
DSTATCOM connection (see Fig. 22). Usually the singlephase loads do not get affected by the voltage unbalanced in
the LV feeders. However, if there are three-phase loads (e.g.,
elevators and pumps) amidst single-phase loads, large negative phase sequence (NPS) voltage can affect their performance. Let us assume that one such load is connected to node16. There are two possible solutions to this problem – the connection of a DVR at node-16 or a DSTATCOM connection
between nodes 8 and 16. These are discussed below.

Fig. 22. VU at Node-16 before and after DSTATCOM connection.

A. DVR Connection at Node-16
A DVR can fix the voltage downstream and hence it can be
connected between node-16 and its load, as shown in Fig. 23
(a). The DVR structure is essentially the same that shown in
Fig. 1, except that the capacitor is connected on the secondary
of the transformer and the voltage across the capacitor is controlled in the output feedback scheme discussed in Section II.
The rating of the DVR is much smaller that the DSTATCOM
given in Table I. Fig. 24 shows the VU across the load connected in node-16. The DVR is connected from the beginning,
while the PVs and DSTATCOM are connected at 0.2 s and 0.5
s respectively. It can be seen that the VU has been reduced to
around 0.5%. It is to be noted that the DVR injects a maximum peak voltage of 50 V.

Fig. 19. VU at PCC before and after DSTATCOM connection.

Fig. 23. (a) DVR connection for single load and (b) DSTATCOM connection
at a bus.

Fig. 20. Source power in the three phases.

Fig. 24. VU at node-16 after DVR connection.

A. DSTATCOM Connection at Node-14

Fig. 21. Source current in the three phases.

The DSTATCOM in this case has only an LC filter, where
the filter capacitor is connected in the secondary side of the
transformer in shunt with the node to which it is connected
(see Fig. 23 b). The rating of the DSTATCOM however is
much smaller than that of the current balancing one. For this
case, the DSTATCOM is connected at node-14. The voltage
across filter capacitor is controlled in an output feedback voltage control. It has been assumed that the DSTATCOM remains connected to node-14 from the beginning.

Since the DSTATCOM balances the voltage across node14, it will also have a positive impact on the voltages of the
neighboring nodes. Fig. 25 shows the VU in buses 11 to 16
with this DSTATCOM. The VU in all these nodes was more
that 10% after PV connection, with or without the main (outer)
DSTATCOM. It can be seen that this inner DSTATCOM reduces all the VUs to less than 3%. Another important thing is
to be noted that the VUs in the upstream nodes reduce after
the outer DSTATCOM connection, while the VUs increase in
node-14 and the downstream nodes. This is in agreement with
what has been reported in [12].
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Fig. 25. VUs in nodes 11-16 after DSTATCOM connection.
[12]

V. CONCLUSIONS
In this paper, the power circulation capability of the
DSTATCOM has been investigated. As it can be seen, if one
phase in a system is generating more power than the others
due to the existence of large number of single-phase DERs in
that phase, the DSTATCOM can circulate the extra power
from one phase to other phases to make them balance. The
DSTATCOM can prevent the flow of large unbalanced current
to the upstream MV network. It has been shown that the
DSTATCOM facilitates the flow of balanced current to and
from the upstream substation.
The main purpose of the DSTATCOM is to balance the current flowing from the substation and to distribute extra power
generated amongst the phases. It however has no effect on the
downstream distribution network. The downstream threephase loads can then be supplied through a customer installed
DVR or a utility installed small rated DSTATCOM, both controlled to balance voltages.
In general most of the loads in the distribution systems are
single-phase household loads. Therefore power imbalance
does not affect them provided that the voltages are within a
specified range. However a large injection in one phase can
make the voltage in that phase to rise above acceptable limits.
In such cases, the DSTATCOM connection is preferable since
it can lower the voltages of a group of neighboring buses. Alternatively, the PVs can be controlled in a droop in which they
can supply or absorb reactive power to prevent voltage rise or
drop. This will be investigated in a separate study.
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