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ABSTRACT

Single-phase distributed energy resources (DERs), such as rooftop photovoltaic arrays, are usually
installed based on the need and affordability of clients without any regard to the power demand of the
connected phase of a three-phase system. It might so happen that the power generation in a particular
phase is more than its load demand. This may cause a reverse power flow in a particular phase, espe-
cially in a three-phase, four-wire distribution system. If now the load demand in the other two phases
is more than their respective generations, then these two phases will see a forward power flow, while
there will be a reverse power flow in the third phase. This will create severe unbalance in the upstream
network. In this paper, a distribution static compensator (DSTATCOM) is used to circulate the excess gen-
eration from one phase to the others such that a set of balanced currents flow from or into the upstream
network. Two different topologies of DSTATCOM are proposed in this paper for the low and medium
voltage feeders. Two different power circulation strategies are developed for this purpose. Furthermore,
a suitable feedback scheme is developed for each topology for power converter control. The performance
of the proposed topologies and the control schemes for the DSTATCOM is evaluated through computer

simulation studies using PSCAD/EMTDC.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Distributed generation on both low voltage (LV) and medium
voltage (MV) feeders has increased rapidly over the last decade
mainly due to the recent global efforts to minimize carbon emis-
sions and to increase power system efficiency and reliability [1-6].
Solar photovoltaic (PV) is the most popular form of renewable dis-
tributed generation (DG), especially in countries with abundance
of sunlight and government subsidies for renewable energy gener-
ation [7-13]. Other forms of DGs, such as micro wind turbines, fuel
cells, microturbines and bio-diesel engines, are also been deployed
in various parts of the world. Furthermore, electric vehicles (EVs)
are expected to make a significant percentage of the load in the near
future [14,15]. At the present time, the EVs only charge their batter-
ies by drawing power from the grid in grid-to-vehicle (G2V) mode
[16]. However, as the battery technology improves, EVs can work
as DGs, where they supply power from the batteries to the grid
in vehicle-to-grid (V2G) mode [17,18]. Moreover, energy storage
devices such as battery banks and flywheels are expected to pene-
trate into the grid to regulate the energy fluctuations arising from
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intermittent renewable sources [19-22]. All these different gener-
ating sources and energy storages that can feed power to the grid
are collectively referred to as distributed energy resource (DER).

Despite the well-known advantages of DERs such as reduced
transmission losses, increased reliability etc., their introduction in
LV feeders has some drawbacks in terms of power quality that need
to be addressed [23-25]. Some of these are voltage/current unbal-
ance among phases and voltage rise [26]. Although the utility grid
supplies balanced voltages to the LV feeders, unequal distribution of
single-phase DERs may create some current unbalancein LV feeders
[27]. For example, in Australia, single-phase solar PVs are increas-
ingly getting connected to LV feeders in a random fashion. Their
ratings can also vary. This can ultimately affect the upstream MV
feeder since large unbalanced currents can be drawn from it.

One method of eliminating the voltage unbalance and improv-
ing the voltage profile in the distribution feeders is applying a
new control technique for the DERs’ converters such that not only
power transfer is facilitated but also power quality is enhanced in
the network. As an example, in [27], a new converter control topol-
ogy is proposed for the single-phase PV converters. Alternatively,
a droop control technique is proposed for improving the voltage
profile in LV feeders by the help of PV converters in [28]. Similarly,
for three-phase DERs, a converter control strategy is proposed in
[29] such that not only it facilitates the power flow from the DER
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to the network but it also compensates the voltage at its terminals
although the network loads are unbalanced.

On the other hand, custom power devices (CPDs) have already
been proven to be effective for alleviating power quality problems
[30]. Different configurations, topologies and control algorithms
are already proposed for them. As an example, in [31], it is shown
that distribution static compensators (DSTATCOM) and dynamic
voltage regulators (DVR) are effective types of CPDs for power qual-
ity enhancement in LV feeders. The DSTATCOM and DVR in [31]
are composed of three single-phase converters connected to the
same DC bus. In [32], it is shown that unified power quality condi-
tioner (UPQC), an another type of CPDs, which is composed of two
back-to-back connected series and parallel converters, can enhance
the power quality in MV feeders. In [33,34], a UPQC configuration
is utilized for the interfacing converter of a DER to enable active
power flow as well as voltage unbalance improvement in the net-
work. In [35] it is shown that an open UPQC, where the series and
parallel converters are located with some distance and are not con-
nected back-to-back, can be used in MV/LV substations to enhance
the power quality. In [36,37], it is shown that an interline DVR
and interline UPQC can facilitate power flow from one MV feeder
to another MV feeder as well as enhancing power quality in the
feeders.

Among the above discussed CPDs, DSTATCOM is highly success-
ful in different power quality issues such as improving power factor
by reactive power injection, controlling the voltage at the inter-
connected bus and suppressing harmonic currents [38-40]. Some
of these issues such as harmonics and power losses have already
been investigated in the context of DERs. It has been shown in
[41] that a DSTATCOM can reduce voltage unbalance in a distri-
bution feeder. Furthermore, the best possible location for installing
a DSTATCOM for optimum performance was also investigated in
[31].

Since the single-phase DERs are placed randomly among the
phases, it is possible that the generation in a particular phase
exceeds the load demand in that phase. Under such a condition,
the surplus phase power will feed back towards the distribution
transformer in the LV feeders. Rooftop PVs are a good example
of the single-phase DERs that generate the maximum amount of
power at midday when the residential load demand is at its mini-
mum. Hence, the LV feeders in such cases can experience a reverse
power flow in one or more phases. It is to be noted that this reverse
power flow is a steady-state phenomenon and is not a transient
issue. Assuming a residential area with a high penetration level of
PVs, it can be expected that the reverse power flow will not only
be observed in the LV feeders but it will also be observed in the
MV feeder supplying these LV feeders. In [41,42], application of a
DSTATCOM, connected to the MV feeder, is been considered for cir-
culating surplus phase power from one phase to another. This is a
new application for DSTATCOM.

A DSTATCOM can be connected to LV as well as MV feeders. The
main advantage of installing a DSTATCOM in an LV feeder is the
elimination of the reverse power flow at the point of emergence of
the problem. This is the most effective way to prevent the reverse
power flow before it being injected to the MV side. However, instal-
lation of a few DSTATCOM s in several adjoining LV feeders, supplied
by the same MV line, is not cost-effective. Hence, reduction in the
initial investment costs is the main advantage of installing a DSTAT-
COM in the MV feeder. In general, several criteria can be considered
in choosing the connection of DSTATCOM to a LV or MV feeder such
as:

e Economic concerns: The cost of a DSTATCOM is highly dependent
onits rating. Similar to other electrical devices, this cost increases
significantly by the increase in the DSTATCOM rating. Hence, eco-
nomic analyses can lead to choosing among the two options of

installing one DSTATCOM, with a higher rating, in the MV feeder
or several DSTATCOMs, each with a smaller rating, in the LV feed-
ers.

The level and frequency of reverse power flow in the feeder: The
reverse power flow may be experienced more frequently with
higher percentage in the LV feeders while it may neither be very
frequent nor a high percentage in the MV feeders. Therefore, the
level of reverse power flow in MV line can sometimes be insignif-
icant while it is significant in some LV lines.

Reliability concerns: Failure of a DSTATCOM in a LV feeder may
only interrupt the power supply to a few customers in the feeder,
however; its failure in a MV feeder may result in power interrup-
tion to a larger number of customers of the MV feeder.
Operational and maintenance (O&M) concerns: A DSTATCOM
installed in a LV feeder will have less O&M costs and lower
hazards for the personnel under hot line practices, in comparison
to those of the MV installation.

The DC link of the DSTATCOM, used in [31,40-42], consists of
a battery (i.e. a DC source). Therefore, the DSTATCOM can operate
like an uninterruptable power supply (UPS) where it can exchange
active as well as reactive power with the feeder. In this paper,
to minimize the initial and O&M costs of a DSTATCOM, a DC
capacitor is used instead of the battery. The main difference in
this case is that the DSTATCOM only exchanges reactive power
with the feeder to facilitate current circulation from one phase
to another. However, the voltage across the capacitor should be
controlled to a rated value by drawing active power from the
AC network. Unless the voltage across the DC capacitor regu-
lated at its rated value, the DSTATCOM is not able to produce
the desired output and will fail to circulate the reverse flowing
power/current.

Two different topologies are considered for the DSTATCOM in
this paper - one when used in LV feeder and the other is used in
MV feeder. The positioning of the boosting transformer in the out-
put of the DSTATCOM is different for MV and LV applications. This
changes the filter characteristic in the output of the DSTATCOM. In
this paper, it has been shown that voltage control strategy is suit-
able for LV applications from the output passive filter arrangement
point of view. On the other hand, it is shown that current control
strategy is well suited for MV applications, from the same point of
view.

The current and voltage output references of the DSTATCOM are
generated such that a set of balanced currents are drawn from the
upstream side, while facilitating the circulation of reverse flow-
ing power among the phases. In addition, the used topology for
LV application provides a reliable path between the phases for
off-grid applications. Hence, the single-phase DERs, controlled in
droop, can manage the power demand of the three-phase network
when the LV feeder is isolated from the upstream side, irrespective
of the phase to which they are connected. This application is not
considered in [31,40-42].

The main aim of the DSTATCOM, either in LV or in MV, is to
force the upstream currents balanced irrespective of the power
flow in its downstream side. To achieve this, the DSTATCOM must
circulate power from one phase to the other. In other words, it
forces the power from the phase with excess generation to flow
in the other phase(s) to avoid reverse power flow in that phase.
Even when there is no reverse power flow and the power to the
load is supplied by the grid, the DSTATCOM balances the upstream
currents, but this also occurs as the power is circulated amongst the
phases.

The main novelty of this paper is in the application of DSTAT-
COM to circulate power/current among the phases in a network
where unbalanced reverse power flow is observed in one or more
phases. This is considered as the main objective of DSTATCOM
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functionality in this paper. Proper DSTATCOM filter arrangements
are considered, separately when it is connected to an LV or an
MV feeder. Based on the filter arrangements, suitable control
techniques are developed. From the output passive filter arrange-
ment point of view, in this paper, it is shown that voltage control
strategy is more suitable for the DSTATCOM when it is connected
to the LV feeder, while the current control strategy is better suited
when it is connected to the MV feeder. The main contribution of
this paper is providing the guidelines for selecting DSTATCOM
filter arrangement and its converter control strategies, for the
LV and MV applications to enhance power circulation among
the phases. The performance of the proposed topologies and the
control schemes for the DSTATCOM, to circulate power from one
phase to another in the LV/MV feeders with unbalanced reverse
power flow, is evaluated through numerical analyses based on
PSCAD/EMTDC.

2. DSTATCOM topologies

For the application mentioned in this paper, the DSTATCOM
should be able to circulate power between the phases through
a common DC bus. The chosen DSTATCOM structures are com-
posed of a voltage source converter (VSC), as shown in Fig. 1.
The DSTATCOM contains three single-phase full bridges, referred
to as H-bridge VSCs, supplied from a common DC bus. The out-
put of each H-bridge is connected to an LC filter, consisting of
an inductor (Ly) and a capacitor (C;). To provide galvanic iso-
lation, three single-phase transformers, with a turns ration of
1:a, are connected between the output of each H-bridge and
the LC filter. These transformers, connected in star in their sec-
ondary sides, also provide voltage boosting. In Fig. 1(a), the
resistance Ry represents the switching and transformer losses.
The filter capacitor Cy is directly connected to the feeder. This
is a suitable topology for the DSTATCOM when installed in LV
side.

When installing the DSTATCOM in MV feeders, the VSC and filter
are desired to be operated in low voltage and connected to the MV
feeder through a transformer with appropriate turns ratio. Hence,
the transformers are connected between the filter capacitor and
the MV feeder, as shown in Fig. 1(b).

The proposed DSTATCOM, when connected to the LV feeder, has
a three-phase four-wire configuration; however, when connected
to the MV feeder, has a three-phase three-wire configuration. It
is to be noted that the VSC structure is not the main focus of this
research. Although three single-phase VSCs are considered in this
paper, any 3-leg or 4-leg VSCs which can provide zero sequence
circulation can also be used. The main advantage of the utilized
three single-phase VSCs is that each phase of the DSTATCOM output
can be controlled individually and independently without affecting
the other phases. However, it has slightly higher costs compared to
3-leg and 4-leg configurations due to the higher number of power
electronic switches.

In order to provide galvanic isolation between the DC bus and
the AC system, a transformer can be utilized at the output of the
VSCs. This is valid for any VSC configuration. The transformer can
also provide voltage boosting. It is to be noted that voltage boost-
ing is not required when the DSTATCOM is connected to the LV
feeder and its DC bus voltage is more than the AC side peak voltage.
However, if the DC bus voltage is less than the AC side peak volt-
age or when the DSTATCOM is connected to the MV feeder, voltage
boosting transformers are required.

Two different control algorithms are proposed for controlling
the DSTATCOM - the first when it is used in LV feeders and the
second when it is installed in MV feeders, which are discussed in
detail in Section 3.

3. Power circulation strategies

Two different power circulating strategies are proposed and
considered, one for each topology.

3.1. Power circulation strategy for DSTATCOM in LV feeders

It is desired that the DSTATCOM is operated in a fashion such
that a set of balanced currents is observed in the upstream side.
It is assumed that the loads are connected to a LV (typically 415V)
feeder, supplied through an MV (typically 11 kV) feeder from a sub-
station. The substation will be considered as source and its voltage
is assumed to be balanced. The DSTATCOM is connected to the
LV feeder. To have a balanced set of current flowing in the MV
feeder, the voltage at the point of common coupling (PCC) of the
DSTATCOM must be balanced. This can be achieved by controlling
the DSTATCOM such that it generates and holds a balanced set of
voltage at its PCC. A voltage control technique is utilized to hold a
balanced set of voltages across the three filter capacitors (Cy). The
three-phase reference voltage will then be [32]

T
[V ],rféc = Epstar ZSZ;fA x[1 A2 %] (1)

where Epstar is the desired phase RMS voltage for the PCC (i.e. 240V
in this study), §.r4 is the angle of the terminal voltage, vj4 and A =1
~120°. This voltage is used as the reference for converter control, as
discussed in the next section. The DSTATCOM exchanges reactive
power with the LV feeder to hold the desired voltage at its PCC.

The main assumption above is the presence of a balanced volt-
age at the secondary side of the distribution transformer. This may
not be true in a real network where a MV feeder supplies several LV
feeders and each LV feeder injects some reverse power into the MV
feeder. In such a case, the MV feeder may induce unbalanced vol-
tages to the secondary side of the distribution transformer. Hence,
installing one DSTATCOM at one of the LV feeders will not guarantee
asetofbalanced currents to flow in the upstream of the DSTATCOM.
Thereby, a DSTATCOM is required to be installed in every LV feeder
in which single-phase DERs are connected. This will restrict the
injection of reverse power flow into the MV feeder.

The operation of the DSTATCOM depends on the voltage varia-
tions across the DC capacitor (V). Any load change in the feeder
is a disturbance to the DSTATCOM controller and results in a volt-
age fluctuation in V.. This voltage fluctuation corresponds to the
change in the active power flow between the DC capacitor and the
feeder. V. can be kept constant and equal to its reference value if
the DC capacitor does not exchange any power with the feeder [30].
For this, the angle of the voltage across the AC filter capacitor (&)
must be varied with respect to the variations in V. as per

k
5 = (kp + ?’) V'~ Vyo) )

Therefore, for any fluctuation in V. following a load change in
the feeder, 8. is modified such that V is regulated to its reference

(V32)- Note that in such a case, the DSTATCOM will only absorb a
small amount of active power from the feeder which is equal to the
losses in its H-bridges and transformers.

It is to be noted that, in general, the LV feeders are more resis-
tive than inductive. For example, in Australia, the typical LV feeders
have an R/X~ 2-3 [43]. Under such scenarios, it is possible that the
DSTATCOM cannot effectively control its PCC voltage to the desired
value by only exchanging reactive power with the feeder. This prob-
lem can be addressed if the DSTATCOM utilizes a DC source (e.g. a
battery) instead of a DC capacitor in such scenarios, to facilitate
active power exchange with the feeder.
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Fig. 1. DSTATCOM toplogy with power circulation capability to be installed in: (a) LV feeders, (b) MV feeders.

3.2. Power circulation strategy for DSTATCOM in MV feeders

Now, let us assume that the DSATATCOM is connected to the MV
feeder. A voltage control strategy, similar to the abovementioned
case, can be utilized. However, in Section 5, through simulation
studies, it will be shown that although the DSTATCOM will have an
acceptable level of tracking of the voltage across Cy, due to the leak-
age inductance of the coupling transformers, the DSTATCOM PCC
voltage is not perfectly balanced. Hence, a balanced set of currents
will not be observed in the upstream side.

To avoid this problem, a current control strategy is utilized. In
this method, the proper references for the output current for each
phase of the DSTATCOM are calculated and the DSTATCOM is con-
trolled to ensure the desired current is injected into the PCC.

The reference output currents of the DSTATCOM are generated
such that power circulation between the phases. As a consequence,
the upstream currents become balanced. For this purpose, the the-
ory of instantaneous symmetrical component is utilized [44]. To
apply the theory, first the fundamental positive sequence of the PCC
voltage is obtained [45]. Let the instantaneous positive sequence
voltages be denoted by v47, vg; and v¢y. The reference currents can
then be calculated as [46]

Vatira + Up1ite + Vcrirc
2 2 2
Var + Vg1 + V¢

lir]3e = liL]agc — [V1lasc (3)
where i; is the current in the downstream of DSTATCOM. This cur-
rent is used as the reference for converter control, discussed in the
next section.

4. Converter switching control

As discussed in Section 3, based on the filter topologies in the
output of VSCs, a voltage control technique is preferred when
DSTATCOM is connected to LV feeders and a current control tech-
nique is preferred when it is connected to MV feeders. Proper
reference tracking technique for each mode is described in details
below.

4.1. Voltage control technique

Let us consider only one phase of the DSTATCOM circuit in
Fig. 1(a), in which the state vector is defined as [47]

T

X(t) = [vg(t) ie(D)] (4)

where v (t) represent the instantaneous voltage across AC filter
capacitor, if (t) is the current passing through filter inductor Land T
is the transpose operator. Then, the equivalent circuit of this system
can be represented with state space description of

x(t) = Ax(t) + Byuc(t) + Byir(t) (5)

where
1
— T T
C Y 1
A= /| g |0 &V =|-— 0
1K L G
L Ly

are system matrices, u (t) is the continuous-time version of switch-
ing function u and ir (t) represents the effect of the network
transients on the converter. Hence, it is assumed to be an exoge-
nous disturbance input to the system and will be neglected when
designing the controller.

In the control system, the desired values for each control param-
eter in the steady state condition must be known. However, it is
rather difficult to determine the reference for ifin (4). Nevertheless,
it is desired that if has only low frequencies and its high frequency
components (?f) are zero. Therefore, instead of using ir as a con-
trol parameter, Tf is used in the control system. In [47], it is shown
that 7f can be obtained utilizing a high pass filter, where its desired
reference is chosen equal to zero.

Eq. (2) can be represented in discrete-time domain as [48]

x(k + 1) = Fx(k) + Gruc(k) + Gair(k)
y(k) = Cx(k)

(6)

where
Ts Ts
F=eTs, Q:/)W&M Q:/‘Wmm
0 0
and Ty is the sampling time. Using a suitable state feedback control
law, uc (k) can be computed as
uc(k) = —K[x(k) — %yep (k)] (7)

where K=[k; k] is the gain matrix and x,¢s (k) is the desired state
vector in discrete-time mode, expressed as

~ T T
Xeop = [V Tl =10 0] 8)

It is to be noted that the desired reference value for v (t) is
determined by (1).
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(a) LV feeders, (b) MV feeders.
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Fig. 2. Closed-loop switching control block diagram for: (a) voltage control strategy
based on LQR, (b) current control strategy based on pole-shift.

As the system behaviour in the steady-state is of importance and
assuming a full control over u, (k), an infinite time linear quadratic
regulator (LQR) [49] is designed for this problem to define K. This
controller is more stable than PID controllers. In addition, PID con-
trollers are not very effective when they are utilized in time-varying
references.

In a discrete LQR problem, an objective function J is chosen as
[49]

o]

J(k) = Z[(X(k) = Rref ()T QUIYR(K) = Rrep (K)) + e (k) RO Yuc ()]

k=0
9

where R is the control cost, Q is the state weighting matrix which
reflects the importance of each controlling parameter in x and J(co)
represents the objective function at infinite time (steady-state con-
dition) for the system. Eq. (9) is then minimized to obtain the
optimal control law u. (k) through solution of steady state Riccati
equations [49]. The LQR method ensures the desired system per-
formance provided that the variations of system load and source
parameters are within acceptable limits.

Eq. (7) gives the total tracking error of the converter. The track-
ing error can be minimized by limiting this error within a very small
bandwidth (e.g. h=10-%). Now, from (7), the switching function
u (i.e. which pairs of IGBTs to turn ON/OFF) is generated using a
hysteresis error control as

If uc(k)> +h then u=+1
If —h<uck)<+h then u=previousu (10)
If uc(k)<-h then u=-1

If u=1, then Sq pair of IGBTs turn ON and if u=-1, then S, pair
of IGBTs turn ON. This switching control is considering only one
phase. Similar switching action is also employed for the other two
phases, separately.

Note that the switching frequency of IGBTs depends on the value
of h. On the other hand, the power loss in the IGBTs depends on their
switching frequency and therefore on h. Although reducing h to
smaller values improves the reference tracking by the converter, it
might lead to very high impractical switching frequencies and high
switching losses. Therefore, h is to be defined such that a proper
reference tracking is achieved while the switching frequency and
power losses in the VSC are acceptable [30].

The closed-loop block diagram of the control system is shown
in Fig. 2(a).

4.2. Current control technique

Let us consider only one phase of the DSTATCOM circuit in
Fig. 1(b), in which the state vector is defined as [40]

x(6) = [ir(©) i(0) vg(0)]" (1)

where it is the output current of the DSTATCOM. Then, the state
space equation of the system is written as

x(t) = AX(t) + Biuc(t) + Bovr(t)

(12)
y(t) = Cx(t)
where
o o 27
R LTl v T
A=| o L —— | B -|o X of,
Lf aLf aLf
_a a 0
G G -
AT
By=|-— 0 0|, C=[1 0 0]
T

are system matrices and vr (t) is an exogenous disturbance input to
the system that is neglected when designing the controller.

As the system behaviour is governed by the poles of its trans-
fer function (i.e. the eigenvalues of matrix A), it is often desirable
to modify the poles of the system in order to obtain certain prop-
erties such as rise/settling time, damping, overshoot and stability.
In this paper, the control system is designed using a discrete-time
output feedback pole-shift control [31]. In this technique, the open-
loop poles are shifted radially towards the origin (i.e. more stable
locations) to form the closed-loop poles. Similar to (6), Eq. (12) is
represented in discrete-time domain. Assuming the feedback con-
trol has the form of Fig. 2(b), the system of converter and filter is
represented in transfer function domain as

yik) Gz
uc(k)

_ g1z V' 4z 2 +g3z3 +... (13)
F(z71) 1+4fiz'+Hz2+fz3+...

where z~1 is the delay operator. Now, let the control law be given
by

S(z!
ell) = o Wi () = ) (14)
where y, is the desired (reference) output current. From Fig. 2(b),
the closed-loop characteristic equation of the system, A (z71), is
given as

Az ) =Fz )Rz 1)+ Gz 1Sz 1) (15)

Unlike the pole-placement technique where A (z~1) is pre-
defined by the user, pole-shift technique takes the form of

Az N =FOz )=1+M1z7 '+ 22hHz72 + 3Rz 3 + ... (16)

where the poles are shifted by A towards origin. In this technique,
the closed-loop poles are obtained by multiplying the open-loop
eigenvalues by 0 <A <1 where A is a scalar, close to one (e.g. A=0.8),
which is called the pole-shift factor. The pole-shift factor is the only
parameter to be defined in the controller and its value determines
the control gain. It is adjusted such that the controller is limited
only for the first few swings following a large impact on the system.
Given B is the absolute of the largest characteristic root of F (z°1),
for guaranteeing the closed-loop system stability, A is limited as
[50]

—l<k<

1
i B (17)
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Since the penalty on control action can be easily adjusted by A
as in (17), the closed-loop system will unlikely be instable. This is
an advantage of the pole-shift technique compared to other tech-
niques such as deadbeat control which forces all the closed-loop
poles to the origin, requiring excessive control effort.

Equating (16) with (15), the controller coefficients in R (z~1) and
S(z~1) can be obtained. For the system of converter and filter under
consideration in this paper, based on the system order in (12)-(13),
S(z'Yand R(z™')in (14) are of the form

uc(k) _S(z7)  so+s1z7 1 45272
Yref(K)=y(k) ~ R(z1) ~ 141z 1 +rp272

Based on these calculated values, the reference tracking error,
uc (k) is defined from (18) and used to achieve a reference tracking
error less than the maximum specified as described in (10). The
closed-loop control configuration is shown in Fig. 2 (b).

(18)

4.3. Summary of converter switching control

A voltage control strategy, based on [31], is developed and uti-
lized for the DSTATCOM when connected in LV feeders, as discussed
in Section 3.1. Also, a current control strategy is developed and
utilized, based on [46], when the DSTATCOM is connected to the
MV feeder, as discussed in Section 3.2. The reference for voltage
output and current output in each case is as given in (1) and (3),
respectively. The switching control of the VSCs is carried out based
on closed-loop control systems, as shown in Fig. 2. For this, first
the system state-space description is given as (5) and (12). Then,
for voltage control, an LQR-based control technique is utilized to
provide an acceptable level of voltage tracking at the output of the
DSTATCOM filter. For current control, a pole-shift technique is uti-
lized to provide an acceptable level of current tracking at the output
of DSTATCOM filter. The controller parameters are calculated by
solving (9) and (15). In each case, the error between the reference
and the actual values are passed through a hysteresis controller
to generate the proper Turn On/Off gate signals for the IGBTs of
the VSCs, as given in (10). This is a per-phase control and a simi-
lar control technique is utilized for each phase of the DSTATCOM
individually.

5. Case studies and simulation results

Several case studies are carried out in PSCAD/EMTDC when
a DSTATCOM is connected both in LV and MV feeders, with
the control techniques discussed in the previous two sections.
The DSTATCOM connection for LV and MV systems are shown
respectively in Fig. 3(a) and (b). The technical data are given in
Tables 1 and 2 in Appendix A.1. These case studies are discussed
below. It is to be noted that in these case studies, the loads are
modelled only as constant impedance loads. Although the electri-
cal loads can be assumed as constant impedance, constant power
or constant current types, this will have negligible effect on the
control and performance of the proposed DSTATCOM.

5.1. LV application of DSTATCOM

5.1.1. Case-1

Let us consider the LV feeder of Fig. 3 (a), with a A/Y transformer
and unbalanced loads where a DSTATCOM, with the topology
shown in Fig. 1(a), is installed and controlled based on the voltage
control strategy described in Section 3.1. The steady-state, three-
phase instantaneous current waveform in the upstream feeder,
downstream load and the output of the DSTATCOM are shown
in Fig. 4(a-c), respectively. The phase active power flow along
the above-mentioned locations is shown in Fig. 4(d-f). Separate
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Fig. 3. Schematic diagram of a distribution network with DSTATCOM installed in:
(a) LV feeder and (b) MV feeder.
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results are shown for the cases before and after connection of
the DSTATCOM. The upstream currents are unbalanced due to the
unbalanced downstream currents (Fig. 4a, b-left). The active power
flow in the upstream of DSTATCOM is equal to the downstream
(Fig. 4d, e-left). After the DSTATCOM is connected to the feeder,
the unbalanced currents are only observed at the downstream side
(Fig. 4b-right) while the upstream currents get balanced (Fig. 4a-
right). Similarly, the active power flow in the DSTATCOM upstream
is balanced (Fig. 4d-right) while the downstream side is still unbal-
anced (Fig. 4e-right). It is to be noted that since the loads in these
simulation results are assumed to be constant impedance loads,
the downstream power before and after DSTATCOM connection is
slightly modified due to the voltage correction by the DSTATCOM. In
this scenario, since no reverse power flow is observed in any of the
phases, the DSTATCOM only facilitates a set of balanced currents in
its upstream. The output currents and active power flow from the
DSTATCOM are shown in Fig. 4c, f-right.

5.1.2. Case-2

Now, let us consider the network discussed in case-1 with a
reverse power flow in phase-A due to the connection of excessive
single-phase generation to this phase. The simulation results are
shown in Fig. 5. The active power flow in the feeder is —20, 35
and 49 kW respectively in phase-A, B and C (Fig. 5d-left). After the
DSTATCOM connection, the active power flow in the DSTATCPOM
upstream is 27 kW in all phases (Fig. 5d-right). This is achieved as
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Fig. 6. Case-3 simulation results in grid-connected mode (left column) and off-grid
mode (right column) operation of the LV feeder while the DSTATCOM is connected
to the LV feeder in both modes (solid line: Phase-A, dashed line: Phase-B, dotted
line: Phase-C).

the DSTATCOM absorbs 43 kW from phase-A and injects 10 and
28.5 kW respectively to phase-B and C (Fig. 5f-right). Due to the
proper power circulation through the DSTATCOM, a set of balanced
phase current is also observed in the upstream feeder after the
DSTATCOM (Fig. 5a-right). This case study demonstrates the princi-
ple of power circulation through the DSTATCOM which is based on
absorbing active power from the phase with reverse flowing power
and injecting that power (minus DSTATCOM internal losses) to the
other phases. The summation of the active powers at the outputs
of the DSTATCOM represents the internal losses of the DSTATCOM
(Fig. 5f-right). In this case, the DSTATCOM loss is equal to 4.5 kW.

5.1.3. Case-3

Now, let us consider the same network as in case-2, when it
is operated in an islanded (off-grid) mode, i.e. the circuit breaker
CB is assumed to be open. In this case, the single-phase DERs are
droop controlled as discussed in Appendix A.2. In [51], it is shown
that under such a condition, the distribution transformer provides
a power circulation path. Hence, a single-phase DER connected to
one phase supplies aload in another phase through the transformer.
Since this has been discussed in detail in [51], it is not repeated here
as it is not the main focus of this paper. The simulation results are
shown in Fig. 6 separately for grid-connected and off-grid modes,
where in both modes the DSTATCOM is connected to the LV feeder.
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In grid-connected mode, due to the presence of the DSTATCOM,
a set of balanced currents are observed in the upstream of the
DSTATCOM (Fig. 6a-left). Although an active power flow of —14,
38 and —43 kW is respectively observed in phase-A, B and C in the
DSATCOM downstream (Fig. 6e-left), due to the presence of the
DSTATCOM, an active power of approximately 20 kW is observed
inall phases in the DSTATCOM upstream (Fig. 6d-left). It can be seen
that in this case, the DSTATCOM absorbs 31.6 kW from phase-A and
injects 11.4 and 16.0 kW respectively to phase-B and C (Fig. 6f-left).
After the grid is isolated, the upstream currents are only the magne-
tizing currents of the transformer and are negligible (Fig. 6a-right).
Due to the A/Y configuration of the transformer, a very small circu-
lating current and power is observed in the DSTATCOM upstream
(Fig. 6d-right). In such a case, the voltage-droop controlled DERs
in phase-A, increase their generation and hence a —50.5 kW power
flow is observed in this phase in the downstream of DSTATCOM
(Fig. 6e-right). This power is circulated through the DSTATCOM to
the other phases. Hence, the DSTATCOM absorbs 45 and 7.7 kW
from phase-A and C and injects 34 kW to phase-B (Fig. 6f-right).

This case study demonstrates that the proposed DSTATCOM can
help the LV network with sufficient DERs to operate in off-grid
mode. In such a case, the DSTATCOM provides a path for the extra
generated power by the DERs to flow into the phases with power
deficiency.

5.2. MV application of DSTATCOM

5.2.1. Case-4

Now, let us consider a MV feeder of Fig. 3(b) with unbalanced
loads where a DSTATCOM, with the topology shown in Fig. 1(a),
is installed and controlled based on voltage control strategy. The
simulation results are shown in Fig. 7. Before the DSTATCOM con-
nection, the upstream currents are unbalanced and equal to those
at the downstream of the DSTATCOM (Fig. 7a, b-left). Similarly, the
active power flow in each phase is different (Fig. 7d-left). However,
no reverse power flow is observed in any of the phases. Hence,
the DSTATCOM only has to facilitate a set of balanced currents
in its upstream. After the DSTATCOM is connected to the feeder,
its upstream currents are balanced (Fig. 7a-right) while its down-
stream remains unbalanced (Fig. 7b-right). Similarly, the active
power flow in the DSTATCOM upstream becomes equal to 4 MW
in all phases (Fig. 7d-right) while those in the downstream side
remain unbalanced (Fig. 7e-right). The output currents and active
power flow from the DSTATCOM are shown in Fig. 7c, f-right.

5.2.2. Case-5

Now, let us consider utilizing a DSTATCOM, with the topology
shown in Fig. 1(b), in the MV network of case-4, operating in volt-
age control strategy. In this configuration, the filter capacitor has
an LV rating. Before DSTATCOM connection, the currents in DSTAT-
COM upstream are unbalanced (Fig. 8a-left). After the DSTATCOM
connection, the actual and reference values of voltage across the
filter capacitor are shown together in Fig. 8b-left and the tracking
error is shown Fig. 8b-right. From this figure, it can be seen that the
tracking error of the controller is about 8 V peak to peak. However,
the upstream current is not balanced (Fig. 8a-right), as discussed
earlier in Section 3(B). Hence, for this configuration of DSTATCOM,
voltage control strategy fails.

5.2.3. Case-6

Now, let us consider the network and DSTATCOM of case-5,
where a current control strategy, as discussed in Section 3.2 is uti-
lized instead of the voltage control strategy. The simulation results
are shown in Fig. 9.

As it can be seen from the results, before the DSTATCOM con-
nection, the currents at the upstream and downstream of the
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DSTATCOM are unbalanced (Fig. 9a, b-left). The active power flow is
2.8, 2.3 and 1.5 MW respectively in phase-A, B and C (Fig. 9d-left).
After the DSTATCOM connection, the upstream current becomes
balanced (Fig. 9a-left) and the active power becomes 2.3 MW in all
phases (Fig. 9d-right). This is achieved as the DSTATCOM absorbs
1.18 MW from phase-C and injects 1.16 MW to phase-A while it
has no power exchange with phase-B (Fig. 9f-right). In this case,
the DSTATCOM has a loss of 20 kW, since it is connected to an MV
feeder.
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Table 1
Summary of the simulation results.
Simulation DSTATCOM DSTATCOM Control Summary Result
case no. connection filter type strategy
1 LV LC(LV Voltage The LV network contains unbalanced Proper power circulation through the
rating) loads DSTATCOM
Balanced currents in the DSTATCOM upstream
2 LV LC(LV Voltage The LV network contains unbalanced Proper power circulation through the
rating) loads and unbalanced single-phase DSTATCOM
DERS Balanced currents in the DSTATCOM upstream
3 LV LC (LV Voltage The grid in this case is isolated. DERs Proper power circulation through the
rating) are only available in phase-A and C DSTATCOM
while unbalanced loads are distributed DERs in phase-A and C supply the load in
in all phases phase-B through DSTATCOM
4 MV LC (MV Voltage The MV network experiences Proper power circulation through the
rating) unbalanced loads and unbalanced DSTATCOM
generations Balanced currents in the DSTATCOM upstream
5 MV LCL (LV Voltage Same Network as Case-4 Unbalanced currents in the DSTATCOM
rating) upstream
6 MV LCL (LV Current Same network as case-4 Proper power circulation through the
rating) DSTATCOM

Balanced currents in the DSTATCOM upstream
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Fig. 9. Case-6 simulation results before DSTATCOM connection (left column) and
after DSTATCOM connection (right column). (solid line: Phase-A, dashed line: Phase-

B, dotted line: Phase-C).

5.3. Simulation results and discussion

Based on the above simulation cases, it can be seen that for
a DSTATCOM connected in LV feeder, a filter type of LC with a

voltage control strategy can properly circulate the reverse power
flow and balance the upstream currents (as illustrated in Case-2).
In the situations in which no reverse power flow is observed in any
of the phases, the DSTATCOM will only facilitate a set of balanced
currents in its upstream (as illustrated in Case-1). The DSTATCOM
with a voltage control technique connected to the LV feeder, as pro-
posed in this paper, can facilitate off-grid operation mode for the
system, providing that the DERs have adequate capability to supply
the local loads within the LV feeder (as illustrated in Case-3).

Similarly, it is realized that for a DSTATCOM connected in MV
feeder, a filter type of LC with a voltage control strategy can only
be successful if the filter has MV rating (as illustrated in Case-4).
To utilize a filter with LV rating, the LCL filter with a voltage con-
trol strategy was shown to be unsuccessful in making the upstream
currents balanced (as illustrated in Case-5). However, when a cur-
rent control strategy is used instead of the voltage control strategy,
the DSTATCOM is successful for proper circulation of the reverse
power flow and balancing the upstream currents (as illustrated in
Case-6). This is summarized in Table 1.

6. Conclusions

Large number of single- phase DERs, installed in one phase,
can result in reverse power flow in that phase if the generation
capacity is higher than the phase load demand. In this paper, two
different topologies are discussed for power circulation through
a DSTATCOM in order to prevent the reverse power flowing into
the upstream network. The proposed DSTATCOM is composed of
a VSC with an LC filter, either connected directly to the LV feeder
or through a boosting transformer in case of the MV feeder. The
simulation results show that a voltage control strategy is effective
for circulating the phase surplus power through the DSTATCOM in
the LV network while it fails for MV applications due to the leakage
inductance of the boosting transformers. Hence a current control
strategy is a preferred option for this case.

Appendix.
A.1. Technical parameters of the network

The data of the network in Figs. 1 and 3 are listed in

Tables 2 and 3.
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Table 2
Technical data of the network in simulation cases 1-3.

MV feeder 11kV L-L,50Hz, R=0.5 2, X=1.57 Q
Distribution transformer 100kVA, 11kV/410V, 50Hz, Z;=10%
LV feeder 410V L-L, 50Hz, R=0.022 2, X=0.022 Q

Three-phase LV load Sa=19.5+j6.3,S5=38.6+j13,S-=53+j
19.2kVA

One single-phase DER with P=40kW, PF=1,
connected to phase-A

2 single phase DERs with P,geq = 50 KW,
Srated =60 KVA with Legypiing =450 wH
(connected to phase-A) and Leoypling = 680 H
(connected to phase-C)

DER for Case-2

DERs for Case-3

DSTATCOM Rr=0.1, Lr=4mH, G;=25pF, Vg =1kV,a=1,
h=10"*
K=[1.5463 —0.7092]
Table 3

Technical data of the network in simulation cases 4-6.

HV feeder 132kV L-L, 50Hz, R=0.252, X=3.14Q2
Transformer 15MVA, 132/11kV, 50Hz, Z;=5%
MV feeder 11kV L-L,50Hz,R=0.5%, X=1.57Q

Three-phase MV load
DER for Case-6

Sa=2+j0.66,Sp=4+j1.33,Sc=6+j2 MVA
One single-phase DER with P=0.45 MW,
PF=1, connected to phase-A

Rp=0.1Q, Li=4mH, G;=25 pF, Vg = 13kV,
a=1,h=10"*

K=[1.5463 -0.7092]

Rf=0.1Q, L =4mH, C;=25 puF, Vg =1kV,

DSTATCOM for Case-4

DSTATCOM for Cases-5 and 6

a=11,h=10"*
S(z7!) _ 43.8019-85.47467~1 +41.72697°2
Rz-T) 1-0.1237z-1-0.025z2

A.2. Control of LV networks operating in islanded mode

A LV feeder is considered with two DERs. Let us assume that
each DER is supplied by a DC source and is connected through an
H-bridge VSC, an LC filter and an impedance of jwLeyp to the LV
feeder. The active power (p) and reactive power (q) supplied by the
DER to the LV feeder are then given by [47]

IVl x Vgl .
p = sin(dy —81)

. (A1)
q= a)_LTT (el cos(8r — 81) = 1Vrl)

where Vr and V( are respectively the LV feeder side and LC fil-
ter voltage of the coupling impedance and V=|V| Z§ is the phasor
representation of 1/(t).

In islanded mode, it is assumed that the frequency of the LV
feeder reduces by Aw, as the DER increases its output active power
from zero to its rated value. Hence, P-§ droop coefficient for the
DER is

Aw
P rated

m= (A.2)

Assuming Aw to be constant for both of the DERs with different
ratings, the ratio of P-§ droop coefficient between the two DERs is

my Prated,Z (A3)
My Prated,1

Similarly, it is assumed that the voltage of the LV feeder reduces
by AV, when the DER increases its output reactive power from zero
to its rated value. Hence, the Q-V droop coefficient for the DER is

AV
B Qrated

n (A4)

Assuming AV to be constant for both of the DERs with different
ratings, the ratio of Q-V droop coefficient between two DERs is

ﬂ _ Qrated,2
ny Qrated, 1
In [47], it was shown that the output active ratio and reactive

power ratio among two DERs are the same as the ratio of their rated
active and reactive powers as

(A5)

P o my

Po_m o 0 _m
P, my’

Q m

On the other hand, in parallel operation of converter-interfaced
DERs in anislanded network, it is desired that the voltage angle dif-
ference on two sides of the coupling inductance (i.e. §s — 87) in (A.1)
to be a small value so that it is on the linear section of sinusoidal P-§
characteristic of (A.1). Similarly, it is desired that the voltage drop
across the coupling inductance (i.e. |V — [V7]) in (A.1) to be small
(i.e. 1-2%). For achieving these assumptions, the coupling induc-
tances are designed inversely proportional to the rated power of
DERs as [47]

(A6)

Lcoup,l _ Prated,2 _ Qrated,Z (A7)
Lcoup,Z Prated,l Qrated,l
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