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a b s t r a c t

The increasing presence of single-phase distributed generators and unbalanced loads in the electric power
system may lead to unbalance of the three phase voltages, resulting in increased losses and heating. The
distribution network operators (DNOs) are increasingly being challenged to maintain the required power
quality. To reduce voltage unbalance DNOs are seeking to connect larger DG units to the three phases
instead of a single-phase connection. The three-phase connection can be realised by three single-phase
inverters or by a three-phase inverter. Each inverter topology can be implemented with different control
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strategies. The control can be equiped with active power filtering functions which can improve the power
quality. In this paper, the effect of connecting DG units by means of a three-phase connection instead of a
single-phase connection on voltage unbalance is studied. Besides two commonly used control strategies,
two other control strategies that combine DG and active power filtering functions are implemented and
their effect on voltage unbalance is studied. The last two control strategies lead to the reduction of voltage

oltag
unbalance such that the v

. Introduction

Ideally, the generated voltages in three-phase power systems
re symmetrical. However, the resulting voltages at the point of
ommon coupling (PCC) and at the point of connection (POC) can
e unbalanced for several reasons. The nature of the unbalance

ncludes unequal voltage magnitudes at the fundamental system
requency (under- and over-voltage), fundamental phase angle
eviation and unequal levels of harmonic distortion between the
hases [32].

Unbalance can result in adverse effects on equipment and on
he distribution system. An unbalanced distribution system will
e subjected to more losses and heating effects. Voltage unbal-
nce can also have negative effects on equipment such as induction
otors, power electronic converters and adjustable speed drives

17,16,32,22,29]. Avoiding these negative effects requires main-
aining a balanced voltage at the POC.

The distribution network operators (DNOs) are increasingly
eing challenged to maintain the required power quality. DNOs are

mposing to connect larger distributed generation (DG) units (viz
3.6 kVA in Belgium) to the three phases instead of one to reduce

oltage unbalance.

Improving voltage unbalance can be achieved by installing
hree-phase systems especially designed to improve the power
uality. An example of such a three-phase system is a Unified Power

∗ Corresponding author. Tel.: +32 9 264 34 42; fax: +32 9 264 35 82.
E-mail address: Bart.Meersman@UGent.be (B. Meersman).

378-7796/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.epsr.2010.11.024
e requirements are maintained.
© 2010 Elsevier B.V. All rights reserved.

Quality Conditioner (UPQC) which is controlled to deliver a small
amount of negative-sequence current into the grid to decrease the
negative-sequence voltage component [33,13].

There are several possible topologies to connect DG units to
a three-phase distribution network. The most common practice
nowadays is to use three single-phase inverters which share a
common dc-bus and the corresponding dc-bus voltage controller
[8,5,7,27]. This will result in a system with power factor near to
one as three single-phase current controllers are used which result
in currents in phase with the grid voltage. Another possibility is
a three-phase four-wire inverter [4,19,9]. Both topologies can be
controlled by using different control strategies [23,24].

Presently, two control strategies are frequently used. For three-
phase systems consisting of three single-phase inverters with a
common dc-bus, a single-phase sinusoidal control strategy is used
[8,5,7]. Each single-phase inverter injects a sinusoidal current in
phase with the respective phase voltage. Another frequently used
control strategy for three-phase inverters is the positive-sequence
control strategy [4,34,19,3,2]. The inverter is controlled such that
it injects a positive-sequence current. These two control strategies
will not deteriorate the voltage unbalance but will neither improve
it.

The voltage unbalance can be improved when the control
strategies are altered such that they possess active power fil-

tering functions [14,28]. Adding active power filtering functions
to the control strategy of inverter-connected DG units can lead
to an improved power quality [15]. Therefore in this paper, the
two previous commonly used control strategies are equiped with
active power filtering functions. The single-phase sinusoidal con-

https://core.ac.uk/display/55843015?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
dx.doi.org/10.1016/j.epsr.2010.11.024
http://www.sciencedirect.com/science/journal/03787796
http://www.elsevier.com/locate/epsr
mailto:Bart.Meersman@UGent.be
dx.doi.org/10.1016/j.epsr.2010.11.024
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Table 1
Supply voltage requirements according to EN 50160.

Parameter Characteristics

Power frequency LV, MV: mean value of fundamental
measured over 10 s. ±1% (49.5–50.5 Hz) for
99.5% of week −%/+ 4% (47–52 Hz) for 100%
of week

Voltage magnitude variations Vnom = 230 V, ±10% for 95% of week; mean
10 min rms values

Supply voltage dips Majority: duration <1s, depth <60%. Locally
limited dips caused by load switching on:
10–50%
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Supply voltage unbalance Negative-sequence voltage component
<2% for 95% of the week, mean 10 min rms
values

rol strategy can be improved by adding a signal to the reference
urrent, this signal results in a resistive behaviour towards voltage
isturbances independently of the input power [26,25]. An alter-
ative three-phase control strategy is the three-phase damping
ontrol strategy which is presented in this paper. Besides injecting
ositive-sequence power, the three-phase damping control strat-
gy behaves resistively towards the zero- and negative-sequence
oltage component (independently of the input power) which will
ead to an improved voltage unbalance.

Instead of installing three-phase systems especially designed to
mprove the power quality, the increasing presence of inverter-
onnected DG units can be used to decrease voltage unbalance by
mplementing the appropriate control strategy. In this paper, the
nfluence of the different control strategies for DG-units on voltage
nbalance is studied.

. Voltage unbalance factor

There are three commonly used definitions of voltage unbal-
nce, developed by NEMA (National Equipment Manufacturer’s
ssociation), IEEE and the power community, respectively [21,6].

n this paper, the percentage voltage unbalance factor (% VUF) is
hosen as a measure to evaluate the voltage unbalance.

Based on the theory of symmetrical components, voltage
nbalance can be divided into two parts corresponding to the
egative-sequence and the zero-sequence component of the volt-
ge. For instance, induction motors are very sensitive to the
egative-sequence voltage component as the negative-sequence

mpedance is small. Even a small negative-sequence voltage com-
onent leads to large currents and thus increased losses. On the
ther hand, the zero-sequence component of the voltage can result
n currents flowing in the neutral conductor which causes heating
nd zero-point shifting [12,28].

The voltage unbalance factor (% VUF) is given by the ratio of the
agnitudes of the fundamental negative-sequence voltage compo-

ent to the positive-sequence voltage component:

VUF = V2

V1
100. (1)

he zero-sequence voltage unbalance factor (% VUF0) is given by the
atio of the magnitudes of the zero-sequence voltage component
o the positive-sequence voltage component:

VUF0 = V0

V1
100. (2)

he DNOs are obliged to maintain the voltage to certain require-

ents. The supply voltage requirements of public distribution

ystems in Belgium are based on the standard EN50160 [1]. An
verview of the most important aspects of this standard is given in
able 1. The two most important parameters for this paper concern
oltage magnitude variations and supply voltage unbalance.
ms Research 81 (2011) 899–906

3. Voltage-source inverter control strategies

The control of an inverter can be divided in two parts: the dc-bus
voltage controller and the current controller. The dc-bus voltage
controller maintains the balance between the ac- and dc-power
and outputs the fundamental input conductance g1 which is a mea-
sure for the power injected by the DG unit [20]. g1 is positive when
the inverter injects power and negative when the inverter absorbs
power. In case of an unbalance between the ac- and dc-power, the
dc-bus voltage will deviate from its reference value. The dc-bus
voltage controller will react by changing the fundamental input
conductance g1 in order to restore the balance. This input conduc-
tance is used to derive the reference values for the different currents
in the respective phases. The current controller makes sure that the
inverter provides the reference current. The possible error between
the reference current and the measured current is eliminated by a
PI-controller which outputs the duty ratio for the switches.

As stated in the introduction, there are two possible topolo-
gies to connect the DG units to a three-phase distribution network.
The first possibility is to use three single-phase inverters which
share a common dc-bus and the corresponding dc-bus voltage con-
troller. The second possibility is using a three-phase inverter. These
two topologies can be combined with two current control strate-
gies, which will be described further in this section. The control
strategies differ in the way the reference values for the current are
determined.

First, the two frequently used control strategies will be dis-
cussed, namely the single-phase sinusoidal control strategy and
the (three-phase) positive-sequence control strategy. Then, the
active power filter equiped control strategies will be handled: the
single-phase control strategy behaving resistively towards volt-
age disturbances and the three-phase damping control strategy.
The last two control strategies are not presently used but when
implemented they could lead to an improved voltage unbalance as
discussed further in this paper.

3.1. Single-phase sinusoidal control strategy

The reference values for the different currents in case of a sinu-
soidal current controller are:

ix = g1 sin(�x) (3)

with x = a, b or c and where g1 is the fundamental input conductance.
Small letters denote pu quantities. �x is the phase angle of phase
voltage x. The current injected by the DG is in phase with the respec-
tive phase voltage (power factor equal to one). This can be achieved
by using three single-phase inverters or by using a three-phase
inverter and three single-phase phase-locked loop (PLL) systems.
In both possibilities the phase angles of all three phase voltages are
obtained such that a reference current can be obtained which is in
phase with the respective phase voltage (cf (3)).

In order to achieve a better understanding on the influence of
the sinusoidal control strategy on voltage unbalance, a symmetrical
components model is deduced. Based on (3), the complex form of
the injected currents can be written as:

ix = g1 exp(j�x) (4)

This equation can be converted to symmetrical components:

i0 = 1
3

g1[exp(j�a) + exp(j�b) + exp(j�c)]

1
[ ( ) ( (

2�
)) ( (

2�
))]
i1 =
3

g1 exp j�a + exp j �b +
3

+ exp j �c −
3

i2 = 1
3

g1

[
exp

(
j�a

)
+ exp

(
j
(

�b − 2�

3

))
+ exp

(
j
(

�c + 2�

3

))]
(5)
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.2. Positive-sequence control strategy

The most common practice with three-phase inverters is that
positive-sequence current is injected. In three-phase distributed
ower generation systems, the phase angle of the utility voltage

s commonly detected by using a three-phase PLL. Most three-
hase PLL systems use the coordinate transformation abc → dq. The
hase angles resulting from this PLL correspond with the positive-
equence component of the grid voltage [30,31,18]. When using
his three-phase PLL, only a positive-sequence current is injected
n the grid. The symmetrical components model of this control
trategy is:

i0 = 0
i1 = g1
i2 = 0

(6)

.3. Single-phase control strategy behaving resistively towards
oltage disturbances

To improve the behaviour of the single-phase sinusoidal current
ontrol, (3) may be extended by adding an extra signal to the ref-
rence value for the inductor current. The new reference values for
he inductor current are:

x = g1 sin(�x) + gd(vx, 1 − 1) sin(�x) (7)

here gd is the damping input conductance and has the oppo-
ite sign of g1 in DG applications (gd >0), vx, 1 is the fundamental
omponent of the grid voltage.

The first term of (7) can be interpreted as the steady-state value
f the fundamental component of the inductor current. This term is
dapted by the bus-voltage controller in order to balance the power
xchanged with the grid with the input power of the DG unit. The
econd term will react on every deviation of the fundamental grid
oltage vx, 1 from its steady-state value [26].

The current originating from voltage disturbances is determined
y the programmable damping input conductance gd. This conduc-
ance is chosen maximal to retain the maximal effect (viz gd = 1 pu,
hich is maximal in a digital control).

This control strategy has already been implemented on a single-
hase full-bridge inverter where it proved to yield an improved
oltage dip immunity [26].

In this paper, harmonic distortion will not be considered. Based
n (7), the complex form of the injected currents can be written as:

x = [g1 + gd(vx,1 − 1)] exp(j�x) (8)

his equation can be converted to symmetrical components:

i0 = 1
3

{(g1 − gd)[exp(j�a) + exp(j�b) + exp(j�c)] + 3gdv0}

i1 = 1
3

{
(g1 − gd)

[
exp(j�a)

+ exp
(

j
(

�b + 2�

3

))
+ exp

(
j
(

�c − 2�

3

))]
+ 3gdv1

}
i2 = 1

3

{
(g1 − gd)

[
exp(j�a) + exp

(
j
(

�b − 2�

3

))
+ exp

(
j
(

�c + 2�

3

))]
+ 3gdv2

}
(9)

s �x is the phase angle of the grid voltage, it is possible to write �x

s a function of v0, v1 and v2.
.4. Three-phase damping control strategy

An alternative for the positive-sequence control strategy can be
ound in the three-phase damping control strategy. The preferred
eaction of the control strategy on voltage unbalance is a resistive
Zn Zn Zn Zn Zn

Fig. 1. Simplified three-phase radial network with three-phase DG unit.

behaviour towards the zero-sequence and negative-sequence com-
ponent of the grid voltage. This can be translated into the following
equations:[

i0
i1
i2

]
=

[
gd 0 0
0 g1 0
0 0 gd

][
v0
v1
v2

]
(10)

Eq. (10) can be transformed to phase values by:[
ia
ib
ic

]
= T−1

[
gd 0 0
0 g1 0
0 0 gd

]
T

[
va
vb
vc

]
(11)

with T the transformation matrix.
Doing this, the following equations are obtained:

ia = 1
3

{va(g1 + 2gd) + avb(g1 − gd) + a2vc(g1 − gd)}

ib = 1
3

{a2va(g1 − gd) + vb(g1 + 2gd) + avc(g1 − gd)}

ic = 1
3

{ava(g1 − gd) + a2vb(g1 − gd) + vc(g1 + 2gd)}

(12)

with a = exp (j(2�/3)).
Harmonic distortion and transients will not be considered in this

paper such that vx can be written in complex form as:

vx = |vx| exp(j�x) (13)

with |vx| the amplitude of vx and �x its phase angle. If (13) is subsi-
tuted in (12), the following equations are obtained:

ia = 1
3

{
|va| exp(j�a)(g1 + 2gd) +

[
|vb| exp

(
j
(

�b + 2�

3

))
+ |vc | exp

(
j
(

�c − 2�

3

))]
(g1 − gd)

}
ib = 1

3

{
|vb| exp(j�b)(g1 + 2gd) +

[
|va| exp

(
j
(

�a − 2�

3

))
+ |vc | exp

(
j
(

�c + 2�

3

))]
(g1 − gd)

}
ic = 1

3

{
|vc | exp(j�c)(g1 + 2gd) +

[
|va| exp

(
j
(

�a + 2�

3

))
+ |vb| exp

(
j
(

�b − 2�

3

))]
(g1 − gd)

}
(14)

4. Simulation model

The effect of the four above-described control strategies on volt-
age unbalance is examined by performing a power flow analysis
on a three-phase four-wire distribution network where the neu-
tral conductor is taken into account. The model allows to compute
the voltages and currents in the distribution feeder as a function
of the voltage at the PCC (cf. Fig. 1). The power flow problem is

solved using the forward/backward method where the inverter is
modelled as a voltage-dependent current source. More detailed
information about the power flow problem solver used in this paper
can be found in [11].
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Table 2
Load distribution of Simulation A (P > 0: load, P < 0: DG.)

Node Phase a [kVA] Phase b [kVA] Phase c [kVA]

1 −3 −3 −9
2 10 −10 −3
3 −3 −3 −10
4 12 −3 −3
5 −3 −4 −7
6 7 −3 −3
7 −3 −3 −8
8 3-phase DG
9 −3 −3 −9

10 −3 −3 −8
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.1. Description of the basic distribution network

Fig. 1 depicts the basic topology of the three-phase distribution
etwork which will be used for simulation. In each node a load or a
G unit can be connected, single or three-phase loads or DG-units
re possible. The loads are simulated as constant-impedance. The
mpedance of the line conductor is chosen equal to the impedance
f the neutral conductor. The impedance of the line conductor is
l = (0.265 + 0.078j)�/km which corresponds with a typical Belgian
uburban distribution network.

.2. Model of the dc-bus voltage controller

The first step in the power flow solver method is the calculation
f the voltage at the different nodes of the distribution feeder. When
he voltage at the node of the DG unit is calculated, the injected
urrents are calculated based on the input conductance g1 and on
he deviation of the voltage to the nominal voltage. These currents
ill change the voltage at the POC. At this point, the first step in the
ethod is repeated until convergence is reached.
Based on (7) and (14) the injected currents can be divided into

wo parts, corresponding to g1 and gd respectively. The term deter-
ined by gd may correspond with a power transfer. Therefore g1

hould be adapted by the dc-bus voltage controller [20]. The dc-
us voltage controller is modelled as follows: with every step in
he iteration, the voltage at the POC changes, requiring a change of
1. New values for g1 are obtained by using the equations resulting
rom the power balance between the ac- and dc-side of the inverter.

For the single-phase resistively behaving control strategy this
eads to (Section 3.3):

g1 = pDG

|va| + |vb| + |vc |
+ gd

[
1 −

∑
|vx|2∑
|vx|

]
(15)

or the three-phase damping control strategy (Section 3.4):

1 = 3pDG∑
|vx|2 + 2

∑
x /= y

|vx||vy| cos(�x − �y − (2(�/3)))

−2gd

∑
|vx|2 −

∑
x /= y

|vx||vy| cos(�x − �y − (2(�/3)))

∑
|vx|2 + 2

∑
x /= y

|vx||vy| cos(�x − �y − (2(�/3)))
(16)

hese two expressions are deduced in Appendix A.

. Simulation results

The influence of the different control strategies on voltage
nbalance is studied by using different simulations. In a first sim-
lation a ten node distribution network as depicted in Fig. 1 is
tudied. This distribution network with unbalanced loads and DG-
nits will be simulated with one three-phase DG-unit connected.
he second simulation will concern the distribution network with
wo three-phase DG-units, one connected to node 8 and the other
o node 10.

.1. One three-phase DG at node 8

The topology of the ten node network is depicted in Fig. 1. The

istribution network has a length of 400 m and consists of ten
odes. The load distribution is given in Table 2 which shows that
he three-phase DG-unit is connected to node 8. The voltage profile
ithout the three-phase DG-unit in node 8 is depicted in Fig. 2. To

valuate the impact of the control strategies for DG-units on the
Node

Fig. 2. Voltage profile without DG-units.

voltage unbalance, the three-phase DG-unit is connected at node 8
resulting in four new cases which will be discussed below.

5.1.1. Positive-sequence component
The three-phase damping control strategy gives the highest

positive-sequence voltage component as depicted in Fig. 3(a). The
reason is that the zero-sequence and the negative-sequence power
are transferred via the dc-bus into positive-sequence power which
results in higher positive-sequence voltage component.

5.1.2. Zero-sequence component
The single-phase resistively behaving control strategy and

the three-phase damping control strategy result in a significant
decrease of the zero-sequence component and of the zero-
sequence voltage unbalance factor as can be seen in Figs. 4(a) and
5(a), respectively.

In case of the single-phase resistively behaving control strategy
(9), the zero-sequence component results in:

i0 = 1
3

{(g1 + 1)[exp(j�a) + exp(j�b) + exp(j�c)] − 3v0}. (17)

The vector corresponding with [exp (j�a) + exp (j�b) + exp (j�c)] has
in this specific case the same direction as v0 but is much smaller as
3v0, which results in the decrease of the zero-sequence component.

The three-phase damping control strategy results in the biggest
decrease of the zero-sequence component as can be seen in Fig. 4(a).
Instead of injecting zero-sequence current as is the case of the
single-phase sinusoidal control strategy (cf (5) and Table 3), the

three-phase damping control strategy results in absorbing zero-
sequence current as can be seen in (10). In case of DG appliciatons
g1 and gd have opposite signs such that positive-sequence power
is injected and zero-sequence power is absorbed. This also has an
effect on the voltage profile which will be discussed below.
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Fig. 3. Simulation A—one three-phase DG-unit at node 8. 1ph sin: single-phase
sinusoidal control strategy, Pos.-seq: Positive-sequence control stragey, 1ph Res:
single-phase resistively behaving control strategy, 3ph damp: three-phase damping
control strategy.
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Fig. 4. Simulation A—one three-phase DG-unit at node 8.

Table 3
Injected currents by the different control strategies [pu]

i0 i2

1ph Sin −1.75e−5 + j 1.29e−6 −1.14e−5 + j 1.24e−6

Pos.-seq. 0 0
1ph Res. 6.11e−5 − j 3.12e−5 8.47e−5 − j 3.03e−5

3ph damp. 1.10e−4 − j 4.28e−5 3.19e−5j 3.01e−5
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b

Fig. 5. Simulation A—one three-phase DG-unit at node 8.

The positive-sequence control strategy only injects positive-
sequence power and thus has the least influence on the
zero-sequence or negative-sequence voltage component. The small
difference between the positive-sequence control strategy and the
case when no DG-unit is caused by the presence of unbalanced
loads.

Compared to the positive-sequence control strategy, the zero-
sequence voltage unbalance factor is increased when the single-
phase sinusoidal control strategy is used as can be seen in Fig. 5(a).
This can be explained by (5), which results in an increase for the
zero-sequence power which is injected in the network and thus an
increase of the zero-sequence voltage component at the POC.

5.1.3. Negative-sequence component
The negative-sequence voltage component and the voltage

unbalance factor are depicted in Figs. 3(b) and 5(b) respectively. The
standard EN 50160 (cf Table 1) states that the negative-sequence
component of the supply voltage must be lower than 2% during 95%
of the week. It can be seen in Fig. 5(b) that only the single-phase
resistively behaving control strategy and the three-phase damp-
ing control strategy result in a decrease of the negative-sequence

voltage component such that the required voltage unbalance fac-
tor is obtained. This justifies the addition of active power filtering
function to the control of inverter-connected DG-units.
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Fig. 6. Simulation A—one three-phase DG-unit at node 8.

.1.4. Voltage profile
The voltage unbalance factor and the zero-sequence voltage

nbalance factor provide information about the degree of unbal-
nce. Another interesting parameter is the rms value of the supply

oltage at the POC. In Fig. 6(a) the rms value of the voltage of phase
is depicted for the 5 different cases. Figs. 6(b) and 7(a) depict the

ms value of phase b and c respectively. It is important that the rms
alue of the phase voltages is close to the nominal value. In LV net-
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Fig. 7. Simulation A—one three-phase DG-unit at node 8.
Node

Fig. 8. Simulation A—two three-phase DG-units at node 8 and 10.

works the majority of the loads are single-phase loads which are
sensitive to the phase voltage. In Fig. 6 it can be seen that the differ-
ent control strategies have a different effect on the voltage profile
over the feeder. Furthermore the single-phase resistively behav-
ing control strategy and the three-phase damping control strategy
lead to best voltage profile. The control strategy which leads to the
best voltage profile is, in this case, undoubtedly the three-phase
damping control strategy.

Although the single-phase resistively behaving control strategy
leads to a higher decrease of the negative-sequence component as
compared to the three-phase damping control strategy (cf Fig. 3(b)),
the three-phase damping control strategy leads to a voltage profile
which is closer to the nominal value. The voltage change caused
by the three-phase damping control strategy can be quantified by
using the following values for the network as depicted in Fig. 1.
The line impedance is 0.018 + j0.0035� for the direct and inverse
component, where for the zero-sequence component four times
this value has been used. The same current in the zero-sequence
network thus results in a voltage change which is four times larger
compared to the positive- and negative-sequence component. The
different injected currents are shown in Table 3 where it can be seen
that both the single-phase resistively behaving control strategy and
the three-phase damping controls strategy lead to the absorption of

zero-sequence power. Absorbing zero-sequence current improves
the voltage profile because the neutral-point is shifted towards the
highest loaded phase (in this case between phase a and b) which
results in a increase of the phase voltages b and c.
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Fig. 9. Simulation A—two three-phase DG-units at node 8 and 10.

The single-phase sinusoidal control strategy results in the injec-
ion of zero-sequence power which leads to the neutral-point
hifiting. The neutral-point shifts in a way such that voltage pro-
le is decreased (cf Fig. 6) which is caused by the injection
f zero-sequence current [10]. As can be seen in Fig. 6(a) the
ingle-phase sinusoidal control strategy results in the highest
ms value which is disadvantageous for the distribution net-
ork.

It can thus be concluded that the main voltage variation
esults from the neutral-point shifting caused by the zero-sequence
urrent. A control strategy with a resistive behaviour for the zero-
equence component can thus lead to an improved voltage profile.
he three-phase damping control strategy has the added advan-
age that a same amount of power is injected resulting in an
mproved voltage profile which is benificial for the increase in
G penetration depth in the LV network. The higher decrease
f the zero-sequence voltage component due to the three-phase
amping control strategy leads to a better voltage profile. This is
specially interesting for low voltage distribution networks where
he greater part of the loads are single-phase loads which are
ensitive to over- or undervoltages (compared to the nominal volt-
ge).

.2. Two three-phase DG units at node 8 and 10
At node 10, another three-phase DG-unit is connected which
njects 10 kVA. Fig. 8(a) and (b) depict the zero-sequence volt-
ge unbalance factor and the voltage unbalance factor respectively.
Fig. 10. Simulation A—two three-phase DG-units at node 8 and 10.

The voltage unbalance is further decreased by connecting another
three-phase DG-unit.

In Figs. 9(a), (b) and 10(a) the rms values of the phase voltages a,
b and c respectively are depicted. It should be noted that the three-
phase damping control strategy leads to a further improvement of
the voltage profile compared to the three other cases. Using the
three-phase damping control strategy in low voltage distribution
networks will thus have a beneficial effect on the power quality and
especially the voltage profile.

6. Conclusion

A three-phase four-wire distribution network is used to study
the effect of four different control strategies for three-phase
inverter-connected DG-units on voltage unbalance in distribution
networks. Both the negative-sequence component and the zero-
sequence component are studied.

The single-phase resistively behaving control strategy and the
three-phase damping control strategy, compared to the single-
phase sinusoidal and the positive-sequence control strategy, have
the most beneficial effect on voltage unbalance. The three-phase
damping control strategy also has a beneficial effect on the voltage
profile which is caused by the ability to control the zero-sequence
components, which the other control strategies lack. The positive
effect of the three-phase damping control strategy on the volt-
age profile (in case of an unbalanced network) leads to the fact
that it can have a positive effect on the increase in DG penetration
depth in the LV network. The three-phase damping control strategy
allows to integrate more DG-units as compared to the other control
strategies. The other control strategies will lead to overvoltages.

When connecting DG units to the grid, it is recommended that
the DG is connected by means of a three-phase inverter which
is controlled using a three-phase damping control strategy. The
inverter will thus inject power in the grid and will help improve
voltage unbalance.

Appendix A. Deduction of g1 as function of gd

The term by gd in (7) and (14) may correspond with a power

transfer. Therefore g1 should be adapted by the dc-bus voltage
controller. The dc-bus voltage controller is modelled by changing
the value for g1, the expression for g1 is obtained using the power
balance between the ac- and dc-side of the inverter.
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Expressing the power balance between ac- and dc-side of the
nverter gives:

(vai∗a + vbi∗b + vci∗c) = pDG (A.1)

or the single-phase resistively behaving converter the injected
urrents are given by (7) and as no harmonics nor transients are
onsidered. vx can be written as (13) such that (A.1) results in:

DG = �(|va| exp(j�a)[g1 + gd(|va| − 1)] exp(−j�a) + |vb| exp(j�b)[g1

+ gd(|vb| − 1)] exp(−j�b) + |vc | exp(j�c)[g1

+ gd(|vc | − 1)] exp(−j�c)) (A.2)

hich can be written as:

1 = pDG

|va| + |vb| + |vc |
+ gd[1 −

∑ |vx|2∑ |vx|
] (A.3)

or the three-phase damping control strategy the same procedure
an be followed. Based on (A.1), (14) and (13) the following expres-
ion can be deduced:

DG = �
(

|va| exp(j�a)
1
3

[
(g1 + 2gd)|va| exp(−j�a)

+ (g1 − gd)|vb| exp
(

−j
(

�b + 2�

3

))
+ (g1 − gd)|vc | exp

(
j
(

−�c + 2�

3

))]
+ |vb| exp(j�b)

1
3

[
(g1 − gd)|va| exp

(
j
(

−�a + 2�

3

))
+ (g1

+ 2gd)|vb| exp(−j�b) + (g1 − gd)|vc | exp
(

−j
(

�c + 2�

3

))]
+ |vc | exp(j�c)

1
3

[
(g1 − gd)|va| exp

(
−j

(
�a + 2�

3

))
+ |vb|(g1 − gd) exp

(
j
(

−�b + 2�

3

))
+ (g1 + 2gd)|vc | exp(−j�c)

])
(A.4)

fter using the inverse Simpson equations and some basic calculus
he following expression is obtained:

1 = 3pDG∑
|vx|2 + 2

∑
x /= y

|vx||vy| cos(�x − �y − 2(�/3))

−2gd

∑ |vx|2 −
∑
x /= y

|vx||vy| cos(�x − �y − 2(�/3))

∑
|vx|2 + 2

∑
x /= y

|vx||vy| cos(�x − �y − 2(�/3))
(A.5)
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