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ABSTRACT

This paper examines the results of the distributed generation penetration in large-scale medium-voltage power
distribution networks. The network examined as a study case consists of twenty one lines fed by three power
substations. The injected power comes mainly from photovoltaic units. Specifically, the influences of distributed
generation on the network branch currents, losses and voltage profile as well as on the short-circuit level at the
medium voltage busbars of the infeeding substations are examined according to international and national stan-
dards. The arising problems are explored and technical solutions are proposed. This paper is a pilot application
as general conclusions concerning the extended distributed generation penetration in real power distribution

networks are set out.
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1. Introduction

In recent years, increasing amounts of distributed genera-
tion (DG) have been connected to distribution networks.
Environmental, technical, and economic issues are play-
ing an important role in the development of DG.

A general definition for DG was suggested in [1] and
is now widely accepted: “Distributed generation is an
electric power source connected directly to the distribu-
tion network or on the customer site of the meter”. This
definition does not determine the rating of the generation
sources or the DG technologies used. Furthermore, it
does not cover power delivery area, penetration, owner-
ship, or treatment within the network operation.

As a result of DG penetration at distribution level, dis-
tribution systems are facing the challenge of evolving
from passive networks with unidirectional power flow
supplied by the transmission grid to active networks with

“This paper contains the final processed results concerning the ex-
amined subject. Relevant early results were presented in the 11th Euro
PES 2012, June 25-27, Napoli, Italy.
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bidirectional power flows. A number of steps should be
followed concerning, on the one hand, best use of the
existing distribution network by optimal allocation of the
DG resources and, on the other hand, optimal planning of
the development from passive to active, by taking ac-
count of all the relevant technical and commercial con-
siderations. The technical issues include the adequacy of
the network’s and associated plant’s thermal rating, fault
levels, and sufficient voltage support to ensure both the
security and quality of electricity supply [2-7]. The com-
mercial issues include the cost of the DG, installation
charges, operating costs, revenue expectations, and the
value of reduced losses in the network [8-12].

The challenge is to identify suitable DG locations and
ratings in distribution networks with respect to technical
or economic constraints, which will enable a high DG
penetration and avoid network sterilisation which results
when capacity is allocated to bus/buses whose voltage
and/or short-circuit levels (SCLs) are most sensitive to
power injections. Thus, no more generation can be con-
nected as the buses are constrained [4,7].
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Although the optimal DG allocation on distribution
networks is the most interesting research point, the most
common practical question is whether DG resources of a
particular type and rating can be connected at predeter-
mined network positions without causing technical prob-
lems [6] and, if possible, without changing the network
structure. This is determined by the specific requirements
of independent producers.

In Greece, during the last years, a huge number of in-
dependent producer applications were submitted for ap-
proval, mainly concerning the connection of photovoltaic
(PV) units to the Public Power Corporation (PPC) Me-
dium Voltage (MV) distribution network. The Greek
Government subsidises the production of these “green”
kWhs in order to meet the environmental constraints es-
tablished by the Kyoto Protocol and other government
initiatives primarily concerning fuel saving. The afore-
mentioned applications are very difficult to be examined
in detail. So, there is a possibility that the existing MV
networks will not be able to accommodate the new gen-
eration, operating in parallel, in a technically and eco-
nomically acceptable manner.

In light of the above situation, this paper investigates
the results of DG penetration in a large-scale MV distri-
bution network as a pilot application. The network is fed
by three power substations and it consists of twenty one
MV lines. The DG resources to be connected are mainly
PV units, with a total capacity of about 32 MW. Their
locations are predetermined. Specifically, the influence
of these units on the network branch currents, voltage
profile, power flow, short-circuit level (SCL) at the MV
busbars of the infeeding power substations, and losses
are examined using a commercial-grade software pack-
age. The results arising from this real-world case study
can be used as a pilot for the relevant analysis required
for every relative network.

2. Network Description

The network examined in this paper is the rural MV
network of the prefecture of Xanthi, Greece. This pre-
fecture has an area of 1793 square kilometers and a
population of 100,000 inhabitants.

The total MV network of the prefecture of Xanthi is
illustrated in Figure 1. It is fed by the three power sub-
stations, 150/20 kV, of Xanthi, Magiko, and lasmos. The
substation of Xanthi has a rated capacity equal to 100
MVA (2 x 50 MVA) and a short-circuit level SCLmax =
138 MVA, the substation of Magiko has a rated capacity
equal to 100 MVA (2 x 50 MVA) and a short-circuit
level SCLmax = 129 MVA, and the substation of lasmos
has a rated capacity equal to 50 MVA (2 x 25 MVA) and
a short-circuit level SCLmax = 230 MVA. The substation
of lasmos feeds, in part, Xanthi prefecture and, in an-
other part (one line), the neighbouring Rodopi prefecture.
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Figure 1. Sketch of the power substations and the MV lines
of the examined network.

In this paper, only the lines belonging to the prefecture of
Xanthi are examined. The substation of Xanthi feeds
with four lines the town of Xanthi (urban network).
These lines are not examined in this paper because they
do not have DG units connected. So, the twenty one lines
examined constitute the rural network of Xanthi, and
their allocation to the three power substations is outlined
in Figure 1 and Table 1. The types of conductors used in
these lines are:
e ACSR 3 x 95 mm? and ACSR 3 x 50 mm? for the
main feeders, and
e ACSR 3 x 35 mm? and ACSR 3 x 16 mm? for the
secondary branches.
The total length per line is given in Table 1.
The nominal voltage of the MV buses is 20 kV, while
their operating voltages are:
o For the maximum load: 21.4 kV
¢ For the daily minimum (evening) load: 21 kV
o For the absolutely minimum (night) load: 20.5 kV.
Given in Table 1 are the maximum recorded loads of
the examined lines, for the examined year, measured by
the PPC of Xanthi. The daily minimum (evening) load is
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Table 1. Data of the rural MV network of the prefecture of Xanthi.

Length per Maximum Overall Established Overall Overall Already Existing Capacitors (KVAr)
Line (km) Recorded Dlstrlbutl(_)n Substation Coincided Schedyled DG eX|st_|ng DG ) )
Load (A) Capacity (kVA) Load (kVA) Capacity (KW) capacity (kW) Fixed Switched
Substation of Xanthi-rated power 100 MVA
X21 29 145 21,395 5346 1272 140 - -
X22 257 130 20,100 4820 2455 50 1500 -
X32 13 135 18,290 4991 200 100 - -
X33 48 113 14,410 4077 3270 100 1500 -
X34 36 150 8275 5525 2261 100 - -
X35 6 15 695 501 - - - -
X36 60 100 17,905 3707 2628 - 1200 -
X37 33 80 9345 2965 367 - 1800 -
X38 50 85 12,980 3150 1098 100 2100 -
Total 21,395 13,551 590
Substation of Magiko-rated power 100 MVA
M33 16 70 4070 2595 20 20 - -
M34 11 80 6340 2965 200 200 - -
M35 3 5 350 181.3 100 100 - -
M36 96 212 18,935 5930 4960 20 1500 900
M37 79 166 12,740 3822 4240 20 - -
M39 13 63 6460 2328 1700 - - -
M40 10 185 9210 6857 99 - 600 -
M41 4 215 10,720 7968 200 - - -
M42 19 150 8700 5550 270 - - -
Total 4070 11,789 360
Substation of lasmos-rated power 50 MVA
121 33 93 8350 2296 2639 - - -
122 33 105 8435 3892 3410 - - -
123 50 105 8170 3890 300 100 600 -
Total 8350 6349 100

taken as equal to 70% of the maximum load, while the
absolutely minimum (night) load is taken as equal to 20%
of the maximum load, following relevant PPC sugges-
tions.

Table 1 also shows the overall installed distribution
substation capacity per line. This capacity concerns both
the PPC distribution substations and the distribution sub-
stations of the individuals. Since annual peak load mea-
surements per PPC distribution substation are not availa-
ble, the rated power of each substation is coincided with
the maximum recorded load per line, following relevant
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suggestions and based on PPC data. Specifically, for
each line, the maximum load of the individuals recorded
was subtracted from its maximum load, and a coinci-
dence factor for the PPC distribution substations installed
in the line was then determined by dividing the remain-
ing line load by the cumulative rated power of these sub-
stations. The product of the coincidence factor and the
rated power of each substation gives the contribution of
the substation to the maximum load of the line. The total
coincided load per line is also given in Table 1. All the
loads are considered to operate with a common inductive
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power factor equal to 0.9 with the exception of the loads
of line M36 which, according to PPC suggestions, is
considered to operate with a common inductive power
factor equal to 0.89.

The total DG power per line (existing or scheduled to
be connected) is also shown in Table 1. This power
comes mainly from PV units, which operate with a ca-
pacitive power factor equal to 0.99, except for the line
X22, where two small hydroelectric plants are connected,
having a rated power equal to 2.36 MW and operating
with a power factor equal to unit. The already existing
DG power per line is shown in a separate column of Ta-
ble 1. This power is taken into account in the computa-
tions for the existing situation.

Fixed and switched capacitors connected to the lines
are also given in Table 1.

The network was captured and examined using the
NEPLAN software package [13].

3. Technical Constraints

The following technical constraints are taken into ac-
count throughout the investigation of the DG penetration
in the examined network:

1) SCL Constraint: a basic requirement for permitting
the interconnection of DG is to ensure that the resulting
SCL remains below the network design value (SCLateq)-
The SCL is highest at the MV busbars of the infeeding
substation (SCL.x). The following relation describes the
constraint:

SCLmax < SCLrated (1)

2) Transformer Capacity: the amount of generation
connected minus the minimum load must not exceed the
rating of the transformer at the higher voltage.

3) Thermal Constraint: the rated current of the lines,
lirates, Must not be exceeded:

Ii < Iirated (2)

where |; is the current flowing at each network branch.

4) Voltage Variation Constraint: A critical considera-
tion concerning the interconnection of DG sources to the
grid is their effect on the slow voltage variations. There-
fore the utility operators should impose certain limits
within which the voltage variations should lie during
normal network operation. The statistical nature of volt-
age variations is now recognised and relevant norms
have been issued, such as the European Norm EN 50160
[14], which impose statistical limits, where a small
probability of exceeding them is acceptable. However,
checking the conformity against statistical limits at the
planning stage requires elaborate procedures, such as
probabilistic load flow techniques. Such an approach is
relatively difficult to apply because it requires data usu-
ally unavailable in practice, which completely defeats the

OPEN ACCESS

ET AL. 37

objective of simplicity and efficiency in the evaluation.

For this reason, utility directives for the connection of

DG adopt simpler and more straightforward procedures

while also differentiating their requirements from those

imposed by EN 50160 [15].

According to [14], and for the public MV networks,
the 10-minute mean rms voltage values are between 90%
and 110% of the nominal voltage UN during 95% of a
period of one week.

As mentioned above, while EN 50160 gives general
limits for public supply networks, various European
countries have additional rules governing supply condi-
tions. So, in Greece and for the PPC MV networks, the
following requirements are set for the steady-state node
voltages, according to [15,16]:

e The median voltage of any node i should lie within +5%
of the nominal voltage UN, a requirement dictated by
the off-load tap changer of the MV/LV distribution
transformers (£5% regulation, in steps of 2.5%):

1

0.95U SE(U +U i ) <1.050 )

maxi
where Unai and Upini are the maximum and minimum
voltage values in the node i, determined by solving the
load flow for all combinations of max/min load/genera-
tion (usually, minimum load/maximum generation yields
maximum voltage values and maximum load/minimum
generation yields minimum voltage values).

e The variation of the voltage around its median value
should not exceed +3% of the nominal, so that the LV
network voltage deviations remain within £8% (plan-
ning limit), after the median deviation is corrected by
the fixed taps:

Umaxi ;Umini SOO?)UN (4)

4. Network Study

According to the data of Table 1, the total DG rated
power in the lines stemmed from Xanthi substation is
13.55 MW, in the lines stemmed from lasmos substation
is 6.4 MW, and in the lines stemmed from Magiko subs-
tation is 11.8 MW.

For the SCL computation, the IEC60909 [17] was used.
In particular, the computation of the contribution of the
PV units to SCL was made using the following equation
given in [18]:

I, =kl = ct over interval At (5)

where:

I, the initial symmetrical short-circuit current

k =1.5- 2.0 and 4t is the duration of the contribution

I, therated current of the PV unit.
The value of k selected for this paper was equal to 2.
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The fault current contribution of all the PV units is sim-
ply added algebraically to the total fault level of all other
sources, which provides a result slightly on the safe side.
The PPC takes the negligible fault current contribution of
the PV units as zero.

Table 2 shows the fault current contribution of the DG
units to SCL,x for each one of the three power substa-
tions. From the data of Table 2, it is obvious that the
SCL constraint outlined in Section 3 is not breached.
Only the substation of lasmos has an SCLy Very close
to its design value (SCLaeq = 250 MVA), which must be

Table 2. Fault current contribution of the DG units to the
SCL max-

Line Fault Current Contribution (MVA)

Substation of Xanthi (existing SCLyax = 138 MVA)

X21 2.57
X22 18.70
X32 0.40
X33 6.60
X34 4.54
X35 -
X36 531
X37 0.74
X38 2.22

Overall Contribution = 41.08 MVA

Substation of Magiko (existing SCLyax = 129 MVA)

M33 0.04
M34 0.40
M35 0.20
M36 10.02
M37 8.56
M39 3.43
M40 0.20
M41 0.40
M42 0.55

Overall Contribution = 23.81 MVA

Substation of lasmos (existing SCLnax =230 MVA)

121 5.33
122 6.89
123 0.60

Overall Contribution = 12.82 MVA
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seriously considered, as there is an additional MV line
departing from this substation towards the Rodopi pre-
fecture. Additional DG units may be connected to this
line, which will increase the SCL 4 0f lasmos substation
even further.

The power flow, voltage profile, currents, and losses
of the network lines were examined through power flow
analysis using the NEPLAN software package. Specifi
cally, the following limit network operating situations
were examined in order to find the worst scenario:

S1. Maximum load, zero DG penetration (PV and hy-
droelectric units out of service).

S2. Maximum load, maximum DG penetration (full
operation of PV and hydroelectric units).

S3. Daily minimum load, zero DG penetration.

S4. Daily minimum load, maximum DG penetration.

S5. Absolutely minimum (night) load, zero DG pene-
tration.

S6. Absolutely minimum (night) load, maximum night
DG penetration (full operation of the hydroelectric units
only).

The last situation S6 concerns only the line X22,
which has two small hydroelectric units of a total power
equal to 2.36 MW. These units continue to contribute to
the load during the night, when the absolutely minimum
load exists and the PV units do not produce power.

Table 3 shows the results of the power flow analysis
concerning the departure current, the maximum recorded
ratio I /liraeq OF the branch current I; as a percentage of
the rated current l.eq Of the conductor used in this
branch, and the total active P, and reactive Qs l0Sses
per line, for the first four of the above mentioned limit
operating situations.

The DG penetration reduces the departure current. The
greater the DG penetration, the greater this reduction is.
In the S4 case, there is an inverse power flow for the
lines X33, X36, M36, M37, M39, 121, and 122, as shown
by the negative sign of the departure current in the
shaded cells of Table 3. Even in the case of coincided
reverse currents, the total reverse current per power sub-
station corresponds to a reverse power flow much
smaller than its capacity. So the second technical con-
straint (Transformer Capacity) is satisfied. The third
technical constraint (Thermal Constraint) is also satisfied,
as shown by the values of the ratio I;/liraeq % in Table 3,
which are mostly much smaller than 100%.

The active losses Py are reduced when the DG units
are connected, for all the network operating situations, as
a comparison of the relevant columns of Table 3 shows.
An increase of the active losses appearing in the line
M37 (shaded cells) for the daily minimum load is mainly
due to a 2 km ACSR 3 x 16 mm? line connecting a 2
MW PV unit, which is planned for construction, and it is
not taken into account in the examination of the S3 net-
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Table 3. Line currents and losses for the limit network operating situations.

Departure Current
(A) s1

Active and Reactive Losses

S2 S3 S4

Line Max (1i /lirateq) %0
stosz s W GVA) G GvA) G GVA) G (AD
Substation of Xanthi
X21 146 113 104 70 36 63 94 43 64 32 47 18 27
X22 129 72 89 33 80 241 237 152 237 125 117 121 176
X32 135 130 96 91 33 26 41 24 37 13 21 12 18
X33 112 25 80 =25 56 37 56 18 17 22 33 18 17
X34 150 93 107 51 37 28 43 10 15 14 22 4 7
X35 15 15 11 11 1 0 0 0 0 0 0 0 0
X36 100 28 73 =10 25 68 101 22 22 33 50 16 13
X37 80 71 61 52 23 38 41 28 30 21 23 14 16
X38 85 57 66 44 21 41 63 26 40 32 50 23 36
Substation of Magiko
M33 71 70 50 50 23 16 19 16 19 8 10 8 10
M34 8 80 60 55 21 21 33 20 31 11 16 10 15
M35 7 5 5 3 6 0 0 0 0 0 0 0 0
M36 161 23 112 =37 43 231 312 148 185 115 155 74 90
M37 105 =35 75 =52 43 78 85 62 34 39 43 54 39
M39 63 19 41 -11 16 15 23 3 4 6 9 1 2
M40 185 182 129 126 46 149 233 146 228 73 113 70 109
M41 216 211 154 149 69 34 43 32 41 17 22 16 20
M42 148 141 104 97 37 158 246 142 221 78 122 67 105
Substation of lasmos
121 60 23 43 =34 56 16 25 34 25 8 13 42 36
122 105 =32 74 =34 26 110 170 23 33 55 84 15 22
123 105 96 72 64 26 101 145 84 121 48 69 37 53

work operating situation. The active losses of the other
M37 line branches are reduced.

The reactive losses Qqss are also reduced when the DG
units are connected, except for two cases (lines X22 and
121), shown with shaded cells in Table 3, where the daily
minimum load in combination with considerable DG
penetration causes an increase in the reactive losses.

Table 4 shows the results of the power flow analysis
concerning the limit values of the node voltages of the
examined network. Specifically, the absolutely maximum
node voltages Umaxmaxi, the absolutely minimum node
voltages Uninmini, the maximum value of the median
voltage, and the maximum value of the quantity Upaxi
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-Unini per line are recorded.

Taking into account that the nominal voltage of the
examined network is 20 kV, the EN 50160 [14] is satis-
fied if the node voltages remain inside the range 18 kV <
U; <22 kV. This does not apply only for the line X22,
where the possible operation of the hydroelectric units
during the night (operating situation S6), in combination
with the fixed capacitors, causes voltage rise exceeding
the acceptable limits in some nodes.

The requirements of [15,16] are satisfied for the data
of the examined network if 19kV < (Upaxi + Unini)/2 < 21
KV and Upai — Unini < 1.2 kV. The first requirement is
not satisfied for the majority of the lines according to the
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Table 4. Limit values of the node voltages.

Umax;maxi Umin,mini maX{Umaxi + Umini)lz} max{umaxi - Umini}

W hy) (k) (kv) (kv)
Substation of Xanthi
X21 21.4 20.6 21.1 0.4
X22 22.3 194 21.0 2.9
X32 214 20.9 21.2 0.4
X33 215 20.9 21.2 0.5
X34 214 20.8 21.2 0.5
X35 214 21.0 21.2 0.4
X36 21.4 20.6 21.2 0.7
X37 21.4 20.8 21.2 0.4
X38 21.6 21.0 21.4 0.4
Substation of Magiko
M33 214 20.8 21.1 0.4
M34 214 20.5 21.2 0.4
M35 21.4 21.0 21.2 0.4
M36 21.4 20.1 21.2 0.5
M37 214 20.3 21.2 0.7
M39 214 20.9 21.2 0.5
M40  21.2 20.5 21.0 0.3
M41 214 20.3 21.2 0.4
M42 21.4 20.9 21.2 0.4
Substation of lasmos
121 21.7 20.8 21.2 0.9
122 21.3 20.3 21.0 0.7
132 20.9 20.4 20.9 0.3

upper limit, but the excess, although concerning enough
nodes, is marginal. Only the line X22 has a remarkable
problem, according to the second requirement, concern-
ing many nodes near the connection point of a 1.08 MW
hydroelectric plant and the simultaneous existence of a
900 kVAr fixed capacitor near it. Several alternative
scenarios were examined in order to overcome the prob-
lem, and the operation of the network was significantly
improved by replacing the fixed capacitor with switched
capacitors. Otherwise, the above mentioned hydroelectric
plant is not permitted to be connected, in order to avoid
exceeding the technical constraints.

5. Conclusions

The purpose of this paper was to investigate the impacts
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of DG penetration in a real rural MV power distribution

network. The network is very extensive, consisting of

twenty one overhead lines fed by three power substa-
tions.

Power flow and short-circuit analysis were carried out
using a commercial-grade software package to determine
the changes caused by the DG penetration to the currents,
losses, voltage profile, and short-circuit level of the ex-
amined lines. The majority of the DG units to be con-
nected are PV units, the penetration is not very high, and
the connection points are at sublateral branches with
small cross sections.

The results of the analysis are as follows:

e The losses are reduced in all the lines when the DG
units are connected.

e There is not any extension of the conductor rated
currents, since the DG penetration remains small
compared to the load and there is also no significant
reverse power flow.

e The short-circuit level at the MV busbars of the in-
feeding substation, where it has the highest value,
remains below the network design value, as the DG
units are connected at remote sites and the lines have
many kilometres of conductors with small cross sec-
tion (high resistance).

e The main impact of the connected DG units is on the
voltage profile of the examined lines, particularly for
the daily minimum load (voltage rise) and for lines
with fixed capacitors. In these cases, except for the
appropriate regulation of the transformer tap changer,
solutions should be sought, such as the replacement
of the fixed capacitor with switched capacitors.

The general conclusion is that the arbitrary DG ac-
commodation leads to network sterilisation, as recorded
in [6,7], and perhaps to violation of important technical
constraints. So, every new DG penetration in any net-
work must be examined using the appropriate tools in
order to find solutions to the problems that arise.

The extended accommodation of PV resources in a
distribution network reduces the losses, because of their
close vicinity to the network loads. However, as the PV
units operate with a capacitive power factor, they cause
impermissible voltage rise during the low load periods.
So, either a differentiation in the power factor of the PV
units or an integration of voltage control methods is ap-
propriate in order to avoid problems relating to the net-
work voltage profile.

6. List of Symbols

I;: current of the branch i

lirateq: rated current of the branch i

I, : initial symmetrical short-circuit current
I, : rated current of the PV unit

Ploss: active losses
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Qioss: reactive losses

SCL: short-circuit level

SCLpax: maximum short-circuit level

SClL ateq: Short-circuit level network design value

U;: voltage value in the node i

Uy: nominal voltage value

Unaxi: maximum voltage value in the node i

Unaxmaxi: absolutely maximum node voltage value in
the node i

Unini: minimum voltage value in the node i

Uninmini: @bsolutely minimum node voltage value in the
node i
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