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total 79 customers (overall length of 4.4 km), whereas Feeder 1 
is a dedicated line for supplying an end-user at bus 1. All the 
branches are composed by three phase conductors plus the 
neutral wire, which generally has a reduced section (at least half 
of the phase conductor section, with minimum of 16 mm2). 
Cable types are reported in Table I. The case study makes use 
of compositions varying between 4x6 mm2 and 3x95+50 mm2. 
The MV/LV transformer has 20/0.4 kV ratio, rated power 100 
kVA, short-circuit voltage 4% and short-circuit copper losses 
1.47%. The magnetization leakage and iron-core losses are 
0.841% and 0.32%, respectively. 

A. Active power profiles of real customers 

The losses analysis has been conducted over one year, using 
real LV customers’ active power profiles. The active power 
behavior of DG units (connected as shown in Fig. 4) is obtained 
from field measurements on a real plant located in the same 
geographic area of the case study network [10]. Considering the 
limited extension of LV networks, the same generation profile, 
in pu, has been assigned to all the DGs. 

In Fig. 5, the load and the generation active power profiles 
are reported for three weeks in winter, spring and summer, 
respectively. It is confirmed that PV production strongly 
depends on both season and weather conditions. In general, the 
DG active power profile in winter is sensibly attenuated (in both 
peak value and time duration) respect to summer, whereas it 
may be unpredictable when weather conditions are subject to 
sudden variations (e.g., in March). The consumption profiles of 
passive end-users reflect the typical residential behavior. The 
peak power is usually reached in the evening, and winter shows 
the highest daily consumptions. However, single customers’ 
absorption profiles may differ considerably, causing 
unbalances in power flows along distribution feeders. 

B. Simulation scenarios 

Six scenarios have been considered to investigate how DGs 
presence and applied controls affect distribution losses: 

• S-1: Passive network; 

• S-2: Active network, DGs act no regulations; 

• S-3: Active network, DGs perform the PF(P) control; 

• S-4: Active network, DGs perform the Q(V) regulation 
based on the locally measured phase-neutral voltage; 

• S-5: Active network, DGs are coordinated to apply the 
voltage balancing technique at node 42; 

• S-6: Active network, regulation actions of Scenarios S-
4 and S-5 are combined. 

Power flow calculations have been computed on the LV 
network’s multi-conductor model, making use of the simulation 
tool described in [11]. 

C. Results and discussion 

The results of an annual analysis, which considers real 
active power profiles for both customers’ consumption and PV 

 
 

 
Figure 4. Case study LV network single line diagram. DG units (both single- and three-phase) are highlighted, along with the bus where the voltage 

unbalance compensation strategy is applied (node 42). 
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Figure 5. Active power profiles for three of the 79 customers and for DGs in 

three representative weeks of winter, spring and summer. 
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TABLE I. CABLE TYPES DATA FOR THE CASE STUDY NETWORK. 

Wire section Disposition d [mm] GMR [mm] Rc [ohm] 

6 mm2 •
•
• 3.0 1.168 3.300 

16 mm2 •
•
• 5.2 2.025 1.210 

25 mm2 •
•
• 6.3 2.453 0.780 

50 mm2 •
•
• 9.4 3.660 0.386 

70 mm2 •
•
• 11.0 4.283 0.272 

90 mm2 •
•
• 12.7 4.945 0.206 
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three representative weeks of winter, spring and summer. 
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kind of service, combined with the participation of DGs in the 
frequency regulation, is expected to play a key role in the 
management of the power system as a whole, since local 
renewable generators are progressively replacing traditional 
power plants (historically deputed to ensure the active and 
reactive power reserve) [9]. 

In Fig. 1a, the two capability areas considered by the Italian 
standard for reactive power support are shown [7]. Capability 
A is required to inverters with rated power Sr up to 11.08 kW 
(i.e. rated current up to 16 A with three-phase connection and 
rated voltage 400 V). Capability A is associated to the local 
control reported in Fig. 1b, in which an instantaneous Power 
Factor PF is prescribed according to the PF(P) characteristic. 
In this case, the imposed PF does not overcome the limit of 0.9, 
whereas the PF(P) control is disabled for P/Pr � 20%. The 
capability area B applies to inverters with rated power higher 
than 11.08 kW. They are required to act the Q(V) control 
depicted in Fig. 1c. In both cases, the reactive power provision 
is disabled if the active power production is lower than a fixed 
threshold (e.g., P/Pr < 5%). 

Additionally, capability C is considered in this work to 
investigate the influence of a higher reactive power contribution 
from DGs, assuming that they can operate up to their circular 
capability limit even when no active power is produced 
(possibility not considered in the standards yet). 

III. VOLTAGE UNBALANCE MITIGATION 

Along with the local reactive power controls discussed in 
Section II, the paper takes into account the coordinated control 
of inverter-interfaced DGs presented in [8], which is able to 
compensate the voltage unbalance at a regulated bus. Assuming 
a mature smart grid scenario, a suitable communication 
infrastructure is expected to be deployed. Therefore, the DSO, 
or a local aggregator, can coordinate DGs to offer the needed 
ancillary services, supporting the network management while 
ensuring a safe and controlled operation. 

Fig. 2 shows the block diagram of the proposed strategy, 
aimed at evaluating the phase current variations needed to 
compensate the power flow unbalance in a section of the 
network (variables indicated in bold refer to arrays containing 
the values for the three phases). The input variables are the 

currents triplet Imk (measured at the line section departing from 
the controlled bus k) and the relative phase voltage triplet Ek. 
The balancing currents dIBk are derived from Imk by zeroing the 
positive sequence component and changing the sign of the 
negative and the zero ones. In the block diagram, the term ǻPobj 
is added to the active power variation caused by the injection of 
the balancing currents to set the desired three-phase active 
power variation at the controlled section. On the right side of 
Fig. 2, the resulting currents dIk and the total complex power 
variation dSk are indicated. The meaning of each of the current 
components previously described is pictorially explained in the 
vector diagram in Fig. 3, where Irk = Imk + dIk. 

Once the active and reactive power requests are evaluated, 
the central controller LVNC (LV Network Controller) forwards 
them to the DGs connected downstream the regulated bus k, in 
accordance to their capability margins and the connection 
phase. Under the hypothesis of not pursuing any extra active 
power contribution from DGs, ǻPobj is set to zero, i.e. the sum 
of phase signals dP indicated in blue in Fig. 2 is zero. Red 
signals dQ stand for reactive power set-points. 

IV. CASE STUDY 

The case study network, described by the single-line 
diagram in Fig. 4, is a real Italian LV distribution system 
composed by four feeders departing from the MV/LV 
transformer. Feeder 3 (in green) is the longest, hosting 63 of the 
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Figure 1. Capability areas (a), PF(P) control (b) and Q(V) control (c). 

 

PF

0.2 0.5 1 P/Pr

1

0.9

Q

V0.9   0.99

1.01     1.1

 
Figure 2. Voltage unbalance compensation control scheme. 
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