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ABSTRACT

	 We report the integration of a novel voltage regulation strategy in the 
inverter control algorithm for Dispersed Generation (DG) applications. 
The adoption of a decentralized voltage control based on local curves al-
lows the voltage profile to be controlled at the Point of Common Coupling 
(PCC) of the generators and, therefore, the capacity of existing distribution 
networks to host more generation from renewables. The work is focused 
on a low voltage distribution network and both the reactive power modu-
lation and the real power curtailment are considered in the proposed lo-
cal strategy. Both numerical and experimental analysis are necessary in 
order to test and validate the proposed voltage control strategy. Firstly, 
the performances of the proposed control are tested by a numeral analysis 
and the impact on both the electrical system and the inverter apparatus 
is evaluated. Secondly, the benefit of the control strategy is analysed by 
experimental analysis in a test facility to verify the feasibility of voltage 
regulation in a real feeder.

Keywords: Dispersed Generation, over-voltage, voltage regulation, in-
verter control, point of common coupling

INTRODUCTION

	 In the past, distribution networks were designed to be passive sys-
tems, i.e. without Dispersed Generation (DG) connected. Until recently, DG 
units were managed according to the fit and forget approach: in compliance 
with the standard of European countries they operate without providing 
any service to the distribution system, but just supplying energy to the net-
work according to the availability of the primary energy source.
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	 The fast increase of DG power injections at Medium Voltage (MV) 
and Low Voltage (LV) level affect power flows along distribution feeders: 
in particular a reverse power flow can occur along the radial feeder and 
the voltage profile is no longer monotonous. As a consequence, over-volt-
ages at the DG Point of Common Coupling (PCC) can occur (i.e. violation 
of EN 50160 prescriptions [1]).
	 Therefore, the impact on the electrical distribution system is signifi-
cant; the current voltage systems are intended for passive networks and 
they are not able to guarantee a reliable voltage quality level with high pen-
etration of DG. Generally, the On-Load Tap Changer (OLTC) is set up in the 
Primary Substation (PS) and it operates locally reading the voltage at the 
MV busbar of the PS; moreover, by means of the load drop compensator, the 
voltage set-point can be modified to compensate the effect of the load [3].
	 DG injections at distribution level alter the power flow in the HV/MV 
transformer (i.e. decreasing the load compensation); thus, voltage regula-
tion that acts only through substation level measurements is not sufficient 
to maintain voltage within the constraints in all busses of the network, but 
mainly in peripheral busses of the network and where the DG is connected.
	 Several proposals have been put forward in the literature on the mat-
ter: [4] and [5] focus on performing regulation structure, but real time mea-
sures about load consumptions and generation injections are necessary and 
state estimation techniques are required.
	 As DG penetration increases it will become a technical and economic 
imperative that DG participates in the provision of ancillary services need-
ed for a secure and reliable operation of the power system. This is impor-
tant for the simple reason that if DG only displaces the energy produced by 
central generation but not the associated flexibility and capacity, the overall 
cost to operate the entire system will rise. To have a more effective voltage 
regulation it is necessary to exploit DG units as voltage control resources (or, 
practically, as reactive power resources). In this way DG is a decentralized 
voltage regulation resource in the distribution network [6].
	 This article proposes a new local voltage control strategy to be inte-
grated in the inverter of DG units connected to the LV grid. In particular, 
DG’s reactive power is modulated according to local measurements at the 
DG PCC. Beside the reactive power modulation service, as back-up solu-
tion a real power curtailment can be also adopted in order to mitigate high 
power injections affecting the voltage profile.
	 The modulation of reactive power together with a real power injec-
tion introduces a leading/lagging component of the current and an in-



Vol. 30, No. 3     2015	 59

crease in the RMS value. Possible loss deterioration in the inverter system 
can occur due to the reactive power modulation.
	 The experimental activity was carried out in cooperation with MCM 
Energy Lab srl for the system set up and the software development, and 
with ELVI Spa, who provided the PV inverters and the test facility.
	 This report is organised as follows: first the impact of the DG in 
the LV distribution network is analysed; then, local voltage control laws, 
which exploit DG units as control resources, are introduced with the goal 
to improve voltage quality, moreover, two real power curtailment logics 
are presented. Next, the inverter system update required for the reactive 
power regulation is discussed and the details about the new inverter con-
trol is given. Then, a numerical analysis is described to test the impact of 
the local control strategies on the distribution system. Furthermore, the ef-
fect of the reactive power modulation on the inverter system is evaluated. 
Next, an experimental application of a multi-inverter configuration is pro-
posed. Finally, the conclusions and remarks of the work are presented.

IMPACT OF DG ON THE LV DISTRIBUTION NETWORK

	 Referring to the EU standard, the voltage limits in the LV distribu-
tion system are ±10% of the rated voltage Un for 95% of the time, and 
+10/-15% always (EN 50160 [1]; the voltage has to be intended as the 
mean r.m.s. value computed in a 10-minute period).
	 In a passive network (no DG connected) the voltage profile decreas-
es monotonously along the feeder. If DG units are connected, the voltage 
profile may no longer be monotonous.
	 According to the power mismatch between load and generation, DG 
can lead to serious over-voltages to other connected customers or contrib-
ute to sustaining the feeder voltage profile. Indeed, the coordination of 
transformer tap in PS and SS becomes difficult to achieve. It is reasonable 
to claim that the higher the R/X ratio the higher the impact of the real 
power on the voltage. The LV distribution system is made up of cable with 
small cross-section, therefore such networks are characterised by a high 
R/X ratio that makes voltage increase a particular problem [20] [21].
	 Recently, voltage issues have emerged in LV networks because of 
the large expansion of distributed photovoltaic generations [9]. In fact, 
the total PV installed power in 2012 in the Italian LV distribution system 
was 5085 MW and the number of power plants installed was 458265 (i.e. 
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an average size of 11 kW per power plant) [10]. The PV system represents 
almost all the DG connected to the LV system. Generally, because of the 
existing regulations on distribution networks (in Italy, [11]) DSO is com-
pelled to accept all DG connection requests.
	 Thus, to manage the voltage profile of a distribution network, a vi-
able solution could be based on DG reactive power injections modulation. 
This is being assessed in several countries. Voltage control can be attained 
adopting a local-corrective control strategy, achievable with reduced in-
vestments. According to the Italian standard CEI 0-21 [14] DSO could im-
pose voltage regulation on active users connected to the LV network. This 
standard suggests two control solutions in which the reactive power is 
modulated according to local measurements of either voltage or real pow-
er injected. Recently, the Italian standard CEI 0-16 [17] extended the same 
local control strategies to the MV distribution system. Similarly, in the lat-
est German technical guideline for LV networks rules are provided for 
generator connection and two reactive power provisions are given, which 
are the fixed power factor method and the power factor as a function of 
the real power generation method [18]. In France, ERDF investigates the 
reactive power management of DG following a dynamic regulation law; 
the regulation mode for reactive power management is discussed among 
three approaches: fixed reactive power, reactive power modulation as a 
function of the real power and according to a characteristic [19].
	 This paper aims to evaluate the effectiveness of the local control 
strategies on the voltage profile enhancement in the LV distribution sys-
tem and a comparison of the different curves is performed. In particular, 
a numerical analysis is conducted in order to simulate the effectiveness of 
the reactive power modulation in the voltage control in an LV system. Af-
terwards, an experimental analysis is carried out in a real LV test network 
in order to test the feasibility of the voltage control solutions proposed and 
the stability of the regulation in a multi-generation scenario.
	 Since LV cables are characterised by high resistance parameter val-
ues, it could be necessary to absorb a significant amount of reactive power 
to bring back voltage within the voltage limits. The high R/X ratio of LV 
lines limits the effectiveness of a regulation based on reactive power mod-
ulation; on the contrary, a real power curtailment will be quite effective on 
the voltage profile [15][16]. Voltage violations could be eliminated paying 
a reduction of DG power injection with respect to the energy theoretically 
available (i.e. lack of profit for the energy producer viewpoint). The first 
curtailment technique proposed is a DG disconnection by means of the 
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IPS (Interface Protection System) when the upper-voltage limit is reached, 
whereas the second curtailment strategy, named DG limitation, only lim-
its the DG injections until the voltage goes back within its limit. In this 
paper the advantage of the combined effect of reactive power modulation 
and real power curtailment is analysed by exploiting numerical analysis.

LOCAL VOLTAGE CONTROL STRATEGIES

	 According to the voltage issues described in the previous paragraph, 
the paper aims to analyse the performances of a decentralized voltage 
control strategy that exploits DG units as reactive power resources.
	 In the local control each generator operates locally without coordina-
tion to other devices; it is a simple strategy, easy to implement and it does 
not require a communication infrastructure (no investment in network as-
sets) [7]. In this work four local control laws have been investigated; they 
summarize the laws proposed in the European technical standards.
	 Generally, the reactive modulation is based on local measurements 
available at PCC of the generator (voltage or real power injections). Local 
control strategies could be classified w.r.t. the variables monitored:

Law A. tgφ = f(u), control of tangent of φ according to the PCC voltage;
Law B. q = f(u), control of reactive power according to the PCC voltage;
Law C. tgφ = f(p), control of tangent of φ according to the real power in-

jected;
Law D. q = f(p), control of reactive power according to the real power 

injected.

	 The first possible solution (Law A) is depicted in Fig. 1. This method 
involves two conditions: a normal operating situation, where no control 
action is required, and a situation where first voltage thresholds (u1 and 
u2) are violated. In the latter case the generator operates at tgφ different 
from zero according to the local voltage. The reactive power injected/ab-
sorbed from the network depends on the real power injected p according 
to the formula q = p • tgφ, therefore it is determined by both the voltage 
and the real power injections. By adopting this strategy it is possible to 
have a significant impact on the voltage profile only when the DG unit 
injects a real power amount close to the rated value.
	 According to the network response, the DG unit operates in a spe-
cific working point of the tgϕ-u domain: it is the intersection between the 
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local control curve and the reactive characteristic of the network.
	 The second solution proposed (Law B, Fig. 2) is similar to the previ-
ous one, but the reactive power is directly modulated according to the 
voltage measured at PCC irrespective of the real power production. By 
this strategy the DG unit can operate, in the case of low real power injec-
tions, at a power factor lower than the one imposed by Law A. Higher 
reactive power modulation involved in this strategy causes a higher stress 
on generators for the mitigation of the over-voltages in the network.
	 The two characteristics described above operate according to the lo-
cal voltage measurements; the voltage feedback allows involving the re-
quested amount of reactive power for voltage mitigations until the power 
plant reaches its reactive power limits.
	 Furthermore, the proposed voltage control limits the regulation ac-
tions of generators only when the nodal voltage exceeds a pre-defined 
range. In this way, the reactive power generated by the DG is null when 
the network voltage is within acceptable levels, limiting the current flow 
and avoiding real power loss increases.
	 The last two local control strategies proposed, Law C and Law D, 
act directly according to the real power injected by the DG. The effective-
ness of these characteristics is based on the fact that power flows from the 
DG plants to the secondary substation are directly responsible for voltage 
increase at the PCC. Therefore, in the case of large amounts of DG it is ap-
propriate to involve reactive power in order to mitigate the over-voltages.
	 Law C is shown in Fig. 3. The value of tangent of φ is modulated 
according to the real power injected by the generator. Especially, in the 
case of higher injections than a predefined threshold p1 the control tries to 
reduce the voltage rise lagging reactive power from the grid (i.e. working 
at negative tgφ). This strategy can be achieved as follows:
•	 without taking into account the voltage at the PCC (as proposed by 

VDE [18]),
•	 with a voltage lock-in that triggers the regulation and, in the same 

manner, with a voltage lock-out that allows the control deactivation 
in case of low voltages (as proposed by the Italian regulation [14]).

	 Finally, the last solution proposed, Law D, is similar to the previous 
one, but the only difference is that control is achieved by directly modulat-
ing the reactive power, in compliance with the regulation curve reported 
in Fig. 4. The parameters of the voltage control laws adopted in the simu-
lations are reported in Tables 1 and 2.
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INVERTER SYSTEM MODEL UPDATE FOR
REACTIVE POWER REGULATION

	 In order to evaluate the practicability of the local voltage control 
proposed in the previous chapter, it is important to investigate the effect 
of the reactive power modulation on the converter machine in terms of 
operational performances and losses. Recently the inverters for DG ap-
plication have been controlled to operate only at unitary power factor and 
no reactive power flow is involved. On the contrary, an upgrade of the 
inverter algorithm is necessary to guarantee the implementation of the 
voltage regulation [22].
	 The inverter adopted for PhotoVoltaic (PV) applications is basically 
a single stage DC-AC three-phase converter connected to the AC network 
through a 270/400 V step up transformer; the voltage at the DC-Link is 
usually kept in the range between 450 V and 800 V directly through the 
PV field by means of a DC/DC boost converter. The functional scheme of 
the inverter system is reported in Fig. 5. This devise provides an interface 
to the PV system for real and reactive power exchange with the AC grid. 
A common commutation technique adopted for the inverter is the space 
vector and the converter can be modelled as a DC-voltage controlled AC-
voltage source.
	 The block diagram of a generic inverter control adapted for the reac-
tive power control is reported in Fig. 6. The AC voltage phasor upstream 
the transformer Vgrid270 is controlled by the “Inverter Modulator” block 
that generates the gates for the IGBT of the inverter [25]. A d-q rotating 
reference-system synchronous with at the AC voltage phasor Vgrid270 is 

Table 1: Control law parameters—
Law A and Law B

Table 2: Control law parameters—
Law C and Law D
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introduced to decouple the control of the real and reactive power of the 
inverter by means of the current components Id and Iq respectively (as 
detailed in [30] and [23]).
	 Nowadays, the control algorithm of PV inverters, in both MV and LV 
systems, controls the real power injection to achieve the Maximum Power 
Point Tracker (MPPT) of the photovoltaic modules and a reactive power 
control is not implemented (Iqrif = 0).
	 In order to ensure the reactive power modulation the following ad-
ditional functions have to be set up [24]:

Function 1: control of the Iq component of the AC output current, in order 
to follow the local control law,

Function 2: control of the voltage at the DC-Link in order to maintain a 
stable operation even in the case of lack of the primary source and to 
avoid reverse power flow toward the photovoltaic panels,

Fig. 6: Block diagram of the adapted control algorithm for the reactive power 
control

Fig. 5: Inverter functional pattern
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Function 3: the pre-charge function at the DC bus.

	 Functions 2 and 3 allow the capacitor to be pre-charged at the DC-
Link by absorbing energy from the AC network. These functions are re-
quired to control the reactive power even if the real power injection is zero 
(necessary for the control strategy Law B). Functions 1 and 2 require only 
an update of the software algorithm of the inverter to achieve the control 
of the q-axes current and the DC-Link voltage respectively. Conversely, 
function 3 needs a hardware update for the introduction of the pre-charge 
circuit, in order to absorb energy directly from the grid, and a software 
update in order to manage the pre-charge which is created when the DC-
Link capacitor is discharged and the primary source is not present.
	 Basically, function 1 is achieved by modifying the algorithm of the 
inverter control. Figure 6 shows the complete control scheme of the in-
verter that includes the update required for the control of the reactive cur-
rent component. As in a standard control, the Idrif value is defined by the 
“MPPT and Vdc regulation” block in order to fix the voltage of the DC-
Link at a suitable value according to the MPPT algorithm.
	 According to the update of function 1. the reactive power injected at 
the AC side is controlled by defining the setpoint Idrif of the lagging cur-
rent component. The Idrifvalue is defined according to one of the control 
laws described in paragraph 0. The four local voltage laws are set up in the 
block “Control law Q” of the control frame: according to the values of the 
PCC voltage VPCC or the PCC real power PPCC, the reference current Idrif 
that corresponds to a defined amount of reactive power is generated. Two 
PI regulators define the voltage references Vd and Vq independently as a 
function of the d and q current errors.
	 As shown in Fig. 5, actually inverter measurements are related to 
the 270 V AC side of the transformer but, in order to implement the con-
trol laws at the PCC, the measurements at the 400 V site are needed. For 
this reason, the software of the control algorithm needs to be adapted to 
estimate the voltage and the real power measurements downstream of 
the transformer. The estimation of the PCC measurements is achieved by 
compensating the effects of both the voltage drop and power losses of the 
boost transformer. For this purpose the new block “400V side measures 
calculation” is introduced in the block diagram (as shown in Fig. 6).
	 The voltage at the PCC VPCC can be computed starting from the 
voltage measured at the 270 V side of the transformer VMEA by the fol-
lowing formula in which the VPCC is considered on the d-axis:
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	 The real power at the PCC PPCC can be computed stating from the 
real power measured at the 270 V side of the transformer PMEA as:

PPCC = PMEA – RccT • (I2
dMEA + I2

qMEA) – P0
Where:
k: nominal voltage ratio of the boost transformer 400/270 V,
RccT: equivalent series resistance of the boost transformer at the 270 V 

side,
XccT: equivalent series reactance of the boost transformer at the 270 V side,
IdMEA: current on the d-axis measured at the 270 V side of the transform-

er,
IqMEA: current on the q-axis measured at the 270 V side of the transformer.

	 Two relevant aspects related to the exploitation of the inverter for 
the modulation of the reactive power have to be considered: a) to ensure a 
suitable voltage level at the DC-Link in all operating conditions and b) the 
increase of the inverter losses during the reactive power modulation.	
In the following sections these aspects are discussed.

DC-Link Voltage Level
	 The presence of a primary source during the daytime combined with 
the inverter operation ensures the required DC voltage control to achieve 
proper operation and harmonic free output-current. However, during the 
night-time the primary source is not available. Supposing to manage PV 
generators as reactive power sources also in these conditions, it is required 
a dedicated strategy to address the need for proper DC-Link voltage con-
trol.
	 During inverter operation, when the primary source is not available, 
DC bus voltage control (function 2.) is required not only to ensure proper 
modulation patterns but also to achieve a “harmonic-free” reactive cur-
rent. The DC-Link voltage will also meet the following conditions:

	 a) VDC-Link|min > Vac|pk

	 b) VDC-Link|max < VPV|reverse bias
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	 The first condition will prevent uncontrolled current flow from the 
grid back to the DC bus capacitors through the freewheeling diodes inte-
grated to the inverter power switches and hence the potential risk of dam-
age to these diodes (which is not able to withstand large inrush currents). 
The second condition will be met to prevent back-feeding the PV array 
with a large and uncontrolled reverse current.
	 In the case when the DC power is not available (VDC-Link < Vac|pk), 
the equivalent circuit of an inverter is a bridge rectifier, but the IGBT’s 
freewheeling diodes are not able to withstand the high inrush current 
produced during uncontrolled charging of the DC bus capacitors. Under 
these conditions, extending inverter operation over the full-time period 
imposes the addition of an ancillary circuit for the activation of a suitable 
pre-charge function (function 3). This circuit is activated when the inverter 
is disconnected from the grid; the ancillary circuit will provide the proper 
amount of energy for restoring and maintaining suitable DC-Link voltage 
level for the necessary amount of time required by the inverter to emulate 
a synchronous version of the AC voltage ensuring a smooth re-closure of 
the AC contactor in the case of trip off-line.

Inverter System Losses
	 The reactive power modulation achieved by the inverter increases 
the lagging/leading current flow along the valves of the converter. The 
impact of the higher current flow with respect to the unitary power factor 
operation condition has to be taken into account in terms of losses deterio-
ration and ageing of the apparatus. Fig. 7 shows the scheme of one phase 
of the inverter.
	 Fig. 8 shows the voltages and currents behaviour over time during 
a phase modulation. In particular, the first graph reports the AC current 
output i1(t), the AC voltage output v1(t) and the fundamental voltage v1(1)
(t) at the AC side; the second graph reports the IGBT current and the third 
the diode current [30].
	 The phase shift between the voltage and the fundamental harmonics 
of the AC current is described by the ϕ angle, as indicated in the first graph 
of the Fig. 8. For a given real power value, the inverter has to inject a cur-
rent with higher rms value so as to inject reactive power with respect to a 
unitary power factor operation condition. Higher is the ϕ angle, higher is 
the current iF2 flowing in the freewheeling diodes (third graph of Fig. 8), 
therefore the cosϕ determines how the total power dissipation is divided 
between the IGBT and diode. Furthermore, the diode losses are higher 
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than the IGBT because of the higher resistance of the former component 
therefore higher is the ϕ angle higher is the total losses of the converter.

NUMERICAL ANALYSIS

	 Numerical analyses are carried out in order to evaluate the impact of 
the local voltage control strategies on the LV distribution system and effect 
on the inverter system in response to the reactive power modulation.

Analysis Impact on the Distribution System—Network Model
	 The impact of the proposed voltage regulation strategies on the LV 
distribution system is evaluated by carrying out some numerical analy-
ses. A model based on MATLAB-Simulink/SimPowerSystem software is 
built. The goal of the numerical analysis is to estimate the benefit given by 
the reactive power modulation on the voltage profile of an LV distribution 
feeder. The study case network is the radial LV feeder reported in Fig. 
9. The system corresponds to the scheme adopted for the experimental 
analysis.
	 Three PV inverters have been modelled: INV1 and INV2 (20 kW rat-
ed power) managed according to the four control laws, and INV3 (30 kW 
rated power) representing a generic (variable) load. The impedance values 
ZNetwork, Zcable 4G16 and ZTL are defined in order to obtain the equivalent se-
ries impedance ZTOT = 0.59 + j0.32 Ω. This value is equal to the maximum 
reference impedance value for the 95% of LV customers in Italy [16]. This 
value was chosen to the maximum so as to have a weak network.
	 Since the system has a stable behaviour at high frequency, the further 
numerical simulations are carried out exploiting a simplified model at the 
fundamental frequency of 50 Hz (i.e. a low frequency model without con-
sidering the ripple of switching). A low frequency model of the inverter 
is considered appropriate to model the reactive power modulation and 
the real power curtailment strategies, which are regulation actions with a 
lower time constant than the switching commutation period.
	 In the low frequency model the three-phase inverter is modelled as 
three controlled AC voltage sources on the AC side and a controlled DC 
current source on the DC side according to the mathematical model re-
ported in the following equations:
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where hA, hB and hC are the switching functions of each phase of the in-
verter; they are the output mathematical functions of the voltage control 
of the inverter expressed in per unit. This simplified model lets the com-
putational complexity of the simulations be strongly reduced; therefore, 
it is possible to run simulations longer. The block diagram adopted to 
model the three-phase inverter for the following numerical simulations is 
reported in Fig. 10.
	 In order to evaluate the performances of the proposed voltage con-
trol law, a one-year analysis is carried out. The inverter INV3 is adopted as 
cumulative load connected at the end of the LV feeder; the daily average 
curves adopted are calculated by exploiting measurements on LV passive 
customers [26]. These average curves have been rescaled with respect to 
the rated value of 30 kW, furthermore, a random noise with null average is 
added in order to obtain a stochastic load model. Inverters INV1 and INV2 
inject power according to the average daily curves of a 20 kW photovoltaic 
power plant; these data are based on real measurements available in [27]. 

Fig. 9: Testing feeder
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For these curves a random function with null average is added in order to 
simulate the effect of the weather trend in the photovoltaic production.

Analysis Impact on the Distribution System—
Numerical Simulation Results
	 The performances of the proposed local characteristics are analysed 
by evaluating the voltage profile enhancement, the Hosting Capacity (HC) 
and real energy losses over the one-year chronological analysis.
	 First, the HC index is computed. The approaches proposed in the 
literature were typically based on an iterative DG penetration increase in a 
given bus, until operating limits were violated (nodal HC) [12][13]. In this 
paper, the HC computation has been extended to more than one DG injec-
tion considered at the same time. Furthermore, the HC computation has 
been extended considering a one-year period. In Table 1 the HC results 
are reported; the annual multi-generator HC index is evaluated according 
to the overvoltage limit of +10% of the rated voltage (EN 50160 prescrip-
tions). The results are the maximum real power that can be injected simul-
taneously by each of the two inverters INV1 and INV2 all over the year 
without voltage violations. The HC results show that for a unitary power 
factor operation condition (first line of the table), the feeder can host only 
two power plants of 12.5 kW and the adoption of the reactive power con-

Fig. 10: Model of a three-phase inverter for 50 Hz frequency simulations
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trol laws allows increasing the HC of the system.
	 Control laws A and B, in which the reactive modulation is computed 
as a function of the PCC voltage, are the most effective in terms of HC 
with respect to the Law C and Law D (linked to the real power injections). 
In order to further increase the HC (i.e. higher integration of renewable 
energy sources in the grid) the control strategy requires a limitation of the 
real power injected at the PCC. For this purpose, the real power curtail-
ment strategies DG disconnection and DG limitation, described in section 
0, are tested. Furthermore, the combination of local voltage control and 
real power curtailment is tested.
	 A scenario of power injections equal to 20 kW (for both INV1 and 
INV2) is considered, thus exceeding the HC of the feeder (see Table 1). On 
the basis of this hypothesis, the performance of the regulation strategies 
are evaluated with regard to the following two indices:

•	 ΔEprod_PV [kWh]: annual energy production of the DG unit w.r.t. the 
reference value of 44136 kWh/year which is equal to the case of uni-
tary power factor operation of the PV plant and without any discon-
nection if over-voltages occur (“Ideal scenario”);

•	 ΔEGrid_Loss [kWh]: annual energy losses in the grid with respect to the 
reference value of 3428 kWh/year which is computed in the Ideal 
scenario.

	 Table 2 reports the value of the indices above defined for the one-
year analysis. It can be concluded that the DG limitation strongly reduces 
the energy curtailment with respect to the DG disconnection. In addition, 
a combination of reactive power modulation and real power curtailment 
can further reduce the energy curtailment in order to re-establish the volt-
age within the limits. Looking at ΔEprod_PV values, the control Law B (in-
cluded in the CEI 0-21) seems to be the most effective control strategy 
because it is possible to minimize the DG production curtailment (0.08% 
of lack of energy production with respect to the ideal scenario if the DG 
limitation strategy is adopted). Anyway, for Law B the energy loss dete-
rioration is the highest (+9.5%) and the global energy available has to be 
computed in order to evaluate the total benefit of the system.
	 In Table 3 the global benefit of the system is evaluated; in particular, 
the increase in the energy production (ΔE’prod_PV) and the increase in the 
network losses (ΔE’Grid_Loss) are computed both with respect to the uni-
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tary power factor operation condition. Furthermore, the energy avail-
able at the Secondary Substation (ΔESS) is computed as the difference 
between ΔE’prod_PV and ΔE’Grid_Loss. By adopting Law B the index ΔEss is 
negative, it means that this strategy does not introduce a global benefit for 
the system because the increasing in the network losses is higher than the 
increase in energy production. It can be concluded that Law C (mentioned 
in CEI 0-21) has the highest global energy benefit resulting in a 66 kWh of 
energy available for the SS (third column of Table 3).
	 The analysis carried out for the different control laws shows that it 
is possible to mitigate the over-voltages in the LV distribution network 
and partially improve the HC by exploiting DG unit as reactive power 
resources decentralized along the distribution system. As long as the R/X 
ratio of the LV testing feeder is high, the real power curtailment results to 

Table 2: Simulation results adopting the real power curtailment strategies com-
bined with the voltage control laws at PDG = 20 kW

Table 1: Annual multi-generator hc (pdg of INV1 and INV2) with load INV3
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be effective in the voltage quality enhancement with only a slight lack of 
DG production.
	 These numerical results highlight the performances of the local con-
trol strategies in the voltage regulation. In the next paragraphs, the experi-
mental campaign is described to test the implementation feasibility of the 
control laws in the inverter control algorithm and the stability of the net-
work in the case of step-stress injection of real power in a multi-generation 
scenario.

Analysis of the Inverter System in Response to the
Reactive Power Modulation
	 The analysis discussed in the previous paragraphs describes the ben-
efit of the reactive power modulation for the distribution system; in par-
ticular, the contribution of the four local control laws in the voltage profile 
enhancement is evaluated.
	 In this section, the deterioration of the converter efficiency during 
the reactive power modulation is analysed. The inverter losses are com-
puted according to the method reported in [28] starting from inverter sys-
tem data (inverter and transformer). The losses results of a 20 kW three-
phase inverter (i.e. the same rated power assumed in the previous section) 
are reported in Table 4 for both unitary power factor (cosϕ = 1) and 0.9 
lagging power factor (cosϕ = 0.9) operation conditions (column cosφ of 
the table). Different real power loadings are considered (from 5% to 100% 
of the inverter rated power). The table discerns the losses due to the IGBT 
and the one of the free-wheeling diodes of the apparatus. The reported 

Table 3: Changing in the energy production and losses with respect to the uni-
tary power factor condition in the case of dg limitation combined with reactive 
power modulation
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values are related to a single valve whilst the row “Inverter total power 
dissipation” points out the total losses of the six IGBT and the six diodes 
of the three-phase inverter.
	 The remaining losses of the inverter system are due to the compo-
nents such as transformer, capacitor filters and reactance filters. These 
losses are reported in Table 5; both unitary power factor (cosϕ = 1) and 0.9 
lagging power factor (cosϕ = 0.9) operation conditions are considered for 
different real power loading values.
	 The total losses of the converter are reported in Table 6; these values 
are computed by adding together, for each condition, the IGBT and valve 
(Table 4) and the filter and transformer losses (Table 5). In Table 7 the ef-

Table 4: IGBT and diode losses [W] for different cosφ values and loading for a 
20 kW inverter system
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ficiency computed by exploiting the total losses of Table 6 is reported as a 
function of the real power injected. The comparison between the unitary 
power factor operation condition and the reactive power modulation con-
dition at cosφ = 0.9 is presented.
	 In the case of reactive power modulation the losses are higher and 
the efficiency is lower than the unitary power factor operation. The in-
crease in losses is caused by the two aspects explained below.

•	 Increasing of the forward and switching power dissipation of the 
inverter, caused by the shifting between the AC voltage and the AC 
current phasors (as described in Table 4).

Table 6: Total losses [W] of a 20 kW inverter system

Table 5: Transformer and filters losses of a 20 kW inverter system
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•	 Increasing of the rms value of the inverter AC current due to the 
reactive component that introduces higher losses in the filter induc-
tance and in the transformer.

	 On the contrary, the power losses on the capacitance filter and the 
magnetic losses of the transformer are independent of the higher RMS 
current value.
	 The last row of Table 7 reports the increase in the inverter losses by 
switching from cosϕ = 1 to cosϕ = 0.9 and keeping the real power injection 
fixed. They are the part of losses given by the reactive current component. 
At 100% power output (20 kW) the losses contribution due to the lagging 
current component are almost 12% of the losses at unitary power factor.
	 The analyses carried out depict that, the small reduction in the pow-
er efficiency at cosϕ = 0.9 (from 95.84% to 95.38% at 100% power output) 
and the corresponding small losses increase can be considered negligible 
and they are not an inconvenience for the implementation of the voltage 
control strategies in already existing inverters.
	 Nevertheless, it is recommended to fit the thermal sizing of the in-
verter for a forward-looking application of the voltage control; the heat 
sink and the ventilation system have to guarantee the correct operation of 
the converter in the case of reactive power modulation and they have to 
be able to dissolve the higher power losses in order not to compromise the 
lifetime and the reliability of the equipment. From an economic point of 
view, the main additional costs are the pre-charge circuit and the sensors 
required to control the DC-Link voltage; they are not considerable costs.
	 In conclusion, the benefit in terms of voltage quality enhancement 
introduced by the local control laws cannot be compared to minor draw-
backs in terms of losses deterioration due to a higher current flow in the 
inverter system.

Table 7: Efficiency of the converter system [%] for cosϕ = 1 and cosϕ = 0.9 opera-
tion condition and different real power outputs




