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Distributed generation (DG) integrated into Smart grid is the future of distribution systems. 
The expected impact is wide in terms of control, management, supply and use. In particular, in 
order to integrate DG based on renewable sources in distribution networks without 
compromising the integrity of the grid, it needs to develop proper control techniques to allow 
power delivery to customers in compliance with power quality and reliability standards. This 
paper proposes a coordinate local control approach based on a mixed distribution network (DN) 
sensitivity analysis to maintain voltage levels within regulatory limits. The proposed control is 
based on a reactive/active power regulation able to offer voltage regulation as ancillary services 
to the DN, and to maximize the produced active power of the DGs. The validation of the 
proposed control technique has been conducted through a several number of simulations on a 
real MV Italian distribution system. 

Keywords: Smart Grid, Distributed Generation, Power Distribution, Reactive Power Control, Voltage 
Control.  

 
1. Introduction 
 

Smart Grids could play a key role in supporting the integration of Distributed Generation 
(DG) in distribution systems. In fact, advances in research on Smart Grids could lead power 
systems toward active, flexible, scalable web-energy networks able to support large-scale 
penetration of DG, to facilitate the integration of Renewable Energy Sources (RES), and to 
reduce Green House Gas Emissions [1]. However, are DG sources desirable everywhere 
and always?  

In order to avoid any problem, DG must be integrated in distribution networks without 
compromising the integrity of the grid, existing level of availability and reliability of 
supply, ensuring benefits for customers in energy purchasing [2]. With these aims, a 
sustainable penetration of DG can be achieved only if benefits for both the DG owners and 
electric utilities are guaranteed: for the first, in presence of a high penetration of DG, the 
network must be able to ensure the dispatching of the maximum power produced; from the 
perspective of electric utilities DG could be included to offer ancillary services for better 
resources utilization of distribution systems. Among these ancillary services, reactive 
power support for voltage regulation appears as one of the most important [3]. 

Here, the ancillary service of voltage support is addressed through the proposal of a 
coordinated local reactive power control for DG-RESs based owners with the aim to: i) 
regulate the voltage at the DG connection bus and ii) maximize active power production. 

Reactive power support has been adequately proposed in several research activities by 
considering two different approaches. In [4]-[7] centralized control approach has been used, 
but the two major drawbacks are the requirement of: i) substantial investments in 
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communications and control systems, ii) a greater amount of information to be telemetered 
to a control center and processed, and sent to local controller devices [8]-[9]. In contrast, 
decentralized control strategies act locally and can be implemented by reducing the burden 
information. This approach has been proposed by Kerber et al. in [10] where an adaptive 
decentralized voltage control for PV systems, designed, modeled and tested on different 
Low Voltage (LV) grids prone to voltage problems was presented, while in [11] a voltage 
control of decentralized PV in LV network has been presented with the aim of distribution 
loss reduction and voltage regulation into statutory range without any telecommunications. 
In [12] a decentralized reactive power management technique addressing the problem of 
sensitivity analysis, based on voltage regulation in microgrids with a single doubly fed 
wind energy induction generator, was presented. Robbins et al. proposed a local controller 
on each bus of the network that monitors the bus voltage and, whenever there is a voltage 
violation, it uses locally available information to estimate the amount of reactive power that 
needs to be injected into the bus in order to correct the violation [13]. 

This paper is focused on the benefits that better use of the reactive power capabilities of 
DG can deliver to distribution systems by using a hybrid approach, 
coordinated/decentralized. Moving beyond the local controller designs for voltage 
regulation, covered in [14]-[17], this work proposes a local control method for DG-RESs 
that a single Independent Power Producer (IPP) coordinates on its distributed plant. The 
method is based on the sensitivity analysis that gives information concerning as the 
variation in the output of a model (voltage) can be apportioned, qualitatively and 
quantitatively, to different sources of variation (active or reactive power). The main 
contribution of the paper is to introduce the concept of Mixed Sensitivity Analysis that 
allows regulating the voltage at RES connection bus by means of a reactive/active power 
variation produced by another DG connection bus. The proposed methodology assures low 
computational effort in order to guarantee effective on-line solution to the voltage 
regulation problem. 

The paper is laid out as follows: Section II briefly presents the concept of capability 
curve and the European current grid code of DG-RESs connection in terms of reactive 
control. In Section III, the control problem formulation and the solution method is 
presented. In Section IV, the methodology is applied to a typical Italian distribution 
network with the results and Section V presents discussion with conclusions.. 
 
2. Voltage regulation 
 

Usually, RESs are connected to the Distribution Network (DN) through electronic power 
converters and are responsible for the modification of the voltage profiles at customer’s 
end. The voltage at the customer depends on the voltage drop along the lines, which in turn 
is a function of the active and reactive power exported from RES connection bus toward the 
bulk supply point (BSP).  

Typically, Distribution Network Operators (DNOs) require to DG to operate in Power 
Factor Control (PFC) mode, so that the ratio P/Q is kept almost constant and the reactive 
power follows the variation of the active power. This requirement allows voltage profiles to 
be kept within statutory limits, but with a high penetration of DG this operation mode could 
tend to increase the voltage variation, especially in rural areas, and voltage rise becomes a 
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significant constraint for both the DNOs and the DG owners in terms of grid security and 
reliability, and power output maximization, respectively. Thus, new voltage control 
strategies are expected in order to meet reactive compensation standards that are becoming 
a reality for DG in Europe, Asia, and USA. The following are the grid codes used in 
European countries where RES penetration is high. 
 
2.1. European grid codes 
 

Typically, the power factor at the grid connection bus is limited by the capability curves 
reported in the Grid Code that depends on the country rules. In the paper we have compared 
the power factor limits (leading and lagging) relating to the DN of four European countries 
at MV level, and the values are shown in the Table 1. 

 
Table 1: PF limits (leading and lagging) in Denmark, Germany, Italy and United Kingdom 
Grid Code at MV level 

 Denmark Germany Italy United Kingdom 

PFmin 
0.975 for 1.5 - 25MW power plant

0.950 0.950 0.950 0.950 for > 25MW power plant 
 

PFmin is the minimum allowable value of power factor (leading or lagging) at the grid connection bus. It is 
worth to note that in Germany, Italy and UK PFmin is independent from the power to inject, while in Denmark 
increases with decreasing the produced active power. Therefore, being fixed PDG, the Grid Code limits the reactive 
power absorbed or injected by the DWTs.  
 
2.2. Capability curves for DG inverter based and control system 
 

Fig. 1 depicts the structure of the proposed control system that includes a generic 
electronic interface based DG, where Vact, PDG and QDG are the voltage, the active power 
and the reactive power measured at grid connection point, respectively. They are used in 
order to calculate the reference signals P* and Q* that drive the converter. Ic and Vc are the 
current output and the voltage output of inverter, respectively; Xc represents the total 
reactance of the DG transformer that adapts the DG’s output voltage to the grid voltage (Vg) 
and the one of the grid filters. 

The power converter output is limited by the generator capability curve because current 
and voltage output define the boundary levels to vary the DG reactive and active power. 
Here, we consider Distributed Wind Turbines (DWTs) based on a synchronous generator, 
so that the capability curve of reactive power, fixed the maximum active power available 
from the primary source, can be calculated as seen in [18]. 
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Fig. 1: Control system scheme 

It is possible to demonstrate [15] that the reactive power capability corresponds to: 
 

}Q,Qmin{Q v
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c
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where c
DGQ  and v

DGQ  are the maximum amounts of reactive power limited by the current 
and voltage constraints: 
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In (2) 
maxcI  and 

maxcV  are respectively the maximum current output and the maximum 

voltage output of inverter, which depends by the dc-link voltage ( dcV ) and by the adopted 
modulation technique. The values of 

maxcI  and 
maxcV  depend on the rated active and reactive 

power of the DWTs by the following relations [18]: 
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where Rθ  is the rated power factor angle and fmax is the maximum grid frequency [15]. 
Generally, the values obtained by (3) are less restrictively than the values shown in Table 1, 
however in the proposed control method are both considered. 
 
3. Mixed Sensitivity Analysis based on coordinated local control 
 

In order to give the reference values to the electronic converter, a mixed sensitivity method is introduced to 
regulate and coordinate active and reactive power injections at RES connection bus. In fact, the sensitivity analysis 
allows evaluating the relationship among power injections and voltage changes: in particular, sensitivity 
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coefficients give information concerning the effect, qualitative and quantitative, produced by a variation of 
reactive power injection/absorption at RES connection bus. 

The sensitivity analysis consists to calculate the sensitivity coefficients ( xy
Qρ  and xy

Pρ ) 

by varying PDG and QDG injections at a generic bus x at each time step and evaluating the 
voltage variations at generic bus y. Analytically, xy

Qρ  and xy
Pρ  can be calculated by: 
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where )k(V x
DGQ
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Δ  represent the voltage variations at bus x due to reactive power 

( )k(Q y
DGΔ ) and active power ( )k(P y

DGΔ ) variations at bus y. In that case the sensitivity matrix 
Q
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P

Λ ) 

can be calculated as following: as the sensitivity coefficients are evaluated off-line, xy
Qρ  can be estimated by 

fixing all network parameters, including load and the active power generation profiles and only by varying the 
reactive power of each bus: 

 

QQQ DGQDG

nn
Q

2n
Q

1n
Q

n2
Q

22
Q

21
Q

n1
Q

12
Q

11
Q

DG QQ

...
............

...

...

V ΔΛΔ

ρρρ

ρρρ
ρρρ

Δ =

⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜
⎜

⎝

⎛

=   (5) 

where n is the number of RES units, the elements out of diagonal are the mixed sensitivity coefficients and the 
diagonal elements are the sensitivity of the bus used in decentralized approach [14]. Analogously, the matrix 

P
Λ  

is defined. 
 
4. Control method and proposed algorithm 
 

The control method proposed in this paper realizes the regulation of voltage profile by means of injection or 
absorption of reactive power and, only if necessary, active power. 

In order to explain the method, it is necessary to introduce a voltage plane in which four threshold levels are 
defined around the rate value ( optV = 1 p.u.). Considering the allowable voltage range [ ]maxmin V,V  a operative 

voltage range and a control voltage range can be determined through two threshold levels ( )du ,εε , like depicted 

in Fig. 2. 
If the measured voltage at the connection RES bus is within the operative voltage range no control actions are 

carried out; otherwise, if the value is within the control voltage range and the voltage variation is greater than 
zero, a certain amount of reactive or active power is injected or absorbed proportionally to the voltage variation. 
The amount of reactive (active) power is calculated by using sensitivity coefficients and depends on the voltage 
variation. A better explanation of sensitivity coordinated control method is shown in Fig. 3, where the flow chart 
algorithm in the case of the voltage goes on the upper limit is depicted. 
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Fig. 2: Allowed, Operative and Control Ranges for the proposed control method 

 
 

Fig. 3: Flow-chart of the proposed sensitivity coordinated voltage method 

The procedure begins evaluating the difference at RES connection bus of generator x ( x
DGV ) between the 

voltage measured at the generic instant k  and the previous one )1k( − : 
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1)(kV(k)V(k)ΔV x
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If (6) is positive and the voltage is greater than )V( umax ε− , the control computes the maximum value of the 

sensitivity vector: 
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where n is the number of DG generator that have a sensitivity different by zero relative to bus x, and after the 
value of reactive absorption according to: 
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If the amount of reactive power is within the capability region of the DG converter the algorithm ends, 

otherwise )k(Q xy
DG  is set at capability value xy

capQ , the maximum sensitivity value found ( xy
Qρ ) is eliminated by 

vector xy

Q
ρ  and the residual of )k(V x

DGΔ  is calculated. 

The cycle goes on trying to compensate the variation of voltage on the bus x by absorption of reactive power of 

DG generators, respecting the limits imposed by capability curve until either the residual of )k(V x
DGΔ  is zero or 

the vector xy

Q
ρ  is empty. At the end of this cycle the algorithm checks if the value of )k(V x

DG  is smallest than 

the maximum allowed voltage ( maxV ); otherwise, it reduces the amount of the active power at bus x according to: 
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where )k(Pxy
DGav

 is the power available at bus x at instant k . 
 
5. Case study: simulations and results 
 

In order to illustrate the sensitivity coordinated control method, a real Distribution Network, located in the 
south of Italy, has been considered. The network diagram is shown in Fig. 4. It consists of a 132 kV (50 Hz) sub-
transmission connected to 4 MV feeders (20 kV) through a 150/20 kV ∆/Yg transformer with rated power equal to 
ST = 25 MVA, Vcc = 15.5% and X/R = 0.1. The transformer’s tap is fixed to 1.006 p.u. according to one of the two 
classical control strategies used for the Italian distribution systems [16]. The DWTs are connected at the bus 31, 
46, 53 and 54 with a rated power of ST = 5 MVA. The four lines are characterized by the presence of feeders with 
different load concentration levels (high concentration in feeder A, medium in feeder B and low in feeder C). 
Feeder D represents an equivalent load tapped at the MV busbars. Data of interest referred to the MV distribution 
network are reported in Table 2 [19]. 
Table 2: Network geometrical characteristics 

Feeder Total Length (km) Cable Lines (km) Uninsulated Overhead Lines 
(km) 

Feeder Section 
Variation (mm2) 

A 17.23 7.63 9.60 3x(1x50) ÷ 3x(1x120)
B 4.30 4.30 --- 3x(1x95) ÷ 3x(1x185) 
C 20.37 --- 20.37 3x(1x35) ÷ 3x(1x150) 
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The sensitivity matrix is calculated by using the procedure described in the Section III. The sensitivity 
coefficients relating to the generator connected at the bus 54 are represented by the average of the angular 
coefficients of the curves shown in Fig. 5. 
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Fig. 4: Single diagram of the distribution network under test 

 
Fig. 5: Sensitivity reactive power curves of bus 54 

Initially, the power factors of the DG are set to 1 and the voltage limits are fixed to ±5% of the rated voltage, 
according to the constraints imposed by [20]; moreover, the power factor is limited between 0.95 leading and 0.95 
lagging. The operative voltage range is completely defined setting εu = εd = 0.015.  

A time series simulation based on a one-day-ahead load forecast with computed state of 10 minute is carried 
out in order to show the effectiveness of the proposed control method. In Fig.6, the load and generation 
normalized profiles, employed for the customers and the 4 DWTs, are depicted.  
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 a)Load demands  b)Generation profiles 

Fig. 6: Active power normalized profiles 

The resulted voltage values at DWT connection buses are recorded at each step. In Fig. 7 it is possible to see 
how, without control system, the voltages on the bus 46, 53 and 54 exceed the limits. In order to compare the 
goodness of the proposed coordinated control three different types of regulation are implemented. The first one 
consists in a simple curtailment of the active power when the voltage goes over the limits imposed by the 
standards. The active power reduction needed to avoid voltage problem is calculated using the sensitivity active 
power coefficients. The second method is a decentralized control as described in [15]. In this case there is an 
active power reduction only if the reactive power reaches the limits imposed by the capability curve of the 
generator or the limits imposed by the power factor. The last one is the coordinated control illustrated in the 
Section 4. It is possible to achieve a voltage control within the limits with each of the three method illustrated, as 
shown in Fig. 8. 

The difference is the active power curtailment that each method needed in order to obtain the voltage control 
on the distribution network within the limits imposed by the standard. Indeed, as depicted in Fig. 9, the 
coordinated method does not need active power reduction to comply with the voltage constraints. When the 
reactive power reaches the limits of the capability curves, in contrast to the other method, the coordinated control 
takes advantage of the availability of reactive power of other DWTs in order to achieve the voltage control. 

 
Fig. 7: Voltage profiles at the DWT connection buses without control 



V. Calderaro et al: Coordinated reactive power control in smart distribution gridfi 
 

 

 
 

490

 

 
Fig. 8: Voltage profiles at the bus 54 with different voltage control methods 

Fig. 10 shows the reactive power absorbed by the DWT connected at the bus 46 even though the voltage is 
within the limits (Fig. 11). Indeed, as it shown in Fig. 5, the bus 46 is the second with the higher sensitivity 
coefficient at the bus 54. It is worthy to note that, as shown in Fig.12, the proposed coordinate control model never 
exceeds the capability curve limits and the power factor limits of the DG. 

 

 
Fig. 9: Active power curtailment at bus 54 using different voltage control methods 
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Fig. 10: Reactive power at DWT connections using coordinated voltage control 

 

 
Fig. 11: Voltage profiles at DWT connection using coordinated voltage control 
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Fig. 12: Capability curves of the DWT connected at bus 54 

 
6. Conclusions 
 

This paper has demonstrated the validity of the proposed local coordinate regulation method based on a mixed 
sensitivity analysis applied to a real distribution network with four Distributed Wind Turbines. 

The carried out time series simulations have highlighted the better performance of the coordinated method 
compared to other strategies present in literature (e.g.: methods based on decentralized controls). In fact in the 
study case, the proposed control avoids voltage problems without active power curtailments compared to other 
methods. Furthermore, the control takes into account also the physical limits imposed by the capability curves of 
the generators and the limitation of the power factor present in the national standards.  
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