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ABSTRACT
Modern electric energy system is characterized by theintegration of a high amount of distributed energysources which cause new challenges in medium and lowvoltage networks. As a consequence, several distributedgeneration active control techniques have beenconsidered in the literature as measure of mitigating suchevents. This paper introduces a new local voltage controlscheme that uses both active and reactive powers so as toaddress the problem of voltage regulation in distributionnetwork with high penetration of renewable energysources. This scheme uses information regarding the R/Xratio of the lines to enhance the effectiveness oftraditional droops in case of lines with non-negligibleresistance. The proposed method emphasizes onpreventing unnecessary active power exchange with thegrid during admissible voltage range while achieving thebest results for more severe voltage deviations. Theperformance of the proposed method is tested on LV andMV benchmark networks and a comparative analysis toexisting local methods is performed.
INTRODUCTION
In recent years, the increase of renewable energies andDGs has led to new problems and challenges for networkoperators. In some rural areas, the hosting capacity ofdistribution networks has already been exhausted. Thevoltage rise effect is a key factor that limits the amount ofadditional DG capacity that can be connected to ruraldistribution networks [1]. Thus the opportunities for DGto participate in the provision of ancillary services hasreceived considerable attention with several national andinternational standards-guidelines to include requirementsrelated to ancillary services [2].Various reactive power control method without requiringcommunication infrastructures have been proposed forthe voltage regulation such as constant-PF, fixed-Q,cosφ(P) and Q(U) characteristics. A shortcoming ofconstant-PF and fixed-Q approaches is that unnecessaryreactive power flows occur, resulting in higher powerlosses. The cosφ(P) method can overcome this drawbackby enabling reactive power absorption, when activepower is above a threshold. Nevertheless, it is assumedthat the grid voltage level increases with the producedactive power, regardless of load variation. The Q(U)method directly uses local voltage information, so as tomitigate this problem, but it assumes that the voltagedifference depends predominantly on Q. This assumptionis valid for mostly inductive power lines, however in

medium and low voltage grids, R is larger than X,making the typical Q(U) droops ineffective.In addition to purely local concepts, coordinated voltagecontrol approaches have been proposed [3-4]. In theseschemes a central controller uses information collectedthroughout the network to secure the voltage margins aswell as the optimal operation. To this purpose, it adjustsin a coordinated way the reactive and active power set-points of the controllable units, solving a multi-objectiveoptimization problem. In these approaches a fullycontrollable and observable network is assumed thatmake it default to apply in real distribution networks [5].Other techniques combine two droops functions that areinherited from the standard cosφ(P) and Q(U) strategiesso as to increase reactive power contribution from theinverters that are closest to the substation [6]. Droop-based Active Power Curtailment has been used forovervoltage protection in [7, 8] for systems with highpenetration of DG. However, these control schemes donot consider the type of the lines. For this reason, ageneralized approach was introduced in [9] where droopcontrol through active and reactive power is used. In thisapproach information regarding the R/X ration of thelines is considered but the controller do not prioritise theuse of reactive power.Within this framework, this paper proposes a localvoltage control strategy that drastically improves theeffectiveness of traditional droops in case of lines withhigh R/X ratio and high penetration of renewable energysources. In the proposed algorithm both active andreactive powers is used for voltage regulation, adopting astrategy that compensates network voltage deviations,while the use of the less possible active power. Theproposed technique is more effective on controlling thevoltage in proportion to the needed active power. Theperformance of the method has been examined on typicalLV and MV benchmark networks for various levels ofDG penetration [10, 12]. Different voltage controlstrategies have been analysed and compared with theproposed strategy.The reminder of the paper is organized as follows. In thenext section, the relationship between voltage and activepower output is explained and the generalized voltagedroop control characteristic is presented. Afterwards, anoverview of the proposed local control scheme isintroduced. In the following section, the performance ofthe proposed method is demonstrated and the simulationresults are presented. Finally conclusions are drawn in thelast section.
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VOLTAGE CONTROL THROUGH ACTIVEAND REACTIVE POWER
Power transfer through a power line
So as to get insight to the voltage control problem, wemodel the distribution line of Fig. 1 as an RL circuit withthe sending-end voltage of the line as a reference phasorand the receiving-end voltage lag it by an angle δ. Thecomplex power of the distribution line can be expressedas:

𝑺 = 𝑃 + 𝑗𝑄 = 𝑼 1 ∙ 𝑰 ∗ = 𝑈21𝑍 ∙𝑒𝑗𝜃 − 𝑈1𝑈2𝑍 ∙𝑒𝑗 𝜃+𝛿 (1)

Figure 1. Simplified view of a distribution line
Considering that 𝑍∙𝑒𝑗𝜃 = 𝑅 + 𝑗𝑋 the active and reactivepower flows are given by:

𝑈2∙𝑠𝑖𝑛𝛿 = 𝑋𝑃1 − 𝑅𝑄1𝑈1  (2.a)
𝑈1 − 𝑈2∙𝑐𝑜𝑠𝛿 = 𝑅𝑃1 + 𝑋𝑄1𝑈1

(2.b)
The above analysis points out that the voltage difference(U1-U2) depends on the line parameters as well as theactive and reactive power flows. Thus, the ratio betweenR and X determines the effectiveness of the active andreactive power in terms of voltage support [9, 11].The independent frequency and voltage droop regulationthrough active and reactive power respectively, can onlybe performed for high and ultra high voltage grids wherethe line resistance is considered less than their inductance(𝑋 ≫ 𝑅) and the angle δ between the buses is small - Rcan be neglected, 𝑠𝑖𝑛(𝛿) = 𝛿 and 𝑐𝑜𝑠𝛿 = 1. Contrariwisein medium and low voltage grids the lines are equally ormore resistive than inductive. As a result, to achieveeffective voltage control both active and reactive powermust be used. It is obvious that neglecting R is no longereffective.
Generalized droop control characteristics
In the general case proposed in [9] both 𝑅 and 𝑋 areconsidered and both active and reactive power influencethe voltage amplitude and frequency. An orthogonallinear rotational transformation matrix T, described in (3)is used.

𝑃′𝑄′ = 𝑻∙ 𝑃𝑄 = 𝑠𝑖𝑛𝜃 − 𝑐𝑜𝑠𝜃𝑐𝑜𝑠𝜃 𝑠𝑖𝑛𝜃 ∙ 𝑃𝑄 =
𝑋𝑍 − 𝑅𝑍𝑅𝑍 𝑋𝑍

∙ 𝑃𝑄
(3)

Applying this transformation equations (2.a) and (2.b)result in (4.a) and (4.b). Graphically, the transformationcan be seen in Fig. 2.

𝑠𝑖𝑛𝛿 = 𝑍𝑃′𝑈1𝑈2
(4.a)

𝑈1 − 𝑈2𝑐𝑜𝑠𝛿 = 𝑍𝑄′𝑈1
(4.b)

In agreement with (4.a, 4.b), for small angle δ thefrequency and voltage can be independently adjusted bythe modified active and reactive power 𝑃′ and 𝑄′respectively. Hence, the following droop functions can bederived:
𝑓 − 𝑓0 = − 𝐾𝑝(𝑃′ − 𝑃0′) (5.a)

𝑈1 − 𝑈0 = − 𝐾𝑞(𝑄′ − 𝑄0′) (5.b)
By applying inverse transformation the frequency andvoltage droop equations can be expressed through theactive and reactive power, 𝑃 and 𝑄:

𝑓 − 𝑓0 = − 𝐾𝑝 𝑋𝑍 (𝑃 − 𝑃0) − 𝐾𝑝 𝑅𝑍 (𝑄 − 𝑄0) (6.a)
𝑈1 − 𝑈0= − 𝐾𝑞 𝑅𝑍 (𝑃 − 𝑃0) − 𝐾𝑞 𝑋𝑍 (𝑄 − 𝑄0) (6.b)

where, 𝑓0 and 𝑈0 are the nominal frequency and voltageof the grid and 𝑃0, 𝑄0 the inverter setpoints.

Figure 2. Graphical representation of the linear rotationaltransformation T from P-Q orthogonal space to modified P′-Q′space.
Proposed local control method
According to the general case the ratio of active andreactive power used for voltage regulation is determinedby the R/X ratio of the line. The previous analysis showsthat this approach has superior behaviour in terms ofvoltage and frequency control, although the effectivenessof the method comes at the cost of an overall higheramount of active power used. This drawback will bedemonstrated on a real network model in the followingsection.The proposed method emphasizes on reducing theamount of active power generated/absorbed tomitigate ’minor’ voltage variations while achieving thebest results for more serious voltage deviations. In case ofless severe voltage events, reactive power methods canrealize the same mission without this cost. To that end,the proposed method inherits the previous advantagesfrom the generalized method and combined them with thestandard reactive droops. According to this improvement,the general case degenerates into a Q(U) method forlimited voltage variations.For this purpose, a binary auxiliary variable m is used tocontrol the value of the resistance used in the
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calculations, 𝑅𝑛𝑒𝑤.
𝑅𝑛𝑒𝑤 = 𝑚∙𝑅. (7)

m =  0, 𝑈 ∈ 1 − 𝐷𝑚 , 1 + 𝐷𝑚1,    𝑒𝑙𝑠𝑒                
(8)

Applying this modification, the voltage droop regulation(6.b) becomes:
𝑈1 − 𝑈0
= − 𝑘𝑞∙ 𝑋𝑍𝑛𝑒𝑤 ∙ 𝑄 − 𝑄0 − 𝑘𝑞∙ 𝑅𝑛𝑒𝑤𝑍𝑛𝑒𝑤 ∙ 𝑃 − 𝑃0

(9)

For limited voltage variations, that 𝑅𝑛𝑒𝑤 equals zero, thevoltage 𝑈1 is controlled entirely through 𝑄. In case ofmore severe events, 𝑅𝑛𝑒𝑤 equals one and the equationsmatches the (6.b).Incorporating the (7) and (8) into (9) the voltage droopequation becomes:
𝑈1 − 𝑈0 = − 𝑘𝑞∙ 𝑋𝑍 𝑄 − 𝑄0 , 𝑈∈ 1 − 𝐷𝑚 , 1 + 𝐷𝑚

− 𝑘𝑞∙ 𝑋𝑍 𝑄 − 𝑄0 − 𝑘𝑞∙ 𝑅𝑍 𝑃 − 𝑃0 , 𝑒𝑙𝑠𝑒
(10)

with the Dm to be determined as follows:
𝐷𝑚 = − 𝑘𝑞∙ 𝑋𝑍 ∙𝑄𝑚𝑎𝑥 = − 𝛥𝑈𝑚𝑎𝑥𝑆𝑚𝑎𝑥 ∙ 𝑋𝑍 ∙𝑄𝑚𝑎𝑥

− 𝛥𝑈𝑚𝑎𝑥∙ 𝑋𝑍

(11)

VALIDATION AND RESULTS
In order to demonstrate the proposed method, a modified

version of the European MV and LV benchmark grids areused [10, 12] (Fig 3).
Test networks
The example distribution network is a low-voltageresidential feeder, presented in Fig. 3.b. The followingassumptions have been made which results in moresevere voltage variations:· PVs in place of the DG units on buses 8, 9, 10, 11.· Double length of all lines.· DG penetration is raised from 31.7% to 100%.In the MV grid, the DG penetration is increasedaccordingly from 50% to 80%. The average daily powerdemands and profiles for the DG can be found in [12].The voltage regulation occurs on the storage systems’buses. Results are presented from the bus 5 (LV) and 10(MV) respectively where more distinct differencesbetween the cases are demonstrated.
Case studies
To analyse potential benefits of the proposed control, fivedifferent scenarios are simulated in both LV and MVgrids.Case 0: In the base case scenario no voltage controlscheme is used, neither by the PV inverters nor by thestorage systems.Case 1: In this case the value of the voltage of the busesis locally controlled by the corresponding PV invertersusing a Q(U) droop scheme.Case 2: In this scenario we use the available storagesystems to provide local voltage support. A Q(U) droopcontrol scheme is used for both the PV inverters andstorage systems.Case 3: The voltage control from the storage systems’inverters is performed according to the generalizedmethod [9], where the amount of active and reactivepower absorbed/generated depends on the R/X ratio of

Figure 3. Benchmark medium and low-voltage networks [12]
a) b )
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the line. The PV inverters use the Q(U) droop controlscheme.Case 4: Lastly, the storage systems’ inverters use theproposed method to control the voltage and the PVinverters use the same Q(U) droop scheme as in theprevious cases.
Performance analysis of the proposed method
Low Voltage GridFig. 4 shows the daily voltage profile of bus 5 of the LVnetwork. Without any control actions (case 0) the gridexperiences overvoltage problem (1.081p.u.), during themidday when there is high power generation and avoltage drop during the night (0.932p.u) when there is nopower production.The generalized control schemes used in cases 3 and 4are considerable more effecting comparing to thestandard Q(U) droop (cases 1 and 2) on mitigating theovervoltage event. As a result, the maximum voltagedeviation in cases 3 and 4 is 1.029p.u., as opposed to1.062p.u. and 1.046p.u. of cases 1 and 2 respectively.It is worth mentioning here that due to the high R/X ratioof the LV lines, cases 3 and 4 have almost identicalresults. The limit Dm, that determines the switching fromthe generalized droop operation to standard Q(U) one, iscalculated to be close to the dead-band region of thecharacteristics. Therefore, in practice the controller itnever changes mode.

Figure 4. Voltage evolution at bus 5 of the LV grid.
Medium Voltage GridIn Fig. 5 is depicted the daily voltage profile of bus 10which is under 1p.u. throughout the day. So, the objectiveof every control method is to raise the voltage as close aspossible to 1 p.u. During daytime the lowest valuemeasured in the absence of any control is 0.944p.u. and0.898p.u. during the night (at 20:00).The strategies used in case 2, 3 and 4 have advantageover case 1 as in these cases voltage regulation can beachieved by the storage systems’ inverters.It is worth noting that until 18:15 and after 22:00 case 2and 4 produce the same results, as a result that theproposed control method operates in a Q(U) droop mode.So, during daytime the lowest voltage drop (08:00) inboth cases is measured 0.96p.u., while in case 3,(generalized control method) the lowest voltage is

0.962p.u., which is achieved by generating both activeand reactive power.Between 18:15 and 22:00 the proposed control methodimplemented in case 4 switch in the same mode as in case3, generating active and reactive power. Thus, theconducted simulations produced the same results in bothcases and the lowest voltage measured at 20:00 is0.92p.u. In case 2 where the storage systems’ invertersuse a Q(U) droop method for voltage regulation thevoltage is measured 0.915p.u.

Figure 5. Voltage evolution at bus 10 of the MV grid.
As we have already noticed, cases 3 and 4 have similarresults regarding the voltage profile. In order to comparetheir performance it is useful to observe the powergeneration in both cases. This comparison is depicted inFig. 6. As we can see, in case 4 there is more reactivepower generation, whereas in case 3 there is significantlymore generation of active power. To be more precise,there is 15.36% more reactive power production in case4, compared to case 3. But the most important finding isthat in proposed method (case 4) there is 67.12% lessactive power comparing to the generalized droops (case3).

Figure 6. Reactive and Active power generation in cases 3and 4 of the MV grid.

CONCLUSION
In this paper, we present a local control scheme forvoltage regulation in active distributed network. Themethod inherits the advantages of the generalized droopcontrol characteristics and combine them with thestandard reactive power droop characteristics. In thatway, the proposed technique is more efficient in regards
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to the needed active power without sacrificing theeffectiveness of the method on regulating the gridvoltage. This is in line with the performance analysisresults, where the proposed method has shownconsiderable improvement (67.12%) in proportion to theactive power used.
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