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Abstract—At times of high generation levels from 

distributed generators (DGs), there may be a paucity of 

conventional generators still synchronised to the transmission 

system. These synchronous machines have traditionally been 

the power system's principal source of controllable reactive 

power. If DGs are operated at inductive power factors, total 

reactive  power absorption at distribution system bulk supply 

points may be highest at times when the transmission system is 

least equipped to supply it. On the Irish power system, new 

DGs (typically windfarms) may be connected in a clustered 

fashion to a new transmission node. This paper will show how 

the aggregate reactive power capabilities of these clustered 

DGs may be characterised. Of particular importance is how 

the cluster can respect distribution system operating limits 

while also providing reactive power support to the 

transmission system. 

 
Index Terms— Distributed generation, voltage control, time 

series power flow 

 

I. INTRODUCTION 

HE global shift towards renewable sources of 

generation has resulted in a large roll-out of 

generation sources onto distribution networks. This 

proliferation brings with it a number of technical challenges. 

Among these is the problem of voltage rise, an inevitable 

consequence of power export through long resistive lines. A 

typical approach to maintaining voltages  within acceptable 

limits is to operate DGs at fixed inductive power factors to 

limit voltage rise. While adequate for the Distribution 

System Operator’s (DSO) purposes, this strategy may cause 

problems for the transmission system, as at times of high 

DG output, the corresponding reactive power absorption 

from the transmission system may prove onerous, harming 

transmission voltage levels.  

In the Irish case, by the end of 2010, 973 MW of the 

system's built and contracted 2003 MW of wind generation 

is forecasted to be connected to the distribution system [1] 

As the record demand on the system is currently 4,950 MW 

[2], instantaneous wind penetration levels for the weakly-
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interconnected synchronous system can be very high. With a 

target of 40% energy penetration of renewables by 2020 [3], 

which will be almost exclusively met by wind power, 

instantaneous wind penetration levels will increase 

significantly. With this increase, voltage control problems 

are expected to become more acute [4]. This is supported by 

findings in [5], a case study which established the 

importance of effective reactive control for maintaining 

stability in high wind power systems. Such characteristics 

make the Irish system ideal for considering this emerging 

problem. 

It has been well established that active control techniques 

can mitigate voltage constraints on distribution networks, 

allowing greater generation capacity. For example, work in 

[6]  used a novel AC Optimal Power Flow technique on a 

representative portion of the UK medium voltage 

distribution network to model active network management 

schemes such as co-ordinated voltage control of tap-

changing transformers and adaptive power factor for 

distributed generation. This work established that active 

voltage control significantly increased generation capacity 

on the network studied. Application of a similar technique to 

a portion of the Irish 38 kV network in [7] found that 

coordinated voltage control increased network generation 

capacity by 10% to 15%.  

A limitation on work such as the above is that the 

distribution system is considered in isolation. By contrast, 

work in [8] takes a holistic approach. A passive, fit-and-

forget strategy is developed, whereby optimised static power 

factors for distributed generators are determined to increase 

network generation capacity. A constraint is imposed within 

the optimisation to maintain the power factor of the 

distribution system at the transmission node between 0.98 

leading and lagging. Similarly, in [9] an OPF technique was 

used to establish enhanced power factor settings for DGs, to 

maintain distribution voltage limits while minimising 

reactive power absorption. Work in [10] models the Irish 

power system, and establishes that operating distribution 

connected DFIG windfarms in terminal voltage control 

mode can improve transmission system voltage 

performance. 

Work in [4] explores the effect of windfarm voltage 

control strategies on transmission system voltage stability. 

Significantly, it highlights the harmful effect of excessive 

absorption of reactive power by distributed generation on 

transmission system voltage stability. Accordingly, the work 

considered the times of peak instantaneous wind penetration 

as the worst cases for a voltage stability study. The work 

found that using large DFIG windfarms to control the 
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voltage level at transmission nodes gave a significant 

extension in the transmission voltage stability margin, while 

also improving the distribution system voltage profile. 

Similar results are given in [11], which showed the benefit 

of operating DFIG windfarms in voltage control mode for 

the transmission system voltage profile. 

This paper will show how an energy harvesting network 

of distributed generators can be used as an aggregated 

reactive power source for the transmission system. This 

capability will be characterised by the use of diagrams 

showing the envelope of achievable real and reactive power 

operating points. There are many ways that an energy 

harvesting network can realise a given output power i.e the 

distribution of the total power among the generators may 

vary significantly. This variance in the power injection 

profile will determine network line loadings and voltage 

levels, and accordingly reactive power losses. As a result for 

a given active power output of the energy harvesting 

network it is impossible to define a maximum and minimum 

reactive power level that can be provided, as these depend 

on the varying internal states of the network. As such, this 

paper will not proceed with a deterministic approach, but 

rather a statistical one using simulation results for a number 

of test networks. 

Section II outlines the simulation methodology. The 

development of the test network and wind clusters is 

described in Section III. Results and discussion are given in 

Section IV with conclusions and further work given in 

Section V. 

II. SIMULATION METHODOLOGY 

In order to assess the capability of the networks, time 

series load flow analysis is carried out on the networks 

employing the historical wind power output data for each 

wind farm. 

For each network, each simulation case requires 35,136 

separate load flow calculations, as this is the number of 

fifteen minutes periods in a leap year (measurements from 

the year 2008 were used in these simulations). The active 

power injections from each farm are updated for each load 

flow in accordance with the historic data. For each network, 

the following simulation cases were run: 

 A maximum and minimum reactive support case, 

where each wind farm absorbs or injects its rated 

reactive power, remaining constant across all periods. 

The results derived from this case will establish a 

theoretical P-Q envelope that the cluster can never 

exceed. Network voltage limits are ignored in this case. 

 A constant power factor operation case, where each 

windfarm was set to operate at a 0.95 inductive power 

factor. This reflects a typical approach adopted by a 

DSO, whereby reactive power absorption limits 

voltage rise, which is often the binding constraint for 

distributed generation connections. This simulation 

case will allow the annual reactive power absorption of 

the networks to be established in a business as usual 

scenario.  

 A sub-optimal voltage constrained reactive support 

maximisation or minimisation approach. For these 

simulation cases, the windfarms were operated in 

terminal voltage control mode. For maximum reactive 

support, the voltage set point was set at 1.05 (the 

notional upper limit for the network) Each wind farm 

uses all the available voltage headroom to export or 

import reactive power. The maximum absorption case 

is modelled by regulating to 0.95 pu Wind farm 

reactive power limits were respected in these cases 

While this approach does not necessarily represent the 

optimal control scheme to maximise the reactive capabilities 

of the network, it does represent a readily implementable 

scheme. Each individual wind farm only acts on local 

measurements. The overall reactive output of the cluster can 

be controllable by periodically issuing new voltage set 

points to each farm. If all issued voltage set points are 

within the legal range, then no centralised dynamic control 

is required to maintain the system within acceptable limits. 

III. TEST NETWORK DEVELOPMENT 

Two clusters of adjacent wind farms in Ireland were 

identified for which a year of fifteen minute power output 

data was available. The use of existing farms, without regard 

to existing connection arrangements, allows empiric data to 

be used, thus capturing the active power output correlation 

exhibited among adjacent wind farms. The quality of this 

data allows the statistical approach which will be developed 

in section IV to be followed. Geographically realistic energy 

harvesting distribution networks for these clusters were then 

developed, with line lengths determined from the maps, with 

a 10% routing allowance. 

The first cluster is of seven windfarm located in the 

North West of Ireland. Each windfarm has a capacity of less 

than 10 MW, and the aggregate capacity of the cluster is 

35.6 MW. The second cluster considered is of four 

windfarms with capacities ranging from 4.8 MW to 32 MW. 

This cluster is located on Ireland's Northern seaboard, and 

has an aggregate capacity of 55.8 MW. 

 

Fig. 1 Single line diagram for Network A 
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Fig 2 Network C on the left, Network B on the right 

Two connection schemes were produced for the cluster of 

four farms: one using the standard OHL conductors in use 

on the Irish distribution system, the other using IEC 

standard cables. The cabled case will show the effect of a 

network's internal capacitance on aggregate reactive support 

capability. 

Network A  operates at a voltage level of 20 kV, which is 

more suitable for the reduced power flows on each line. A 

110/20 kV transformer allows this network to be directly 

connected to the transmission system. Networks B and C 

operate at the 38 kV level, which is more appropriate for the 

larger windfarms under consideration. 

The connection schemes were kept relatively simple: 

conductors were selected based on thermal limits. The 

transmission node was placed towards the centre of the 

cluster to allow for a simple, radial connection approach. 

This simple approach was adopted to so that the networks 

considered would be as generic and as representative as 

possible. Unless noted, the transmission transformer was 

modelled with a continuous voltage controller maintaining 

the sending voltage at 1 pu (For Network A, 1 pu = 21.5 kV, 

For Networks B&C 1 pu = 41 kV)  

It is obvious that the overall Q capability of an energy 

harvesting network is dependent on the reactive power 

capability of the individual generators within it. This paper 

proceeds on the assumption that each distributed generator 

is a DFIG windfarm, having completely decoupled active 

and reactive power, where reactive power can vary between 

+- 0.95 pf of rated P. This follows conservative norms 

assumed in [12] Full details of each network are given in the 

Appendix 

IV.  STATISTICAL TREATMENT 

For every time period in each study case described above,  

the (P, Q) load flow at the transmission node is recorded 

into the set D. As this paper seeks to characterise energy 

harvesting networks, it is desirable that this large 

distribution of points be reduced to a more tenable form. A 

simple statistical approach is developed here, with the goal 

of imposing a P-Q envelope onto the data, such that for a 

given value of P, the level of Q achievable in n% of cases 

can be read. 

For each band of P values, the level of Q that n% of 

operating points within that band exceeded is determined. 

This Q threshold value, and the level of the power band, is 

recorded in the set L, indexed by l where: 

  
𝑃𝑙

𝑄𝑙
  ∀𝑙 ∈  𝐿 (1) 

The set L is populated by considering the subsets of D 

formed by binning on P. We define a number of subset bins, 

B, of varying size, which are numbered by b and indexed by 

f. Membership is given by: 

 𝐵𝑓
𝑏 =  

𝑃𝑓

𝑄𝐹
 ∈  𝐷 𝑏𝑔 <  𝑃𝑓  <  𝑔(𝑏 + 1)   (2) 

Where g is the arbitrary bin size,  which for this paper is 

a power band of 0.5 MW. The integer number of bins is 

given by  𝑏𝑚𝑎𝑥 =  
𝑃𝑚 .𝑚𝑎𝑥

𝑔 . From these bins we populate L 

using the percentile function 𝜌 to give, 

 𝐿𝑙 =   
𝑃𝑙

𝑄𝑙
 

𝑃𝑙 =  𝑙𝑔

𝑄𝑙  =  𝜌𝑛( 𝑄𝑓 ∈ 𝐵𝐿 
   (3) 

This paper takes n = 5% for Q maximising cases, and 

95% for minimising cases. 

V. RESULTS AND DISCUSSION 

The methodology described in section II was used to 

generate results for each of the networks previously 

described. Section V-A explores the P-Q performance of 

Network A. In Section V-B Network B is analysed with and 

without transformer voltage regulation, to examine how 

significant sending voltage regulation is in determining P-Q 

performance. 

 

Fig. 3 P-Q Diagram for Network A 

A. Performance of Network A 

The reactive performance of this network can be 

quantified via Fig. 3 The darker lines show the absolute 

reactive power limits of the network, while the dashed line 

shows the reduction caused by the over voltage constraint in 

95% of operating points. These lines are plotted according 

to the method is section IV. Of particular interest is the 
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substantial reduction in the level of reactive power that can 

be exported when wind power output levels are high. Only 

about 2 MVAr of reactive support can be provided when the 

energy harvesting network exports more than 30 MW of 

active power. This is equivalent to a power factor of just 

0.999 capacitive. 

For the maximum reactive export, voltage constrained 

case a representative subset of the recorded (P, Q) operating 

points is plotted (8, 000 points out of  35, 136) It can be seen 

that there is considerable diversity in the achievable reactive 

power for a given total active power output. This arises 

because the internal network voltage profile varies 

considerably with the power injection profile, and thus the 

voltage headroom available for reactive power export can 

vary significantly. In the voltage constrained absorption 

case, this effect is not seen; the constraining factor is the 

wind farm reactive limits rather than network under voltage 

limits. At times of high power outputs, real power export 

will tend to raise voltage levels. This creates a wider band 

above the lower voltage limit, permitting greater reactive 

power absorption.  

The darker outer envelope lines in Fig. 3 show the effect 

of network losses. The plot shows the 95% percentile 

envelope for consistency, even though there is minimal 

variation in the recorded (P, Q) data points. Both lines curve 

to the left, as at times of higher active power output, line and 

transformer current loadings increase, thus increasing 

reactive losses in the network, reducing the reactive power 

deliverable at the transmission node. 

 

Fig. 4 P-Q capability of Network B without sending voltage 

regulation 

B. Performance of Network B: the importance of sending 

voltage regulation  

Here the P-Q capability diagram (Fig. 4) clearly shows 

the limiting effects of the over and under- voltage 

constraints. The recorded (P, Q) points are plotted for both 

cases to show the diversity of  reactive power support 

achievable for a given value of active power output. The 

voltage limits are onerous here as the transformer does not 

act as a voltage regulator, so the voltage at the sending bus 

varies with loading conditions. 

For comparison we show the results for this network with 

ideal sending voltage regulation enabled in Fig. 5 

 

Fig.5 P-Q capability of Network B with sending voltage held 

at 1 pu 

It can be seen in Fig. 5 that with ideal sending voltage 

regulation, voltage constraints on the network are not 

binding, and reactive performance is identical to the reactive 

maximisation case. 

The two sets of results presented here show the 

significant effect transformer voltage regulation has on 

internal network voltage levels. These cases represent the 

extremes of zero regulation and ideal regulation. Further 

work is necessary to show how an energy harvesting 

network may perform with a more realistically modelled 

discrete OLTC voltage regulating transformer.  

Fig.6 P-Q capability of Network C 

C. Performance of Network C 

Network C did not exhibit voltage constrained P-Q 

performance. This reflects the generous cable specifications 

used (see Appendix) It can be seen in Fig. 6 that the outer 

envelope characteristic for Network C is shifted to the right 

in comparison to Network B: this reflects the reactive power 

production of energised cables, which have significant 

internal susceptance. This alleviates the restriction on 

reactive power export seen at times of high active power 

export in sections V-A and V-B. 
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D. Yearly Metrics 

Table I shows the time-integrated reactive support that 

could have been delivered to the transmission system in the 

year for which the simulations were run. Note the significant 

annual absorption in each of the business as usual scenarios. 

The effect of distribution network limit on Network A is 

apparent: the over voltage constraint reduces the annual 

reactive support available by 23.8%. This highlights the 

significant effect that distribution system standards and 

connection policies can potentially have on the transmission 

system. 

TABLE I 

Annual Reactive Support Metrics (MVarHr) 

Network A Max Q export Max Q import 

Voltage Constrained 82,445 114,896 

Not Voltage Constrained 91,528 114,938 

0.95 ind - 43,952 

Network B with no sending voltage regulation 

Voltage Constrained 102,941 170,819 

Not Voltage Constrained 137,296 191,523 

0.95 ind - 74,745 

Network B with sending voltage regulation 

Voltage Constrained 135,469 188,345 

Not Voltage Constrained 135,506 188,412 

0.95 ind - 73,115 

Network C 
  

Voltage Constrained 162,839 155,015 

Not Voltage Constrained 162,961 155,148 

0.95 ind - 57,224 

 

VI. CONCLUSIONS AND FUTURE WORK 

This work has shown that an energy harvesting network 

can be usefully characterized by a P-Q capability diagram. 

Future work will focus on how this encapsulated reactive 

power control capability can be used to improve 

transmission system voltage performance. Operating the 

energy harvesting networks as a transmission level voltage 

controller within its defined P-Q capability would mimic the 

traditional role of synchronous generation. As wind power 

penetrations increase, and more synchronous generators are 

displaced, the replacement of support services provided by 

synchronous generation will be necessary. The encapsulated 

model allows transmission level appraisal of the potential 

benefits of this approach without having to consider any 

particulars of the internal network control schemes. This 

work has only considered dedicated energy harvesting 

networks. The methodology can be readily extended to 

networks that include some load  along with the distributed 

generation. 

APPENDIX 

Network A: 

Branch 
Length 

(km) 
R1 () X1 () Generator 

Prated 

(MW) 

Line A 7.75 3.178 3.18 DG1 5 

Line B 5.07 2.079 2.08 DG2 6.8 

Line C 5.03 2.062 2.06 DG3 7.65 

Line D 7.25 5.51 3.84 DG4 4.25 

Line E 8.38 1.718 1.72 DG5 3.4 

Line F 4.74 3.602 2.51 DG6 3.4 

Line G 4.4 1.804 1.8 DG7 5.1 

      
Name 

Srated 

(MVA) 

VHi 

(kV) 

VLo 

(kV) 

Shc Volt. 

(%) 
X/R 

Transformer 20 110 21 9.3 25.12 

Network B: 

Branch 
Length 

(km) 
R1 () X1 () Generator 

Prated 

(MW) 

Line A 7.45 1.389 1.46 DG1 32 

Line B 14 2.548 5.11 DG2 14 

Line C 1.7 0.894 0.68 DG3 4.8 

Line D 14 7.364 5.63 DG4 5 

      
Name 

Srated 

(MVA) 
VHi 

(kV) 
VLo 

(kV) 
Shc Volt. 

(%) 
X/R 

Transformer 63 110 41 15.86 38.11 

  



 

Network C: 

Branch 
Length 

(km) 
R1 () X1 () B1 (µS) Generator 

Prated 

(MW) 

Cable A 7.45 0.448 1.01 468 DG 1 32 

Cable B 11.85 1.174 1.71 633 DG 2 5 

Cable C 14 1.387 2.02 748 DG 3 14 

Cable D 1.7 0.168 0.25 91 DG 4 4.8 

 

Name 
Srated 

(MVA) 
VHi 

(kV) 
VLo 

(kV) 
Shc Volt. 

(%) 
X/R 

Transformer 63 110 41 15.86 38.11 
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