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Abstract— Highly renewable power systems may have to 

impose regional minima on the number of online synchronous 

units to ensure appropriate availability of controllable reactive 

power. Given the declining net loads associated with increasing 

wind penetration levels, these regional constraints are 

anticipated to come into effect with greater frequency. Such 

constraints have a tangible effect on the total cost of unit 

commitment schedules, with out-of-merit units being 

committed solely to preserve secure voltage regimes. The use of 

novel reactive power resources may make regional constraints 

less necessary, and the voltage-control capabilities of 

distribution-connected wind farms will be examined in this 

role. Harnessing these resources may not require any roll-out 

of new technology, but would be an operational change to 

utilise the pre-existing voltage-control capabilities implicit in 

the power electronic topology of modern wind turbine 

generators. Given the capital costs of new dedicated VAr 

sources, and the generating costs associated with using 

synchronous plant for voltage control, it appears vital to derive 

the greatest possible value from existing assets. 

Keywords- distributed generation, unit commitment, voltage 

security1 

I. INTRODUCTION 

While there are a range of challenges  associated with 

integrating renewable generation into power systems [1], 

this work will discuss various issues related to reactive 

power management with high levels of wind generation. 

Fundamentally, any power system must maintain a regional 

reactive power balance, as the physics of transmission lines 

prohibit long-range VAr transmission. As wind generation 

can cause displacement of conventional generators, a 

transmission system operator may have to mandate regional 

minima for the number of online synchronous generators 

[2], such plant being the traditional providers of voltage-

control services. A paucity of reactive power sources affects 

the power system’s ability to maintain bus voltages within 

the permissible range, which may result in voltage insecurity 

and, in extremis, collapse [3, 4]. The remedial use of 
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regional must-run security constraints [5] has concrete cost 

implications [6], and this will be the focus of this paper. 

The literature has not been silent on how best to 

accommodate wind generation, with work such as [7] 

seeking to explicitly consider voltage constraints in the unit 

commitment problem. Moreover, modern renewable 

generators often offer a controllable reactive power resource 

[8], and so do not have to be operated at the fixed inductive 

power factors typically stipulated by distribution system 

operators. Such reactive power resources can be utilised to 

the benefit of the transmission system, in terms of rotor-

angle stability [9], fault response [10] loss-minimisation 

[11], and steady-state voltage performance [12]. This latter 

feature will be the focus of the present discussion, which 

seeks to suggest the extent to which enabling voltage-

control for distribution-connected wind farms can obviate 

must-run constraints. 

In Section II the study approach is described. The test 

system used is presented in Section III, while Section IV 

discusses the voltage problems encountered, and the costs of 

various proposed solutions. A synopsis of the discussion is 

laid out in Section V. 

II. STUDY APPROACH 

A.  Dual Perspective Approach 

This paper will discuss the relationship between wind 

generation levels, regional voltage problems, and unit 

commitment must-run constraints. An exploratory time-

series approach is used in preference to more rigorous 

methods. As such, this paper will illustrate and explore 

various potential effects of increasing wind penetration, as 

they may be encountered by a conservative system operator. 

By noting, and plausibly responding to, various regional 

problems that arise as wind penetration levels increase, the 

natural evolution of operational practise on a particular 

system is mimicked. This paper is discursive, focusing on 

cost implications as wind generation causes voltage 

problems, and must-run constraints are deployed in 

response. 

Given the technical, and economic, focus of the study, 

analysis must be performed from two perspectives. Firstly, 

unit commitment and dispatch schedules must be realistic, 

stemming from proper heat-rate parameterisations of 

generators. The voltage performance of these schedules can 

then be assessed using commercial load-flow tools, 

assuming inductive power factor behaviour of wind 

generators. Based on analysis of this simulated voltage 

performance, plausible remedial must-run constraints can be 
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proposed. These are incorporated in a further round of unit-

commitment and dispatch, and the updated schedule can be 

assessed for voltage performance as well as cost 

implications. Finally, simulations are performed for each 

commitment schedule assuming voltage-controlling wind 

generators: the improved performance will indicate the 

degree to which the must-run constraints could be relaxed. 

B.  Unit Commitment and Dispatch 

 To produce a realistic unit commitment and economic 

dispatch over the test year, the Plexos® production cost 

modelling software was employed. The test system was 

implemented using a linear DC optimal power flow, which 

ensures the generation on the system is scheduled while 

respecting thermal ratings on transmission lines. Plexos uses 

a Mixed Integer Programming optimization to solve the unit 

commitment problem. For each day, an optimal commitment 

and economic dispatch were determined which minimizes 

the total system production costs (fuel and startup). 

Generator characteristics, including maximum and 

minimum stable levels, minimum up and down times, start 

times, and ramp rates were obeyed. Linearized heat rate 

curves and start costs were included to model the operating 

costs of the system. Two categories of reserve were included 

– a spinning reserve based on largest contingency of 400 

MW, carried by online units which respond in 10 minutes, 

and a separate, mutually exclusive load following reserve of 

500 MW, which responds in 15 minutes. This ensures that 

minute-to-minute variability and any contingencies can be 

met by the scheduled generation. Reserve is cooptimized in 

Plexos to produce lowest total cost schedules.  

 
Fig. 1 The IEEE RTS96 single area test system: wind capacities are shown 
for the 30% wind energy capacity case. 

III.TEST POWER SYSTEM 

The IEEE RTS-96 [13] single area system, as shown in 

Fig. 1, was selected as a suitable test platform. This system 

is well-parameterized, providing economic and technical 

data for each generator, as well as system electrical and 

topological data. The system embodies two voltage levels, 

230 kV and 138 kV, spanning across 24 buses. For the 

purposes of time-series analysis, an hourly system aggregate 

load curve is provided, in addition to load participation 

factors for each bus. Each time-series simulation will range 

over a full year at an hourly granularity. 

To investigate the effects of rising wind penetration 

levels, the system was augmented with a number of wind 

farm generators. These were added at each load bus, with 

the connected capacity inversely related to the local load 

level. As such, the bus with the lowest load accommodated a 

generator with a wind participation factor equivalent to the 

maximum load participation factor. This connection scheme 

reflects the trend for the best wind resources to be located 

far from load centres. Two levels of wind penetration were 

simulated: sourcing first 15%, and then 30%, of yearly 

energy demand from wind generators. These penetration 

levels saw the connection of 846 MW and 1,692 MW of 

wind capacity, respectively. 

Output profiles for the wind generators were derived 

from historic Irish data, with the test power system divided 

into three wind power zones; within each, generator outputs 

were scaled by a common time series. Capacities factors for 

each wind region were around 30%. 

The connected wind farm generators were assumed to be 

embedded in a 38 kV distribution network. Appropriate 

impedances for the connecting 38 kV lines and transformer 

were calculated, and these were aggregated and referenced 

to the transmission voltage level, to give a simple, single 

impedance model of distribution effects: the relevant 

parameters are given in the Appendix. While this simplistic 

approach neglects the important and complex effects of 

load/generation interaction within the distribution network 

(see, for example, [14]), it still offers a reasonable estimate 

of the reactive power behaviour of the wind generators. 

Voltage limits for the test system stipulate that node 

voltages are to remain between 0.95 and 1.05 pu. These 

limits are central to the voltage security analysis 

underpinning this work.  As a realistic appraisal of system 

voltage performance is desired, generator Q-V droop slopes 

of 2% are imposed. This droop characteristic means that 

particular generators will invoke notional over-voltage 

breaches for certain periods, as some of the generators have 

a stipulated voltage set-point of 1.05 pu, the upper limit. The 

focus of this work will be the under-voltage breaches which 

suggest excessive reactive power demands and potential 

voltage insecurity. 

IV. WIND GENERATION AND VOLTAGE PERFORMANCE 

Initially, the voltage performance of the test system, 

without wind generation, was assessed so that subsequent 

changes could be quantified in their proper context.  

A.  Base System Voltage Performance 

Analysing the initial load flow simulations, the data 

showed generally acceptable voltages across the test system 

over the course of the year. Surprisingly, at two adjacent 
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buses, 107 and 108, labelled ‘Zone A’ in Fig. 1, persistent 

under-voltage breaches were recorded, occurring in 46% 

and 23% of periods, respectively. The relationship between 

local generation at bus 107 and the prevailing voltage there 

is explored in Fig. 2. 

 
Fig. 2 A scatter plot relating voltage levels, and generation, at bus 107 

for each hour in the test year. 

In Fig. 2 it is seen that local voltage problems (below 

0.95 pu) only arise when no local generation is online at bus 

107. As can be seen in Fig. 1, bus 107 is the only tail-fed 

bus in the system, and its power imports frequently caused 

unacceptable levels of voltage drop. This deficiency is 

innate in the test-system specification. 

 As a remedial measure, it was proposed to add a 

security constraint for this region, constraining-on at least 

one unit of the three at bus 107 at all times. A summary of 

system voltage performance with and without this constraint 

is given in Table 1. 

TABLE 1: BASE CASE 

Constraint Regime Vavg (pu) Vlow (pu) Low hours (%) Cost ($M) 

None 1.017 0.939 46.48% $365.659 

107  1.022 0.984 0.00% $373.771 

In Table 1, and subsequently, the first data column, Vavg, 

shows a simple average of voltages recorded across all buses 

in all periods. The second data column, Vlow, is a percentile 

metric: voltages across all buses and all time periods 

exceeded this value in 98% of cases. Complimenting this, 

the third column shows the percentage of periods in a year 

where at least one bus showed voltages below the 0.95 pu 

limit. Taken together, they show the unacceptable voltage 

performance of the no-wind base case. The addition of the 

must-run constraint at bus 107 increases the generating cost 

for the test system year by about $8 million. This constraint 

ensures acceptable voltage performance at all buses for the 

entire year. 

B.  Wind 15% Voltage Performance 

To explore the effects of wind generation on voltage 

performance, the system was augmented with sufficient 

wind capacity to serve 15% of the energy demand for the 

year. Mirroring practice typical of distribution system 

operators, this wind generation was operated at a fixed 

inductive power factor of 0.95. In simple terms, such a 

regime means that for each 1 MW exported by a wind farm, 

slightly less than 
1
/3 MVAr must be absorbed. The 

motivation for this practise is generally to avoid over-

voltage breaches that may occur in distribution networks at 

times of high generation and low demand. 

Unit commitment for the 15% case was performed in a 

deterministic fashion, to meet the net load remaining once 

the known contribution of wind was accounted for.  

    1)  Global effects of wind generation on voltage profile 

While the need for the pre-existing security constraint at 

bus 107 may be anticipated, the initial unit commitment 

imposed no such constraints. In this way, the base 

generating cost of operating the 15% wind system can be 

established. The additional cost of further security 

constraints can thus be fairly reckoned. 

The first load flow simulations of the 15% wind energy 

case evidenced unsatisfactory voltage performance, with 

under-voltages arising in about 68% of periods. Two factors 

are at play: the increased reactive power demanded by 

inductive operation of wind farms, and the displacement of 

voltage-controlling synchronous plant at times of high wind 

output. Their relative importance is considered in Fig. 3 and 

Fig. 4. 

 
Fig. 3 The relationship between the number of units online and the 

prevailing median voltage for each period of the year, for the 15% wind 
energy case with no security constraints. 

The straight black line in Fig. 3 depicts a linear 

regression of the data points. Its slope, and low R
2
 value, 

suggests no compelling relationship predicting depressed 

system voltages from having less synchronous units online. 

A similar analysis is given in Fig. 4, which proposes 

instantaneous wind penetration levels as a better predictor of 

system voltage problems. 

 
Fig. 4 Relationship between system-wide median voltages and 

instantaneous wind penetration for each period of the test year. 

The decline of system voltages depicted in Fig. 4 shows 

the effect of reactive power absorption by distribution-

connected wind farms. When their output is high, they 

absorb substantial levels of reactive power. This demand is 

magnified at the transmission level, due to reactive power 

losses, and has a clearly negative effect on system voltage 

profile. 

The preceding figures have been included to frame the 

discussion on reactive power management with renewable 

generation, pointing out the substantial challenges that can 
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be encountered. The following section performs a regional 

analysis, towards proposing remedial measures. 

    2)      Regional effects of wind generation on voltage 

profile 

Without security constraints, two power system regions 

show persistent problems in the 15% wind case. 

As before, buses 107 & 108, show substantial voltage 

problems, with bus 107 experiencing under-voltage breaches 

for around 61% of the year. This represents a greater 

frequency of voltage breaches than encountered in the base 

case without wind generation. As such, the must-run 

constraint at bus 107 must remain in place. 

Unsatisfactory performance is also observed at buses 

111, 112 & 113 (‘Zone B’), with the worst of these, 112, 

showing under-voltage breaches for about 10.5% of the 

year. The following graphic, Fig. 5, explores the relationship 

between regional generation levels there and minimum 

voltages encountered. 

 
Fig. 5 The relationship between the lowest voltage recorded across 

buses 111, 112 & 113, and the local generating level at bus 113 for each 
period of the test year. 

It can be inferred from Fig. 5 that regional voltage 

problems usually don’t arise when generation is online at 

bus 113. In the unconstrained schedule, generation is only 

dispatch to be online at bus 113 for around 15% of periods 

in the year. For the remainder of the year, where no local 

generation is present, under-voltage breaches arise about 

13% of the time. For this reason, a cautious system 

operation may mandate that one unit be maintained online at 

bus 113 at all times. 

Two remedial voltage security regimes are thus proposed 

to accommodate the 15% energy level of fixed power factor 

wind generation: one with just the must-run constraint at bus 

107, and one that adds a must-run constraint at bus 113 also. 

    3)  Effects of voltage security constraints 

The effectiveness, and costs, of the proposed remedial 

security regimes are shown in Table 2. 

TABLE 2:  15% WIND ENERGY, FIXED POWER FACTOR  

Constraint Regime Vavg (pu) Vlow (pu) Low hours (%) Cost ($M) 

None 1.011 0.922 61.88% $270.624 

107  1.019 0.974 2.67% $278.437 

107  & 113 1.021 0.984 0.16% $317.564 

Table 2 shows the surprising effectiveness of the must-

run constraint at bus 107. As before, this constraint increases 

system generating costs by around $8 million. This 

represents a greater proportional cost increase, however, as 

the unconstrained generation costs are now around $270 

million, a full $95 million cheaper than the unconstrained 

schedule without wind generation. With the security 

constraint at bus 107 operating alone, under-voltages arise 

just 2.67% of the time. Surprisingly, that constraint also 

operates to largely mitigate the voltage problems anticipated 

at buses 111, 112 & 113: even without the specific 

constraint for this region, under-voltages are reduced to 

2.67% of the year, down from the 10.5% figure encountered 

for the base 15% simulation. The interaction between 

voltages in the region of bus 113 and the must-run constraint 

at bus 107 is not obvious, as they are electrically distant. 

This underlines the complex, non-linear nature of the unit 

commitment problem. 

Only a small gain in voltage performance is achieved by 

bringing both security constraints into force. Under this 

regime, under-voltage breaches only arise in a trivial 0.16% 

of the periods in the year, and there is modest improvement 

in the Vlow figure. This gain comes at a substantial cost, of 

about $39.2 million, being a 14% increase over the case 

which imposes just the bus 107 constraint. The high cost of 

the bus 113 constraint is striking: even if it is only imposed 

for certain times of the year, or under certain wind 

conditions, it will likely still add substantially to system 

generating costs. 

    4)  Value of voltage-controlling wind generators 

Given the cost of the additional security constraints that 

may be introduced to accommodate the 15% wind energy 

penetration level, investigating alternative reactive power 

sources is apposite. To that end, each case shown in Table 2 

is revisited, with simulations enabling voltage-control at 

each distribution-connected wind farm. The effects of this 

are shown Table 3: as the schedules are unchanged, 

generation costs are the same as previously. 

TABLE 3: 15% WIND ENERGY, VOLTAGE CONTROL  

Constraint Regime Vavg (pu) Vlow (pu) Low hours (%) Cost ($M) 

None 1.015 0.957 20.5% $270.624 

107  1.020 0.981 0.00% $278.437 

107  & 113 1.021 0.988 0.00% $317.564 

 

The results given in Table 3 are encouraging. With just 

the bus 107 must-run constraint in effect, system voltage 

performance is fully satisfactory. System under-voltage 

breaches are reduced from 2.6% to 0%, with no increase in 

costs. As such, further must-run constraints need not be 

contemplated. This clearly illustrates the real value of using 

the voltage-control capabilities inherent in modern wind 

generators. Additionally, some of the technical benefits are 

shown in Fig. 6, illustrating the stiffness of system voltages 

at times of high wind penetration.  
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Fig. 6 The consistent voltage performance of the test system achieved 

with voltage-controlling wind generators. 

A comparison is intended between Fig. 6 and Fig. 4; 

both plot the voltage performance of the test system for the 

15% wind energy case with no must-run constraints. Under 

these identical dispatch schedules, Fig. 6 shows stiffer, more 

secure, voltage performance, due to the reactive power 

contribution of distribution connected wind generators.  

C.  Wind 30% Voltage Performance 

While discussion thus far has upheld the value of 

voltage-controlling wind generators, this section will briefly 

examine what role they can play in an extremely renewable 

power system. To that end, wind generation capacity on the 

test system was doubled to 1,692 MW, to serve 30% by 

energy of the load over the year: some periods of the year 

see instantaneous penetration levels beyond 88%.  

    1)      Global effects of wind generation on reactive power 

management 

As can be anticipated from the preceding analysis of the 

15% wind energy case, such high levels of wind generation 

will likely cause difficulties in reactive power management. 

If the wind farms are operated at an inductive power factor 

of 0.95, there will be hours in the year where wind farm 

reactive power requirements account for up to 55% of total 

reactive power demand. 

Operation of the system without security constraints and 

wind generators in power factor mode presents numerous 

problems. Firstly, the paucity of reactive power sources 

means that load flow simulations cannot converge for 

around 2.9% of periods in the year, being plainly suggestive 

of voltage-insecure conditions. Analysis of the remaining 

periods shows under-voltage breaches for about 51% of 

hours in the test year. 

    2)  Regional effects of wind generation on voltage profile 

As may be anticipated, many of the same regions exhibit 

voltage problems as in the 15% wind energy case. The 

previous must-run constraint at bus 107 remains essential, 

with under-voltage breaches emerging in that region for 

around 50% of time periods where no security constraints 

are in force. 

Unsatisfactory performance is also seen in the region of 

bus 113, now also affecting the adjacent bus 123. Between 

them, buses 111, 112, 113, and 123 show under-voltage 

breaches for around 17% of the year, totalling 1,421 hours.  

For 1,013 of these under-voltage hours, generation was 

online at bus 123, whereas there were only under-voltage 

breaches for 23 of the hours when generation at bus 113 was 

online. Given these figures, a prudent system operator may 

impose a must-run constraint at bus 113. 

Finally, one more region in the power system shows 

somewhat unsatisfactory voltage performance: buses 101-

105 (‘Zone C’). Under-voltage breaches are encountered in 

this region for 1.93% of the year. Eight units are present at 

these two buses, four rated at 76 MW and four at 12 MW. 

Given their disparate capacities, the effect of local 

generation on voltage performance is broken down by 

number of online units in Fig. 7. 

 
Fig. 7 Under-voltage periods by the number of local units online at 

buses 101 and 102. 

A prudent security constraint is suggested by Fig. 7: two 

units must be online of the eight available across the two 

buses to guarantee adequate voltage performance. Note 

there were only two periods in the year where no units were 

online at these buses, so that bin is excluded from the graph. 

Two voltage security regimes are proposed for managing 

the 30% wind energy penetration case: one imposing must-

run constraints at buses 107 and 113, and one supplementing 

this with an additional constraint mandating at least two 

units online between buses 101 and 102. 

    3)  Effects of voltage security constraints 

The voltage performance of the 30% base case, and 

proposed security regimes, with wind generation operated at 

a 0.95 inductive power factor, is explored in Table 4. 

TABLE 4: 30% WIND ENERGY, FIXED POWER FACTOR  

Constraint Regime Vavg (pu) Vlow (pu) Low hours (%) Cost ($M) 

None 1.009 0.918 51.19% $209.431 

107  & 113 1.015 0.956 8.08% $252.880 

107 , 113 & 

101/102  
1.015 0.956 7.84% $261.613 

Firstly, the must-run constraints at buses 107 and 113 

solve the convergence issues encountered. These constraints 

cost around $43.5 million, a 20.7% cost increase over the 

unconstrained case. They also bring the Vlow to 0.956, just 

above the legal lower limit: bus voltages exceed this value 

98% of the time. Even with such improvements, low voltage 

conditions persist on the test system for about 8% of the 

year. 

The additional constraint at buses 101/102 has marginal 

effect. Values for Vavg and Vlo remain unaffected, and there 

is only the slenderest improvement in the number of under-

voltage periods in the year, bringing it near to 7.8%. Such 

improvements scarcely justify the $8.8 million cost of the 

constraint. 

It is clear that must-run constraints may not have the 

intended effects at high penetration levels of renewables, 

and are attended by substantial cost increases. Our 

discussion concludes by considering how wind generators 
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fare as voltage-controllers within the highly renewable 

power system. 

    4)  Effects of voltage-controlling wind generators 

As before, the previous regimes were revisited with 

voltage-control enabled at the wind generators, with results 

shown in the Table 5. 

TABLE 5: 30% WIND ENERGY, VOLTAGE CONTROL  

Constraint Regime Vavg (pu) Vlow (pu) Low hours (%) Cost ($M) 

None 1.012 0.947 26.21% $209.431 

107  & 113 1.018 0.982 1.14% $252.880 

107 , 113 & 

101/102  
1.019 0.983 1.10% $261.613 

Notably, convergence issues did not arise where voltage 

control was enabled at the wind farm level. Where 

constraints were imposed as buses 107 and 113, system 

voltage performance was seen to be quite satisfactory, with 

under-voltages in just 1.14% of periods. The imposition of 

the additional constraint at 101/102 did little to improve on 

this.  Crucially, bringing the under-voltage periods to this 

order of magnitude suggests that the power system could be 

operated with this penetration of renewables with just minor 

modifications. Even with zealous, expensive, deployment of 

must-run constraints, the huge reactive power demands of 

power factor wind farms means that the system is essentially 

inoperable. At this level of wind penetration, the system can 

only operate securely when distributed generators 

participate in voltage control. 

V. CONCLUSIONS 

A number of points have emerged from the discussion of 

the results. The key theme has been the real link that exists 

between reactive power management and system costs. This 

work has explored the efficacy, and cost, of using must-run 

constraints as one means to solve regional voltage problems. 

These constraints can have unanticipated effects on voltage 

performance, and are generally expensive. Enabling voltage 

control at distribution-connected wind farms has a 

predictably beneficial effect on voltage performance, and is 

not attended by cost increases. In summary, failure to utilise 

available reactive power sources in the highly renewable 

power system can harm system voltage performance, while 

also driving up generating costs.  

Further work can place these assertions on firmer 

ground: a rigorous methodology for identifying efficient 

must-run constraints seems particularly timely. 

APPENDIX 

Wind gen. 

location 

Capacity, 30% 

case (MW)  

Capacity, 15% 

case (MW)  

Dist. 

R1 () 

Dist. 

X1 () 

bus 101 115.1 57.6 6.24 48.3 

bus 102 157.4 78.7 3.3 32.44 

bus 103 76.2 38.1 16.51 86.77 

bus 104 187.9 93.9 1.38 24.46 

bus 105 198.0 99.0 0.74 22.09 

bus 106 103.2 51.6 6.95 53.15 

bus 107 108.3 54.2 6.67 51.13 

bus 108 101.6 50.8 7.09 54.21 

bus 109 81.2 40.6 15.67 81.16 

bus 110 59.2 29.6 18.86 105.8 

bus 113 57.5 28.8 53.26 302.14 

bus 114 64.3 32.2 50.7 278.7 

bus 115 44.0 22.0 59.81 377.43 

bus 116 115.1 57.6 16.96 131.68 

bus 118 42.3 21.2 60.85 391.77 

bus 119 74.5 37.2 46.65 246.64 

bus 120 106.6 53.3 34.58 176.22 
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