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ABSTRACT

This paper addresses reactive power adequacy problems in distribution networks that

include a significant number of distributed energy resources. The voltage profile of the

distribution network is analyzed under increasing amounts of generation provided by the

distributed energy resources. Both static and dynamic voltage disruption phenomena

resulting from increasing distributed generation are described and the need for remedial

actions identified. Different reactive power control schemes are then proposed to keep both

an appropriate voltage profile and an appropriate voltage stability margin. Finally, an

economic appraisal of remedial actions is carried out and the responsible parties identified.

Results from a realistic case study are presented and discussed. Conclusions are duly

drawn.
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INTRODUCTION

Motivation

Distributed Energy Resources (DER) for electric energy production are being con-

nected in increasing quantity to weak distribution network in rural areas.

Particularly relevant is the connection to distribution networks of wind farms, which

rely on a technology already proved as profitable. Wind power penetration is indeed very

significant in different countries around the world (DeMeo et al. 2005; Eriksen et al. 2005;

Zavadil et al. 2005), including off-shore developments (Pool 2005).

This increasing amount of DERs embedded in weak distribution networks results more

often than not in voltage problems due to the unavailability of appropriate reactive power

resources and fast enough control schemes.

Problem Description

Increasing production of electric energy from DERs within a distribution network re-

sults in diminishing energy flows from the feeding substations to the demands (substation-

to-demand flows) that are located throughout the network.

These substation-to-demands flows eventually revert their directions provided that the

DER energy production increases sufficiently to convert the distribution network into a

net exporter of energy.

This paper considers both static and dynamic voltage and reactive power problems in

the distribution network related to the decrement in the feeding flows from the substations

that eventually revert their directions.
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Analysis and Solutions

Four studies are carried out to comprehend voltage behavior as feeding flows decrease

and revert directions. From these four cases, voltage profiles and voltage stability margins

are comprehensively analyzed. These cases are briefly described below:

1. Constant power factor. In this operation mode each DER maintains the power

factor of its corresponding injection bus close to one. In particular, close to full

capacity, wind farms are typically operated with power factor about 0.96. This is

actually the policy used by wind farms in mainland Spain, although the Spanish

regulation only imposes that the power factor is over 0.86 (B.O.E. 219 1985).

2. Single Under Load Tap Changer (ULTC). In this operation mode each DER main-

tains the power factor of its corresponding injection bus close to one, while the

feeding substation is connected to the distribution network through a ULTC that

maintains an appropriate voltage profile throughout the distribution network.

3. Constant voltage magnitude. In this operation mode each DER maintains the

voltage magnitude of its corresponding injection bus close to a pre-specified target

value close to one.

4. Several Static VAr Compensators (SVCs). In this operation scheme each DER

contributes in a coordinate manner to maintain an appropriate voltage profile

throughout the distribution network using a set of SVCs strategically installed

throughout the network.
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Literature Review and Contributions

The literature review below focuses on wind power as wind generators are the most

common and most cost effective DERs available.

The first issue in wind power studies is to set up a reliable and complete wind turbine

model. There are basically three wind turbine architectures (EWEA 2005):

1. Constant speed wind turbine with squirrel cage induction generator.

2. Variable speed wind turbine with doubly fed induction generator.

3. Variable speed wind turbine with direct drive synchronous generator.

In this paper, only the variable speed wind turbine with doubly fed induction generator

is considered as it is the most flexible and most common model used in actual wind farms

(Slootweg 2003). Observe that the general conclusions that are drawn in this paper would

not change if different wind turbine architectures were considered.

For the static behavior of the wind turbine, well-known power flow PQ or PV gener-

ator models are adequate. However, dynamic analysis requires a detailed model of the

induction motor, the wind turbine and the regulators of the DER. In this paper we use a

simplified fundamental frequency model based on what proposed in (Slootweg et al. 2003)

and (Slootweg et al. 2005).

Relevant references on wind turbine controllers are: (Miller et al. 1997) for power

control, (Muljadi and Butterfield 2001) for pitch control, and (Fan and Salman 1997)

and (Hatziargyriou et al. 1997) for voltage control. Although voltage control is possible,

observe that typical DERs are generally operated with constant power factor close to one.

If the wind power penetration is large with respect to the total power generation,
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transient stability (Slootweg 2003), fault analysis (Cano-Maŕın et al. 2004) and short

term voltage stability (Fengquan et al. 2005) are relevant phenomena.

Due to the actual trend of increasing wind power penetration in developed countries all

around the world, long term voltage stability is more and more an actual issue. (Freitas

et al. 2005) focuses on long term voltage stability analysis based on the continuation

power flow technique, while (Ha and Saha 2004), (Pálsson et al. 2002) and (Pálsson et al.

2003) discuss wind power penetration in distribution networks.

Within the framework of a distribution network including wind farms, the novel con-

tributions of this paper are:

1. Voltage behavior and voltage stability are characterized as substation-to-load flows

decrease and revert directions.

2. Three remedial actions based on an ULTC, local DER voltage control and SVCs

to avoid voltage disruption phenomena are described and compared.

3. An economic appraisal that identifies responsible parties is provided.

Paper Organization

The remaining of this paper is organized as stated below.

The following section describes the models of the distribution network, the DERs and

the SVCs, explains the analysis performed and the computational tools used, and provides

remedial actions.

The section dedicated to the case studies provides a detailed analysis using a realistic

distribution network that includes several wind farms. The test system is based on an

actual England and Wales network model described in (Greene and Dobson 1998) and
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(Hawkins 1996). Results are presented and conclusions duly drawn. This section also

provides an economic appraisal identifying responsible parties for voltage disruption.

The final section provides some relevant conclusions.

MODELING, ANALYSIS AND SOLUTIONS

Modeling

The following subsections describe the network, the DER model and the regulators.

For remedial actions an ULTC and SVCs are considered. The characteristics of the ULTC

and the SVC devices are also described in the final part of this section.

Network Model

A partly meshed rural distribution network that includes one feeding substations is

considered for the analysis. The power flow equations of such a distribution system of n

buses can be written as follows:

Pi =
n∑

k=1

Yikvivk cos(θi − θk − αik), ∀i = 1, . . . , nP (1)

Qi =
n∑

k=1

Yikvivk sin(θi − θk − αik), ∀i = 1, . . . , nQ (2)

where Pi and Qi are the active and reactive power injections at bus i, respectively, (Yik, αik)

are the element (i, k) of the network admittance matrix Y , and (vi, θi) and (vk, θk) are

the voltages at buses i and k, respectively. The feeding substation is the slack bus of the

distribution network. nP is the number of active power balances, typically nP = n − 1

with single slack bus, and nQ is the number of buses with unknown voltage magnitudes,

i.e. PQ buses and pure transit buses, in the standard power flow problem.
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DER Model

DERs in the form of wind generators are located throughout the distribution network.

We consider the steady-state electrical equations of the doubly fed induction generator,

as the stator and rotor flux dynamics are sufficiently fast in comparison with electrome-

chanical modes and regulator dynamics. Furthermore, the converter controls basically

decouple the generator from the grid. As a result of these assumptions, stator (vds, vqs)

and rotor (vdr, vqr) voltages can be expresses as:

vds = −rSids + ((xS + xm)iqs + xmiqr) (3)

vqs = −rSiqs − ((xS + xm)ids + xmidr)

vdr = −rRidr + (1 − ωm)((xR + xm)iqr + xmiqs)

vqr = −rRiqr − (1 − ωm)((xR + xm)idr + xmids),

where the stator voltages are functions of the grid voltage magnitude v and phase θ at

the DER bus:

vds = v sin(−θ) (4)

vqs = v cos(θ).

In the equations above, rS is the stator resistance, xS is the stator reactance, rR is the

rotor resistance, xR is the rotor reactance, xm is the magnetizing reactance, ωm is the

rotor speed, idr + jiqr is the rotor current and ids + jiqs is the stator current. The active

and reactive powers injected (P and Q) into the grid at the DER bus depend on the stator
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and rotor currents as follows:

P = vdsids + vqsiqs + vdridr + vqriqr (5)

Q = − xmvidr

xS + xm

− v2

xm

.

The equations above are obtained assuming a lossless converter model. The generator

motion equation is modeled as a single shaft, as it is assumed that the converter controls

are able to filter shaft dynamics. Thus one has:

ω̇m = (Tm − Te)/2Hm , (6)

where Hm is the rotor inertia and the electrical torque Te is approximated as follows:

Te = − xmviqr

ωb(xS + xm)
(7)

where ωb is the frequency rate in rad/s and the mechanical torque Tm is:

Tm =
Pw

ωm

(8)

being Pw the mechanical power extracted from the wind. The latter is a function of the

wind speed vw, the rotor speed ωm and the pitch angle θp. Pw can be approximated as

follows:

Pw =
ρ

2
cp(ξ, θp)Arv

3
w , (9)

in which ρ is the air density, cp the performance coefficient or power coefficient, ξ the tip

speed ratio and Ar the area swept by the rotor. The tip speed ratio ξ is the ratio between
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the blade tip speed vt and the wind upstream the rotor vw:

ξ =
vt

vw

= ηGB
2Rωm

pvw

. (10)

where R is the rotor radius, p is the number of poles and ηGB is the gear box ratio. The

cp(ξ, θp) curve is approximated as follows:

cp = 0.22

(
116

ξi

− 0.4θp − 5

)
e
− 12.5

ξi (11)

with

1

ξi

=
1

ξ + 0.08θp

− 0.035

θ3
p + 1

. (12)

Converter dynamics are highly simplified, as they are fast with respect to the elec-

tromechanical transients. Thus, the converter is modeled as an ideal current source, where

iqr and idr are state variables and are used for the rotor speed control and the voltage

control respectively (see Figs. 1 and 2).

Differential equations for the converter currents are as follows:

i̇qr =
(
−xs + xm

xmv
P ∗

w(ωm)/ωm − iqr

) 1

Tε

(13)

i̇dr = KV (v − vref) − v/xm − idr

where KV is the gain of the voltage control loop, vref is the reference voltage, and P ∗
w(ωm)

is the power-speed characteristic which roughly optimizes the wind energy capture and

is calculated using the current rotor speed value (see Fig. 3). It is assumed that P ∗
w = 0

if ωm < 0.5 p.u. and that P ∗
w = 1 p.u. if ωm > 1 p.u. Thus, the rotor speed control
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only has effect for sub-synchronous speeds. Both the speed and voltage controls undergo

anti-windup limiters in order to avoid converter over-currents.

Currents limits are used to define active and reactive power limits, which are approx-

imated assuming v ≈ 1, as follows (Slootweg 2003):

Pmin ≈ − xmimax
qr

xS + xm

(14)

Pmax ≈ − xmimin
qr

xS + xm

Qmin ≈ − xmimax
dr

xS + xm

− 1

xS + xm

Qmax ≈ − xmimin
dr

xS + xm

− 1

xS + xm

.

Thus DER models incorporate limited voltage control capabilities. Observe that precise

active and reactive power limits should be computed depending on the current operating

point (Tapia et al. 2001). However these model details are beyond the scope of this paper.

Finally the pitch angle control is illustrated in Fig. 4 and described by the following

differential equation:

θ̇p = (Kpφ(ωm − ωref) − θp)/Tp , (15)

where Kp and Tp are the gain and the time constant of the pitch control loop, respectively,

and φ is a function that allows varying the pitch angle set point only if the difference

(ωm − ωref) exceeds a predefined value ±Δω. The pitch control works only for super-

synchronous speeds. An anti-windup limiter locks the pitch angle to θp = 0 for sub-

synchronous speeds.
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ULTC Model

The ULTC is modeled as a π circuit with no magnetizing shunt between nodes k and

m. The algebraic equations of the power injections are as follows:

Pk = v2
k(gkm + gk0) − vkvm(gkm cos θkm + bkm sin θkm) (16)

Qk = −v2
k(bkm + bk0) − vkvm(gkm sin θkm − bkm cos θkm)

Pm = v2
m(gkm + gm0) − vkvm(gkm cos θkm − bkm sin θkm)

Qm = −v2
m(bkm + bm0) + vkvm(gkm sin θkm + bkm cos θkm) ,

where θkm = θk − θm; parameters gkm, bkm, bk0 and gk0 are functions of the tap ratio m

and the transformer resistance rT and reactance xT , as follows:

gkm + jbkm =
m

z
(17)

gk0 + jbk0 =
1 − m

z

gm0 + jbm0 =
m(m − 1)

z
,

where z = rT + jxT . Fig. 5 depicts the ULTC control block diagrams. In this papers we

use a continuous model for the ULTC control, as follow:

ṁ = −Hm + K(vremote − vref) . (18)

where H and K are the integral deviation and the inverse of the time constant, respec-

tively, of the ULTC voltage control loop. The tap ratio m is subjected to an anti-windup

limiter.
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SVC Model

The regulator is a simple time constant regulator, as depicted in Fig. 6. In this model,

a total susceptance bSVC is considered and the following differential equation holds:

ḃSVC = (Kr(vref − v) − bSVC)/Tr . (19)

where Kr and Tr are the gain and the time constant, respectively, of the SVC voltage

control loop. The model is completed by the reactive power injected at the SVC node:

Q = −bSVCv2 . (20)

The regulator has an anti-windup limiter, thus the susceptance bSVC is locked if one of its

limits is reached and the first derivative is set to zero.

Analysis

The analyses carried out in this paper are twofold. Firstly we consider a static anal-

ysis based on a Continuation Power Flow (CPF) tool, (Cañizares 2002), which allows

identifying the maximum load increment before reaching voltage instability. The static

analysis is then analyzed and validated with time domain simulations.

The CPF analysis is basically a series of power flow solutions parametrized with respect

to a scalar parameter or loading margin λ. The basic idea of CPF analysis is that all load

and generation powers increase following a given linear pattern:

Pλi = λPi, Qλi = λQi (21)

In common practice, it is relevant to know how much the system can be loaded before
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reaching the maximum loading condition, or the voltage collapse.

The maximum loading condition can be either associated with a saddle-node bifurca-

tion (transmission network maximum loadability), a limit induced bifurcation (generator

reactive power limits), or a physical limit (thermal limits of transmission lines, bus voltage

limits, etc.).

In this paper we use the basic concepts of the CPF analysis but we assume that the

only powers that are increased by the parameter λ are the powers generated by DERs

(hereinafter λ is called DER generation parameter). This is so mainly for two reasons:

1. Distribution networks where DERs are installed are typically rural systems with

dispersed and almost constant loads (at least in the time frame of DERs power

variations). The time frame of rural load variations are several minutes to one

hour.

2. DERs have a highly unpredictable generation profile, which depends on the season

of the year, daily weather conditions and local wind speed. The time frame of

power variations of DERs are few seconds to few minutes.

Due to the fast variations of generation power profiles, the static analysis provided by

CPF techniques must be accompanied by a dynamic analysis. In this paper we perform

time domain simulations to support and discuss results provided by CPF analysis.

To comprehend voltage behavior as substation-to-load feeding flows decrease and re-

vert directions, we solve two initial analysis:

1. No DERs. In this operation mode the feeding substation is generating all the power

needed by the loads.
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2. Constant power factor. In this operation mode each DER maintains the power

factor of its corresponding injection bus close to one. Nowadays this is the most

common operation mode of wind farms.

Assuming a well designed distribution network, the first operation mode does not

present voltage problems, while the scheme with DERs can potentially lead to voltage

problems and eventually to voltage collapse. This depends on the generated power by

DERs and the voltage level at the feeding substation. Remedial actions are considered in

the next subsection.

Remedial Actions

Three types of remedial actions are considered.

The first solution approach considers a ULTC at the feeding substation while the

second solution considers a local voltage regulation at the DER buses. Finally, the third

solution scheme considers two SVC devices installed at the weakest buses of the network.

1. Voltage control through ULTC. In this operation scheme, the feeding substation

is connected to the distribution network through a ULTC. The ULTC is used to

maintain an appropriate voltage profile throughout the distribution network. This

is the typical solution adopted so far in distribution networks without DERs.

2. Voltage control through local voltage regulation at DERs. In this operation mode

each DER maintains the voltage magnitude of its corresponding injection bus close

to a pre-specified target value close to one.

3. Voltage control through SVCs. In this operation scheme each DER contributes

in a coordinate manner to maintain an appropriate voltage profile throughout the
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distribution network using a strategically installed set of SVCs.

Whether these remedial schemes allow maintaining appropriate static and dynamic

reactive power resources throughout the network is discussed in the following section. For

the sake of clarity the operation modes discussed in this paper are summarized in Table

1.

CASE STUDIES

This section describes case studies based on a 40-bus test system. All static and

dynamic simulations were performed using the software package PSAT (Milano 2005).

Further details on models and algorithms used in the simulations are given in (Milano

2002).

Figure 7 depicts a partly meshed 40-bus distribution network, which is considered to

carry out diverse case studies. This system is partly based on a simplified model of the

Southwest England power system and firstly appeared in (Hawkins 1996). Most power

flow data of the test system can be found in (Greene and Dobson 1998) while specific data

that refer to DERs and control schemes are provided in the Appendix. The network

presents 40 buses, 65 lines and 17 loads for a total load of about 41 MW and 7 MVAr.

There are three voltage levels, namely 132, 33 and 11 kV. The feeding substation is located

at bus 40 at 132 kV. Buses 20, 22, and 29-37 are at 11 kV, while all remaining buses are

at 33 kV. DERs in the form of wind generators are located at buses 6, 13, 18, 20, 22,

24 and 38 (in Fig. 7 static data of DERs are represented by means of a “PQ” within

a circle, whereas dynamic data and control parameters are represented by a doubly fed

induction motor with a wind turbine). These DERs incorporate fast although limited

voltage control capabilities, which are basically related to the rotor current limits of the
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machine (Tapia et al. 2001). Furthermore we assume that all DERs have a nominal power

of 20 MVA. Observe that DER nominal apparent power limits are never reached in the

CPF analyses discussed in the following sections.

In this case study the number and the position of DERs as well as feeding substations

are assumed to be fixed. Of course topology changes would lead to different numerical

results. For example increasing the number of feeding substations would lead to increase

the loadability of the substransmission system. However, topology changes do not change

the general conclusions given in this paper.

The base-case network does not contain distributed generation. The voltage profile

for the network with no DERs is depicted in Fig. 8. Observe that voltages are all around

1 p.u. and that there is no voltage problem. This has to be expected as we assume

that the network was properly compensated before DER penetration. Compensation is

obtained through a static condenser at bus 12 and proper values of tap ratios of 33 kV /

11 kV transformers. These are the transformers that connect buses 1-29, 2-30, 3-31, 4-31,

5-32, 8-36, 9-35, 10-33, 11-34, 27-37 and 28-37 (for the sake of simplicity, we assume that

the tap ratio of these transformers is fixed). The compensation allows sustaining voltage

levels at the 11 kV rate buses although the power flow is from the 33 kV area to the 11

kV one.

For remedial actions an ULTC and SVCs are considered along with local DER voltage

regulation.

The ULTC is placed at line 40-39, so that voltage of the feeding substation can be

varied according to the loading level of the distribution system. To be more effective, the

ULTC controls a remote bus within the distribution network. This bus has been selected
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using a sensitivity analysis of the power flow solution at the base case loading condition

as described in (Morison et al. 1993). Based on this sensitivity analysis, the weakest bus

is bus 29 (participation factor pij = 0.1207 to the lowest power flow Jacobian eigenvalue

μi = 0.06981), while the second weakest bus is bus 37 (participation factor pij = 0.2329

to the second lowest power flow Jacobian eigenvalue μi = 0.16724). Other methods can

be used to select the regulated buses (see for example the methodologies proposed in

(Conejo and Aguilar 1998) and (Conejo et al. 1993)), but this is beyond the scope of this

paper. The technique proposed in (Morison et al. 1993) is used in this paper because it is

reasonably simple and accurate. The sensitivity analysis of (Morison et al. 1993) is also

used to select the buses where to place SVC devices. In particular, two SVCs are placed

at buses 29 and 37. The number of SVCs as well as their size can be different. However,

the main conclusion drawn with the given SVC configuration and other configurations

would be similar. Note that in this paper we are not looking for the best remedial action,

but studying the effect of several reasonable good solutions to maintain voltage stability

on a distribution network with DERs.

For time domain simulations, a wind ramp of about 15 seconds has been used (see

Fig. 9), starting from a DER generation parameter λ = 1 (see Table 2 in the Appendix).

The wind model is a composite model which contains a ramp, a gust component, and a

turbulence component (Slootweg 2003). Observe that the wind ramp, although realistic,

is severe, thus forcing the network to face voltage instability if proper remedial actions

are not considered.
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Constant Power Factor

If each wind generator operates maintaining the power factor of its feeding bus close

to one (i.e., 1.0), the resulting voltage profile in bus 6 as the amount of energy produced

by DERs increases is depicted in Fig. 10. For this simulation the voltage at the feeding

substation is 1.0 p.u., which is a reasonable value for a DER generation factor λ = 1.

However, if the DER generation decreases or increases, the voltage level in the distribution

network decreases. Observe that the upper (stable) part of nose curve depicted in Fig. 10

is not monotonically decreasing, as it is usual in CPF analysis. For low values of the DER

generation factor λ, bus voltages are low because the feeding substation is not able to

provide the adequate amount of reactive power; while for high values of λ, bus voltages are

low because the power flow from the feeding substation eventually reverts its direction.

This is illustrated in Fig. 11. Finally, for a DER generation factor λ ≈ 2, the system faces

very low voltages and a voltage collapse eventually occurs.

The time domain evolution of the voltage at bus 6 is illustrated in Fig. 12. The system

begins with a DER generation parameter λ = 1. Due to the wind power increase and the

lack of voltage regulation at DER buses, voltages in the distribution network decrease

as the DER generation increases. This behavior was predicted by the CPF analysis (see

Fig. 10). Due to the DER dynamic model and regulation, the system reaches a final

equilibrium point characterized by very low voltages (well below 0.9 p.u.). This voltage

profile is not acceptable and would lead to relay line tripping and likely to voltage collapse,

thus confirming the static analysis obtained by means of the CPF technique.
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Voltage Control Through ULTC

Figure 13 illustrates the voltage profiles at bus 6 for several values of the voltage

level at the feeding substation. Observe that the value of the feeding substation voltage

can be varied to optimize the voltage level in the distribution network. Furthermore the

maximum total DER generation level can be increased by means of a voltage level increase

at the feeding substation.

The regulation of the voltage at the feeding substation can be easily obtained by means

of an ULTC on line 40-39. To be more effective the ULTC obtains a remote measure of a

weak bus within the distribution network, namely bus 29, and controls the voltage level

of bus 39 through the tap ratio variation.

The time domain evolution of the voltage at bus 6 for the operation mode with ULTC

and constant DER power factors is illustrated in Fig. 14. Observe that the final value of

the voltage level is acceptable. However, the ULTC time constant is slow with respect to

the wind variation (see the time evolution of the ULTC tap ratio m illustrated in Fig. 15).

Observe that the time response of the ULTC is adequate for slow load variations within

the distribution network. Thus the voltage level of the system is very low during the

transient and can lead to relay tripping and, in turn, to voltage instability.

Constant Voltage

If each wind generator operates maintaining the voltage magnitude of its feeding bus

close to a pre-specified value (e.g., 1.0), the resulting voltage profiles in bus 6 as the

amount of energy produced by DERs increases is depicted in Fig. 16. The voltage profile

at DER buses is constant until the maximum reactive power limit is reached. Then, the

reactive power is fixed at the DER limit and the voltage decreases. As a result of the
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reactive power available locally at DER buses, the total DER generation level can increase

considerably with respect to the case of constant power factor operation mode.

The time domain evolution of the voltage at bus 6 for the operation mode with voltage

regulation at DER buses is illustrated in Fig. 17. The final value of the voltage level is

acceptable, and the time response of the DER voltage control loop is able to follow the

wind evolution. Observe that the voltage has a small drop which corresponds to the

saturation of the rotor current idr, as illustrated in Fig. 18.

Voltage Control Through SVCs

If each wind generator operates in a coordinated manner to maintain appropriate

distributed reactive power margins and adequate voltage profile using several SVCs, the

resulting voltage profiles in bus 6 as the amount of energy produced by DERs increases is

depicted in Fig. 19. In particular, two SVCs have been placed at buses 29 and 37. Each

SVC has a total nominal reactive power capacity of 1.5 MVAr.

The voltage profile at DER buses is constant until the maximum reactive power limit

is reached. Then, the reactive power is fixed at the DER limit and the voltage decreases.

In addition to reactive powers provided by DERs, the SVCs also contribute clearly to

maintain the desired voltage level in the distribution network. As matter of fact, the

maximum DER generation level is considerably greater than in the case of constant voltage

operation mode (compare Figs. 19 and 16).

The time domain evolution of the voltage at bus 6 for the operation mode with voltage

regulation at DER buses and two SVCs is illustrated in Fig. 20. The final value of the

voltage level is practically unchanged with respect to the initial value, and the time

response of both the DER voltage control loop and SVCs are able to follow the wind
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evolution. Observe that the voltage has a small drop which correspond to the saturation

of the rotor current idr. Finally, for the sake of completeness, Fig. 21 illustrates the

behavior of SVC regulated susceptances. Observe that increasing the size of the SVC

would not result in a DER generation increase, since SVC susceptances do not saturate.

Economic Appraisal

From the analysis in the previous case studies, it becomes apparent that a distribution

network exhibiting appropriate voltage behavior might suffer severe voltage disruption if

sufficient DERs are connected to it without installing appropriate reactive power sources

and implementing adequate control schemes.

It can be concluded that the main responsible agents for such voltage disruptions are

the DERs. In a subsidiary manner, the distribution network operator is also responsible

as its task is to maintain the distribution network in good operating conditions. Loads

being fed by the distribution network should bear no responsibility.

Therefore, the economic burden of the required reactive power sources and control de-

vices should be mainly born by the DERs operating in the distribution network, although

the distribution network operator should share that burden if the operating capabilities

of the network becomes enhanced. Demands throughout the distribution network should

not bear any economic burden.

CONCLUSIONS

Embedding DERs within weak distribution networks enables increasing supply reli-

ability, a more secure network operation (as a result of decentralization) and generally

smaller supply costs. However, voltage disruption due to inappropriate reactive power

availability might occur as the substation-to-load flows decrease and eventually revert
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directions. Non-free remedial actions are needed to maintain both an appropriate voltage

profile and an appropriate voltage stability margin. Conventional ULTC devices that

provide adequate steady state voltage support might not behave adequately for a fast

increment in DER generation. Therefore, faster control devices such as SVCs might be

required. Both the distribution network operator and the DER owners should bear the

economical burden of the remedial actions. The above conclusions are drawn for compre-

hensive case studies.

Further research work will concentrate in finding both the optimal amount and the

optimal location of remedial actions based on SVC devices.
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APPENDIX I. NOTATION

This appendix provides notation and data of the DERs, the ULTC and the SVCs used

in the case studies discussed in the paper.

Power flow variables and parameters

Power flow data of the test system can be found in (Greene and Dobson 1998). The

notation for power flow variables and parameters is as follows:

vi = Voltage magnitude at bus i.

θi = Voltage phase at bus i.

Pi = Active power injection at bus i.
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Qi = Reactive power injection at bus i.

Yik∠αik = Element (i, k) of the admittance matrix.

DER variables and parameters

The list of DER variables is as follows:

vds + jvqs = Stator voltage.

vdr + jvqr = Rotor voltage.

ids + jiqs = Stator current.

idr + jiqr = Rotor current.

ωm = Rotor speed.

Tm = Mechanical Torque.

Te = Electrical Torque.

Pw = Mechanical power extracted from the wind.

θp = Pitch angle.

vt = Blade tip speed.

vw = Wind speed.

cp = Performance coefficient.

ξ = Tip speed ratio.

Table 2 provides static data of the DERs used for CPF analysis. The active power

P0 is the base case power that correspond to the DER generation parameter λ = 1. The

voltage V0 is the desired voltage used in the constant voltage operation mode. Table 3

provides the dynamic data used for each DER. Data includes parameters of induction

generator, wind turbine, pitch control, voltage control and power control.
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ULTC variables and parameters

The list of ULTC variables is as follows:

m = Tap ratio.

Table 4 provides dynamic data of the ULTC placed on line 40-39.

SVC variables and parameters

The list of SVC variables is as follows:

bSVC = SVC total susceptance.

Table 5 provides dynamic data of the SVCs placed at buses 29 and 37, respectively.

The size of each SVCs is 1.5 MVAr. Maximum and minimum susceptances are in p.u. on

SVC ratings.
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TABLE 1. DER Operation Modes.

Control Type Case 1 Case 2 Case 3 Case 4

Constant Power Factor � �

ULTC Voltage Control �

Constant DER Voltages � �

SVC Voltage Control �
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TABLE 2. Static Data of DERs

Bus P0 V0 Qmax Qmin

MW p.u. MVAr MVAr

6 4.8468 1.02 2.4 -2.4

13 2.7775 1.01 1.4 -1.4

18 5.4955 1.02 2.75 -2.75

20 1.039 1 0.5 -0.5

22 1.039 1 0.5 -0.5

24 2.895 1.005 1.4 -1.4

39 6.1875 0.996 3.0 -3.0
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TABLE 3. Dynamic Data of DERs

Variable Description Unit Value

Sn Power rating MVA 20

Vn Voltage rating kV 33 - 11

fn Frequency rating Hz 50

rS Stator resistance p.u. 0.01

xS Stator reactance p.u. 0.1

rR Rotor resistance p.u. 0.01

xR Rotor reactance p.u. 0.08

xm Magnetizing reactance p.u. 3

Hm Rotor inertia kWs/kVA 3

Kp Pitch control gain - 1000

Tp Pitch control time constant s 3

KV Voltage control gain - 10.00

Tε Power control time constant s 0.01

R Rotor radius m 75

p Number of poles int 4

nb Number of blades int 3

ηGB Gear box ratio - 0.011236
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TABLE 4. ULTC Data

Variable Description Unit Value

- Bus k (from) int 40

- Bus m (to) int 39

Sn Power rating MVA 100

Vn Voltage rating kV 132

fn Frequency rating Hz 50

kT Nominal tap ratio kV/kV 132/33

H Integral deviation p.u. 0.001

K Inverse time constant 1/s 0.1

mmax Max tap ratio p.u./p.u. 1.15

mmin Min tap ratio p.u./p.u. 0.85

Vref Reference voltage p.u. 1.08

xT Transformer reactance p.u. 0.006375

rT Transformer resistance p.u. 0.000108

r Bus r (remote voltage control) int 29
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TABLE 5. SVC Data

Variable Description Unit Value

- Bus number int (29, 37)

Sn Power rating MVA 1.5

Vn Voltage rating kV 11

fn Frequency rating Hz 50

Tr Regulator time constant s 10

Kr Regulator gain - 100

Vref Reference Voltage p.u. 1

bmax Maximum susceptance p.u. 1

bmin Minimum susceptance p.u. -1

35 Milano, Conejo, and Garćıa-Dornelas
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substation at bus 40 as a function of the DER generation parameter λ. Powers are

in p.u. on a 100 MVA base.
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with wind ramp.
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tion parameter λ and parametrized with respect to the interconnection bus voltage

vBus 40.
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0 5 10 15 20 25 30 35 40
0.75

0.8

0.85

0.9

0.95

1

1.05

1.1

Vo
lta
ge

Bu
s
6
[p
.u
.]

Time [s]

FIG. 14. ULTC Control: Voltage profile at bus 6 for the 40-bus network with wind

ramp and one ULTC at line 40-39 and remote voltage control at bus 29.
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FIG. 15. ULTC Control: Tap ratio of the ULTC at line 40-39 and remote voltage
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FIG. 16. Constant voltage: Voltage profiles at bus 6 as a function of the DER

generation parameter λ with regulated voltages at DERs.
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FIG. 17. Constant voltage: Voltage profiles at bus 6 for the 40-bus network with

wind ramp and regulated voltages at DERs.
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FIG. 18. Constant voltage: Current idr of wind turbine at bus 6 for the 40-bus

network with wind ramp and regulated voltages at DERs.
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FIG. 19. SVC control: Voltage profiles at bus 6 as a function of the DER generation

parameter λ with regulated voltages at DERs and 2 SVCs at buses 29 and 37.
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FIG. 20. SVC control: Voltage profiles at bus 6 for the 40-bus network with wind

ramp, regulated voltages at DERs and 2 SVCs at buses 29 and 37.
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in p.u. on 100 MVA and 11 kV bases.
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