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Abstract—Market deregulation and environmental concerns of
the power sector have encouraged renewable energy integration
in the form of distributed generation, mainly in distribution sys-
tems. With integration of different generators and controllers, dis-
tribution systems are facing different types of stability issues which
were not a concern in the past. This paper examines the small
signal stability performance of a renewable-energy-based distribu-
tion system. The system,which consists of static and dynamic loads,
is supplied by synchronous, induction, and static generators. The
existence and nature of oscillatory modes are systematically inves-
tigated. A control methodology of using existing capacitor banks
to support small signal stability of a distribution system is pro-
posed. A controllability-based index is used to identify the control-
lable capacitor bank. An observability index has been used to de-
sign the additional controller for damping control. The effective-
ness of capacitor controller is illustrated by using both eigenvalue
and time-domain analyses.

Index Terms—Capacitor, controllability, distributed generation,
distribution system, observability, renewable energy, residues,
small signal stability.

I. INTRODUCTION

R ECENT trends of legislative changes and environmental
concerns around the globe are likely to increase penetra-

tion of renewable energy resources into power systems in the
form of distributed generation (DG) units [1]. The integration
and high penetration of renewable energy resources into a dis-
tribution system could introduce a number of key issues, in-
cluding oscillatory stability which is also traditionally referred
to as small signal stability [2]. Oscillatory instability may be
caused by dynamic characteristics of distributed generators and
improper tuning of the controllers [3]. It is one of the limiting
criteria for synchronous operation of distributed generators [1],
[4]. Also, dynamic loadability of a system is governed by small
signal stability limit [5].
As of now, most of the works on small signal stability are on

a transmission system which is characteristically different from
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a distribution system. For example, dynamics of a transmission
network are governed by large synchronous generators while
the dynamics of emerging distribution networks will be affected
by different types of generators such as synchronous, induction,
static generators and their controllers. In a large transmission
system, generators are scheduled for reactive power support for
voltage stability. On the other hand, DG units of small capacity
are not required to support reactive power to the network,
according to the interconnection guidelines for DG units set by
utilities such as Australian Energy Market Operator (AEMO)
[6]. Generators in a transmission system are usually equipped
with power system stabilizers (PSS) for small signal stability
while generators in emerging distribution systems (wind and
solar generators) usually do not have such stabilizing func-
tionality. Owing to the closeness of the generators and their
controllers, dynamic interaction in a distribution system is a
more complex issue. As a result, not only electromechanical
modes but also some control modes become prominent issue
for small signal stability. Hence assessment and enhancement
of small signal stability becomes an important task for ac-
commodating higher penetration of renewable-energy-based
distributed generation for secure operation of the electricity
distribution system.
In conventional power systems, damping of low frequency

oscillations is supported by either power system stabilizers
installed at synchronous generators or supplementary control
loops of voltage control devices such as static var compen-
sators (SVCs). With increased penetration of renewable energy
resources, there are also efforts to utilize distributed generators
(DG units) for oscillation damping. It has been reported that
additional controllers at DFIG can also support damping of
interarea oscillations [7]. Similarly, a PV generator may be
controlled for stability enhancement [8]. Supporting stability of
a distribution network from DG units is governed by the nature
of the operational commitments they provide to the network.
As of now, DG units of lower capacity do not have to meet any
operational commitment to support stability of a network [6],
[9], [10]. Hence in a distribution system with lower capacity
of DG units, controllers are required at different points in the
network to support small signal stability.
Distribution networks are usually compensated by mechani-

cally switched capacitor banks to support node voltages. Such
capacitor banks are incapable of handling the dynamics of a dis-
tribution network with distributed generators. Further, capacitor
banks are reported to be detrimental to oscillation damping [11].
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On the other hand, capacitor banks can be dynamically con-
trolled to enhance power quality of a distribution network [12].
However, the possibility of controlling shunt capacitor bank to
support small signal stability of a distribution network is not
well investigated. This paper proposes an approach to select the
most suitable capacitor bank for installing such a controller. The
contributions of the paper are: 1) assessment of small signal
stability of a distribution network with different types of DG
units; 2) a novel concept of controlling a shunt capacitor bank
for small signal stability enhancement; and 3) simple mathemat-
ical expressions to identify the most effective capacitor bank
and the most suitable feedback signal for installing a controller.
The paper also presents a systematic approach to determine de-
sign parameters of such a controller.
The paper is organized as follows. Section II provides a de-

scription of different kinds of distributed generators, their op-
eration, and modeling approaches. This section also explains
modeling of distribution networks and loads.Section III presents
the oscillatory modes of a distribution network with distributed
generators. The dominant distributed generators for each oscil-
latory mode have also been identified in Section III. Section IV
provides an analytical approach to determine the best location
of a controller of shunt capacitor to provide oscillation damping
as well as dynamic voltage support. Section V provides an ap-
proach to select feedback signals for additional controllers to
adjust the damping of the modes. Finally, the conclusions drawn
from the results and contributions of the work are summarized
in Section VI.

II. SYSTEM MODELING

In general, elements that should be considered in modeling
of a power system for various stability studies are genera-
tors, generator controllers, transformers, transmission lines
(including subtransmission lines), and loads. The modeling
approach adopted in this paper is explained as follows.

A. Generator Modeling

A renewable-energy-based electricity distribution system
may have different types of generators, i.e., synchronous
generators, induction generators, and inverter-based or static
generators [1]. An overview of the modeling approach of the
generators is discussed.
1) Synchronous Generators: Conventional synchronous gen-
erators are popularly used in cogeneration, small hydro,
and some wind power applications. Recently, permanent
magnet synchronous generators (PMSGs) are also gaining
popularity in various distributed generation applications,
mainly in wind energy conversion (WEC). PMSGs are ex-
pected to offer many advantages to emerging distribution
systems for reactive power management and efficient en-
ergy conversion from variable energy resources such as
wind. As of now, the majority of synchronous generators
used in distributed generation applications are of the con-
ventional type. Hence, small signal stability issues with
conventional synchronous generators are considered in this
paper. The issues of rotor oscillations in a conventional

synchronous machine are well known [2]. Since the gener-
ators connected to a distribution system do not take part in
frequency regulation, mechanical torque of the generator
is assumed to be constant. Usually synchronous genera-
tors are connected to distribution systems as constant ac-
tive power sources operating at power factor control mode
[1]. However, depending upon their capability, they may
support the voltage by providing reactive power as well. In
this paper, both operations of synchronous generator have
been considered. For voltage control mode reactive power
limit has been defined.

2) Induction Generator: The induction generators are pop-
ularly employed in wind power generation applications,
small and micro hydro, and some thermal plants. With the
increased penetration of induction machines in a power
system, the induction machines’ rotor oscillation is also an
important issue [13]. The advancement of induction gen-
erator design has changed the way they impact on system
stability. For example, the contributions of the squirrel
cage induction generator (SCIG) and doubly fed induc-
tion generators (DFIG) on transient stability are different
[14]. In this paper, induction generators are assumed to
be consuming reactive power from the system. Hence, the
squirrel cage induction generator (SCIG) model has been
considered. Similar to synchronous generators, the me-
chanical torque is assumed to be constant. For dynamic
analysis, SCIG has been modeled by the third-order in-
duction machines model [15]. The reactive power support
for the induction generator is partially supplied by a shunt
capacitor, whose rating is equal to one third of the active
power generated by the generator.

3) Solar PV Generators: The solar photovoltaic (PV) cells
generate a dc current, which is converted into ac current by
power electronics inverter control. The schematic diagram
of a grid integrated solar PV system is shown in Fig. 1.
It is obvious from Fig. 1 that PV generators do not have
any rotating mechanical parts as compared to the other two
generation technologies and the dynamics of such systems
are dominated by converter controllers [8]. The power is
injected into the ac system by voltage source converter
(VSC) operation. In this paper, the solar irradiation and
temperature are assumed to be constant throughout the
analysis. For a given solar irradiation and temperature,

is determined by the maximum power point tracking
(MPPT) scheme [16]. Hence, is constant as well. Also,
is the distribution network terminal voltage determined

by network conditions whereas is adjusted by VSC cur-
rent control. Hence, the VSC current control strategy ef-
fectively decouples dynamics of from dynamics of . So,
the PV system is decoupled from the distribution network
and the loads, from the viewpoint of system dynamics.
Grid connected PV systems have been reported to enhance
small signal stability of a power system [17]. A simpler
model has been suggested for stability analysis of a grid
connected PV system [17], [4]. In this paper, the PV gen-
erator is considered as a static generator generating power
at unity power factor.
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Fig. 1. Schematic diagram of grid integrated solar PV system.

Fig. 2. Single line diagram of the test distribution system.

B. Load Modeling

In steady-state analysis, the loads are represented by constant
power models. However, in dynamics analysis, there is no uni-
formity in choosing a load model. The IEEE task force [18] rec-
ommends that the active power loads be represented by constant
current models and reactive power loads be represented by con-
stant impedance models for dynamic simulation. On the other
hand, induction motor dynamics is also popularly used to repre-
sent load dynamics. In recent years, the composite load models
have been widely used where static parts are represented by ZIP
and dynamic parts are represented by induction machines [19].
The selection of load model obviously affects the result of

stability analysis [19]. In this study, dynamics imposed by DG
units into the system is of importance. Hence, all the loads of
the studied system are modeled by impedance loads [20].

C. Description of Distribution System

The configuration of a distribution system which is under
study is shown in Fig. 2 [21].
In this system, three radial feeders are connected by tie lines.

The motivation to choose this system is that it is convenient for
studying the dynamic interaction of distant machines located on
different feeders. The total load of the system is 28.7 MW and
17.3 MVAR. The distribution network is modeled by -model
similar to that of a transmission system model.
The distribution system is supplied by distributed generators

located at different buses. Assuming that distributed generators
are located based on location of renewable resources, selection
of location is random in this case. The description of the gen-
erators is summarized in Table I. Here, synchronous generator
SG2 has a reactive power limit of 3 MVAR. Capacitor banks
are located at different buses to maintain voltage stability of the
distribution system. Though a majority of DG units have reac-
tive power capability, their reactive power contributions to dis-
tribution networks are governed by the nature of commitments
to the system operators. As of now, most of the DG units are

TABLE I
SUMMARY OF GENERATORS OF THE SYSTEM

committed for the real power. Hence, network service providers
must provide adequate reactive power support to ensure net-
work stability.
Section III discusses a linear analysis to assess small signal

stability of the system.

III. OSCILLATIONS IN A DISTRIBUTION SYSTEM

A. Oscillatory Modes Observed in a Distribution System

For stability analysis, power systems are modeled using a set
of differential equations and a set of algebraic equations as given
in (1) [2]

(1)

where is a vector of state variables and is a vector of alge-
braic variables.
The differential and algebraic equations (DAEs) of (1) can be

linearized at an operating point and rearranged as

(2)

where , , , and
. If is a nonsingular matrix, (2) can be reduced

as

(3)

where represents the system state matrix
of the distribution system with DG units. The eigenvalues of
provide the information of small signal stability. The system

under study has 16 eigenvalues with all the DG units connected
and the eigenvalues are shown in Fig. 3.
Since all the eigenvalues lie on the left side of the imaginary

axis, the system is said to be asymptotically stable. Eigenvalue
analysis may be used to determine acceptable renewable energy
penetration before the system loses small signal stability. The
limiting criteria for penetration could be either damping ratio or
Hopf bifurcation condition [5].
In this system, four pairs of complex low frequency oscilla-

tory modes were observed, which are summarized in Table II.
It can be observed that Modes 7,8 have the least damping

ratio of nearly 2%, which is undesirable for a power system
small signal stability. Hence, this mode has been considered as
a critical mode in this paper. It is interesting to note that the
oscillatory frequencies of all the modes are around 1.5 to 4 Hz,
which is slightly higher than the frequency of electromechanical
modes of large generators observed in a transmission system,
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Fig. 3. Eigenvalues of the distribution system.

TABLE II
OSCILLATORY MODES EXISTING IN THE DISTRIBUTION SYSTEM

which is typically in the range of 0.1 to 2 Hz. Some studies with
induction generator applications also show a similar frequency
of oscillations in a distribution system [22]. Further lower fre-
quency modes are not observed.
The modes presented in this paper are local modes, which

are very important for local stability of the generators. How-
ever, when a large number of generators are scattered in a large
distribution system, this may form small groups of generators
oscillating against each other creating a problem of interarea
oscillations.

B. Participation Factor

The contributions of states on oscillation were calculated by
evaluating the participation factors (PFs) of each state on a par-
ticular mode. Participation factor gives the relationship among
the states and eigenmode in a dynamic system [2]. The partici-
pation of the th state in the th eigenmode may be given by

(4)

where

th entry of right eigenvector ;

th entry of left eigenvector .

Participation factors are usually normalized to study the rel-
ative influence of different state variables on a particular mode

TABLE III
DOMINANT GENERATORS AND STATES FOR DIFFERENT MODES

[19]. The normalized form of participation factor can be written
as

(5)

where is the number of state variables.
The dominant states and corresponding generators for dif-

ferent oscillatory modes were identified using participation
factor. The results are shown in Table III.
It can be observed that the low frequency mode is coming

from excitation and rotor inertia of SG1. It is not purely electro-
mechanical mode, but a control mode. It has a unique frequency
of 3.8 Hz, which is different from frequencies of purely electro-
mechanical modes. Similar cases are expected in future distri-
bution systems, which will have high penetration of DG units
and controllers installed in a closer proximity.
Also, induction generators participate in system oscillatory

modes along with synchronous generators. Two synchronous
generators participate equally to Modes 1,2 and 3,4. Participa-
tion factors are indicative of the location of stabilizers to add
damping on the weakest mode. Hence, it appears that a power
system stabilizer (PSS) can be installed at SG1 to improve
damping. However, installing a PSS at a generator depends
on the nature of performance standard that the generator is
committed to the distribution network. As of now, DG units of
smaller capacity are usually not scheduled for supporting the
small signal stability [9], [10]. Moreover, for a PSS to be ef-
fective, a faster exciter is needed at the synchronous machines.
In such a case, a decentralized controller may be installed at
a point in network (such as SVC or STATCOM) to support
damping of low frequency oscillation [20]. In this paper, a shunt
capacitor bank existing in the distribution network is selected
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Fig. 4. State space representation of distribution system with DG units.

for installing such a controller. The controller can be designed
in such a way to ensure that the critical mode has sufficient
damping ratio by moving it to a safe location in a complex
plane. In the following sections, the location and design of such
a controller is discussed.

IV. IDENTIFICATION OF CONTROLLER LOCATION

A. State Space Representation of Distribution System

A distribution system with distributed generators may be rep-
resented by state space form as (6), where represent the
voltages at generator terminals and represent the currents
outputs of distributed generators

(6)

The state space form of distributed generators may be in a
form of block diagram as shown in Fig. 4.
The output currents of generators are related to network ter-

minal voltages by

(7)

where is the generator admittance matrix. Now, using (6)
and (7), the state space representation of a distribution network
can be written as

(8)

where is the vector of real and imaginary components of
generator terminal voltages. Using (8), relationships among ter-
minal voltages and system oscillatory modes can be established.
The injection currents to the network are related to bus volt-

ages by

(9)

where , , , and are the components of system
admittance matrix. and are the voltages and current
injections at network buses except generator buses. Now, if
a controller is connected at a remote bus of the distribution

system, state space representation of the distribution system
with the control input can be written as

(10)
Vectors and represent the controllability and observability
vectors for inputs and output , respectively. The state-space
formulation of (10) can be equivalently represented by transfer
function as

(11)

B. Selecting a Capacitor Bank for Controller

Using (10), the state spacemodel of a distribution systemwith
a shunt capacitor controller connected at a remote bus can be
written as

(12)
where is the vector of currents absorbed by a damping
controller at the remote bus. Now, if is shunt susceptance
of a capacitor bank at bus with voltage , current injected to
the bus by shunt capacitor can be written as

(13)

Linearizing (13) at an operating point of interest gives

(14)

where and are steady-state capacitive susceptance and
bus voltage respectively. Now, (14) can be rewritten as

(15)

where represents the steady-state susceptance of the con-
trollable shunt capacitor and represents the steady-state
voltage of shunt capacitor bus. Substituting (15) into (12)

(16)

Hence, represents the controllability vector of shunt
capacitor control. Now, the controllability factor of mode for

 
 

 



412 IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 3, NO. 3, JULY 2012

Fig. 5. Controllability factors of susceptance modulation of shunt capacitors
of the test distribution system for the critical mode.

Fig. 6. Schematic diagram of thyristor controlled reactor for controlling the
susceptance of a capacitor bank.

the shunt capacitor control at any arbitrary bus can be written
as

(17)

where is the th left eigenvector.
The controllability factors of critical modes for shunt suscep-

tance modulations were evaluated for all the shunt capacitors of
the test distribution network. The result is shown in Fig. 5.
It can be observed that the shunt capacitor at Bus 6 has the

highest controllability factor for shunt susceptance modulation.
Hence, controlling the susceptance of this capacitor is the most
effective for damping control of the critical mode.

C. Application of Control

A power electronic reactance controller has a thyristor in se-
ries with an inductor, whose value can be adjusted by controlling
the thyristor firing angle. Such a scheme is known as thyristor
controlled reactor (TCR). The controller when connected in par-
allel with a capacitor bank is able to exchange capacitive or in-
ductive current so as to maintain the bus voltage. In this paper,
a scheme of controlling an appropriate shunt capacitor using a
TCR is presented. A block diagram of such a scheme is shown
in Fig. 6.
The transfer function of such a controller is given as

(18)

where is the thyristor time constant. Usually, is selected
in the range of 0.02–0.05 s [2]. In this work, is selected to be
0.02 s.
The system with a controller can be represented as Fig. 7.
Depending on the location of the controller, the influence may

be either beneficial or detrimental to system modes [23]. In this

Fig. 7. Block diagram of the distribution system with converter control.

Fig. 8. Impact of controller location on damping ratio of the critical modes.

Fig. 9. Impact of controller on time domain response of the system.

case, the impact of the controller location on damping ratio of
the critical mode was observed. The result is in Fig. 8.
It can be observed that the damping ratios of the critical

modes with a controller installed at a bus are larger than
the damping ratios with “no” controller. This shows that the
controller has a positive impact on the damping of the critical
mode. Also, the damping ratio is the highest for the controller
installed at Bus 6. This confirms the ranking of the capacitors
based on controllability factor, as shown in Fig. 5. However,
the damping ratio after installation of a controller is still very
low, i.e., less than 4%. This is regarded as a low damped case
in a power system. Hence an additional controller should be
designed to make the damping ratio at the desired value, i.e.,
5% in this case. This will be discussed in Section V.
The effectiveness of the controller was also observed by time-

domain simulation. A controller was installed at Bus 6. A step
change in mechanical torque of wind generator by 10% was
applied as a disturbance to the system. The response of voltage
magnitude at Bus 6 was observed. The result is shown in Fig. 9.
It can be observed that the controller effectively improves the
transient and steady-state voltage profile of the system.
It should be noted that capacitor switching transient has been

neglected in the simulation. The inclusion of switching tran-
sient shows an additional oscillatory mode ,
whose frequency of oscillation is close to power frequency, i.e.,
50 Hz. In general, this frequency is out of frequency range of
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interest and not considered in instability study of low frequency
oscillations.

V. DESIGN OF AN ADDITIONAL CONTROLLER

A. Selection of Feedback Signal

A suitable feedback signal should be selected as an input to
an additional damping controller. The signal which is highly
observable from the output of the system is selected as an ap-
propriate signal to maximize the effect of the controller. In this
paper, a comparison of two signals from the shunt capacitor, i.e.,
current and reactive power is done to select the best feedback
signal.
1) Current: Comparison of (10) and (15) gives an observ-
ability vector of current through shunt capacitor as

(19)

2) Reactive Power: Expression for shunt capacitor reactive
power is given by

(20)

Linearization of (20) gives

(21)

Comparing (10) and (21), observability vector for shunt
capacitor reactive power can be given as

(22)

Once, the observability vectors of the signals are determined,
observability factor of mode for the output can be written as

(23)

where is the th right eigenvector and is observability
vector for the th output signal.
The product of modal controllability factor from (17)

and observability factor gives residue associated with the
mode. So, the residue of mode for input and output
can be given as

(24)

Calculation of residue gives the valuable information on ap-
plication of a controller to a system. The magnitude of residue
gives the information on the best feedback signal for the con-
troller [23]. The angle of residue gives the magnitude of phase
compensation required at eigenvalue frequency to maximize the
effect of the controller [2].
In this case, residues associated with critical modes for two

different feedback signals, i.e., current and reactive power, were
calculated. The results are given in Table IV. It can be observed
that the residue is significantly higher for the reactive power
signal as compared to the current signal. Hence, reactive power
output of the shunt capacitor has been chosen as the feedback
signal to the additional controller.

TABLE IV
RESIDUES ASSOCIATED WITH DIFFERENT BUSES FOR SHUNT CAPACITANCE
MODULATION AS INPUT AND CURRENT AND REACTIVE POWER AS OUTPUT

B. Controller Gain

The residue associated to a mode of a system with a con-
troller with feedback transfer function can be given as

(25)

where is the constant gain of the controller.
Equation (25) gives the sensitivity of the mode with gain of

the controller [23]. If and represent the gain and feed-
back transfer function part of , then

(26)

Assuming that gain is small and substituting (26) into (25)
gives

(27)

If at initial operating point, equals . Therefore,
adding a feedback controller to the system changes mode as

(28)

C. Phase Compensation

We can design a lead lag compensator to place a mode at a
desired location at the negative half of the -plane. The standard
form of compensator design is given as [2]

(29)

where

(30)

(31)

(32)

(33)

Here, is the washout time constant, which is usually taken as
5–10 s, is the frequency of the mode in rad/s, is the positive
constant gain, and is the number of compensation stages. The
angle compensated by each block should not exceed 60 .

D. Performance of Controller

An additional controller was designed to enhance the
damping of critical mode to a desired value. The block diagram

 
 

 



414 IEEE TRANSACTIONS ON SUSTAINABLE ENERGY, VOL. 3, NO. 3, JULY 2012

Fig. 10. Block diagram of the distribution system with converter control and
additional controller.

Fig. 11. Traces of system oscillatory modes with and without controller.

Fig. 12. Comparison of damping ratios of different modes with and without
controllers.

representation of the additional controller in association with
the primary controller of the system is shown in Fig. 10.
Using the procedure explained in Sections V-B and V-C, an

additional controller was designed to achieve a desired damping
ratio of the critical mode, i.e., 5%. The washout time constant
was taken as 5 s.
The performance of the controller was observed by tracing

the eigenvalues with and without controller. The result is shown
in Fig. 11. The scales have been adjusted to observe only the
complex eigenmodes. It can be observed that the controller ef-
fectively pushes the low frequency mode towards the desired
damping ratio. There is no detrimental impact on damping of
other modes.
The damping ratios of oscillatory modes with and without the

controllers were also observed. The results are shown in Fig. 12.
It can be observed that an additional controller can effectively

improve the damping of the critical mode to 5%. It is also ob-
served that the primary controller has an impact on all the modes

of the system, while the additional controller does not affect
the damping of system modes, except the critical mode. Hence,
additional damping controller design is useful for targeting the
damping of a particular mode of interest without hampering the
damping of other modes.

VI. CONCLUSIONS

This paper has presented a systematic approach for assess-
ment and enhancement of small signal stability of a renewable-
energy-based electricity distribution system. The modeling ap-
proaches of different types of distributed generators have been
discussed. For a distribution network with distributed genera-
tors, different oscillatory modes and their dominant generators
have been identified. A methodology for selecting an appro-
priate capacitor bank to provide dynamic control to enhance
system small signal stability has been proposed.
Oscillatory modes with frequencies 1.5–4 Hz were observed

for the distribution system with DG units. Some of them are
low damped mode, which may be harmful to the stability of
a system. The paper also demonstrates that the induction gen-
erator along with synchronous generators participates signifi-
cantly on oscillatory modes.
It was shown that small signal stability of the distribution net-

work can be ensured by installing a damping controller at a ca-
pacitor bank. The paper presented expressions of controllability
and observability indices for designing a damping controller.
Controllability index identified the best capacitor bank for in-
stalling such a controller. Observability index identified the best
control signal for the controller. The steady-state deviation on
bus voltage was eliminated by using the proposed controller.
Next, the paper demonstrates that the proposed controller can
improve the damping ratio of a low damped mode. The desired
damping ratio can be achieved by selecting appropriate values
of time constants and gain of the controller. In this case, the con-
troller improved the damping ratio from 2% to the desired value,
i.e., 5%. Hence, it can be concluded that regulating susceptance
of a capacitor bank is an effective means of small signal stability
enhancement of a renewable-energy-based distribution system.
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