
 1

  
    Abstract—As the issues on market deregulation and renewable 
energy utilization are gaining significance, distributed generators are 
planned and installed in distribution systems to supply consumers 
directly. The distribution system is, therefore facing new challenges on 
its dynamic behavior with the addition of new dynamic devices. This 
paper investigates the small signal stability of renewable energy based 
distribution system. The distribution system is fed by synchronous, 
induction and static generators. The voltage controlled and power 
factor controlled operations of the synchronous generator are also 
considered. The results showed that wind generator dynamics are very 
significant in the system oscillations. The solar PV generator improves 
the small signal behavior of the system. The impact of penetration of 
renewable energy resources on a system is demonstrated through 
eigenvalue analyses. The eigenvalue results are corroborated with the 
help of time domain analysis. 
 
Index Terms—Distributed generation, distribution system, eigenvalue 
sensitivity, induction generator, renewable energy, small signal 
stability  

I.  INTRODUCTION 
HE introduction of renewable energy resources has introduced 
new types of generators into electricity distribution systems. 
Some of them are induction generators consuming reactive 

power (such as conventional wind generators) and others are 
inverter operated static generators (such as solar PV generators) 
which do not have rotating mechanical parts. Also, the power 
injections from these generators depend upon the weather 
conditions i.e. wind speed and solar irradiation. When these 
generators are operated in parallel with conventional synchronous 
generators, they impose new challenges to stability, operation and 
control of the power system and its components [1]. 
   With the increasing penetration of induction machines as wind 
generators, the concern on rotor oscillations and stability of 
induction generators as well as distribution system has been 
increased. Literatures [2-4] have reported the induction machines 
rotor oscillations, which are relatively less studied than 
synchronous machine rotor oscillations. On the other hand solar 
photovoltaic generators are basically treated as inverter based 
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active power generators without rotating mechanical parts and are 
modeled as static generators in stability simulation [5].  
    Some studies show that the penetration of induction generators 
increases the damping of the power system by effectively reducing 
the inertia of the system [6, 7]. Similar results are reported with the 
penetration of PV generators [8]. However, in those studies the 
conventional synchronous generators have been replaced by 
equivalent induction generators or PV generators. Also, the results 
of the analysis depend on the generator model used. For example, 
in case of doubly fed induction generator (DFIG) applications, the 
controllers decouple the mechanical modes with electrical modes 
[9]. However, for squirrel cage induction generators (SCIG) there 
is a strong coupling among rotor mechanical and electrical modes 
[10]. Hence, the two machines act differently in system stability, 
i.e. the stability results obtained by employing DFIG cannot be the 
same for that obtained by employing SCIG.  
   The existing literatures mainly deal with the small signal stability 
of a large transmission system focusing on the stability of large 
generators [8, 9]. The generators considered are regulated to 
support stability of the transmission network [3], [6]-[9]. However, 
distribution systems are supplied by small rated distributed 
generators, majority of which utilize renewable energy resources. 
Because of the intermittent nature of renewable energy resources, it 
is very difficult to regulate the generators to support stability of a 
distribution system. Due to their unregulated operation, the 
generators may impose a serious threat to the small signal stability 
of a distribution system, which has not been reported in detail in the 
literatures so far. In this paper, small signal stability of a renewable 
energy based distribution system is investigated with the aid of a 
proposed sensitivity parameter.  
   The rest of the paper is organized as follows. Section II presents 
dynamic modeling of the generators, loads and the distribution 
system. Section III presents the oscillatory behavior of the 
distribution system by eigenvalue analysis. Section IV presents the 
impact of increased penetration of renewable resources on 
oscillatory modes. Section V presents the oscillatory behavior of 
the system by time domain analysis. The different behavior of 
voltage controlled and power factor controlled synchronous 
generators is also presented in the section. Section VI summarizes 
the conclusions that can be drawn from the observations.  

II.  SYSTEM MODELING 
   For  stability analysis, power systems are modelled using a set of 
differential equations and a set of algebraic equations as given in 
(1.0) [11]. 
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where x  is a vector of state variables, y is a vector of algebraic 
variables, l  and p  are uncontrollable and controllable parameters, 
respectivley.  
   In general, elements that should be considered in modeling of a 
power system for various stabiliy studies are generators, generator 
controllers, transformers, transmission lines (including 
subtransmission lines) and loads. The modeling approach adopted 
in this paper is explained below. 

A.  Generator Modeling 
1) Synchronous generators: Most of the distributed 

generation applications today employ synchronous 
generators for power conversion [1]. They can be used in 
thermal, hydro and wind power applications. Since the 
generators connected at distribution system do not take 
part in frequency regulation the mechanical torque of the 
generator is assumed constant. In transient stability 
analysis synchronous generators are represented by sixth 
order model [11]. Usually synchronous generators are 
connected to distribution systems as constant active 
power sources operating at power factor control mode. 
However, depending upon their capability they may 
support the voltage by providing the 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 
popularly employed in wind power generation 
applications, small and micro hydro and some thermal 
plants[1, 12]. Similar to synchronous generators, the 
mechanical torque is assumed to be constant as well. The 
squirrel cage induction generator (SCIG) model has been 
considered. The steady state equivalent circuit of an 
SCIG is shown in Fig. 1.  

 
 

Fig. 1. Steady state equivalent circuit of induction generator. 
 
In stability analysis, the SCIGs are modeled by third 
order model neglecting the stator flux dynamics [12]. The 
model can be represented by transient voltage source 
behind transient impedance as shown in Fig. 2.  

 
 

Fig. 2. Transient equivalent circuit of induction generator. 
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The real part of transient impedance is stator resistance 
and the imaginary part is the transient reactance which is 
given by 
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The model is expressed by three dynamic equations as 
given in (4.0). 
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Where, Eω is the system frequency, BASEω  is the base 

frequency, s is the slip, and H is the acceleration 
constant of induction generator. EMT is the 

electromagnetic torque developed and MECHT  is the 
mechanical torque obtained from external force (such as 
wind). 
   In (4.0), '

De  and '
Qe  are −d axis and −q axis back 

emfs induced in induction generator.  

⎪
⎪
⎩

⎪⎪
⎨

⎧

+
=

+
−

=

DR
RM

M

BASE

E
Q

QR
RM

M

BASE

E
D

XX
X

e

XX
X

e

ψ
ω

ω

ψ
ω

ω

'

'

     (5.0) 

 where, DRψ  and QRψ  are the rotor fluxes. The fluxes 

are related to stator and rotor currents as 
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3) Solar PV Cells: The solar PV cells generate a DC current 

which is converted into AC current by power electronics 
inverter control. The power electronic converters 
decouple the PV system dynamics with network 
dynamics similar to the concept of HVDC. Since no 
electromechanical phenomenon occurs in the PV system, 
the PV generator is considered as a static generator. 
   The IEEE guidelines for interconnection of distributed 
resources suggest connecting PV at unity power factor 
[5]. Currently most inverters used in PV power 
conversion are designed to operate at unity power factor 
[8, 13]. In this paper too, the Solar PV generators are 
assumed to be constant active power sources operating at 
unity power factor. The solar irradiation is assumed 
constant throughout the analysis.  

B.  Load Modeling 
     In steady state analysis, the loads are represented by constant 
power models [14].  However, in dynamics analysis, there is no 
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uniformity among literatures in choosing a proper load model. 
IEEE task force [14] recommends that the active power loads be 
represented by constant current models and reactive power loads be 
represented by constant impedance models for dynamic simulation. 
On the other hand, induction motor dynamics is also popularly 
used to represent the load dynamics [15, 16]. 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 [17, 18].  
    The selection of load model obviously affects the result of 
stability analysis [19-21]. In this study dynamics imposed by DGs 
into the system is of an importance. Hence all the loads of the 
studied system are modeled by static loads to achieve simplicity in 
analysis[21]. 

C.  Description of Distribution System 
    The configuration of a distribution system which is under study 
is shown in Fig. 3. The data is presented in Appendix A. It is a 
modified version of distribution system presented in [22]. 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 π -model similar 
to that of transmission system model. 
   A synchronous generator operating in voltage control mode is 
connected at Bus 2, supplying 4 MW. It has reactive power limit of 
3 MVAR.  Another synchronous generator operating in power 
factor control mode is connected at Bus 3, supplying 5 MW at 
unity power factor. The system is fed by the grid substation at Bus 
1. The grid substation is supposed to supply power at constant 
power factor and that it does not propagate any low frequency 
oscillations into the distribution system[23]. A 2 MW wind 
generator is connected at Bus 6 and a 1 MW solar PV generator is 
connected at Bus 7.  The wind generator is compensated by a shunt 
capacitor supplying reactive power equal to one third of the active 
power generated [24]. 
 

 
 

Fig. 3.  Single line diagram of the test distribution system. 

III.  OSCILLATIONS IN DISTRIBUTION SYSTEM 

A.  Oscillatory modes observed in distribution system 
The differential and algebraic equations (DAEs) of (1.0) can be 

linearized and rearranged at an operating point as (7.0). 
 

XAX Δ=Δ &           (7.0) 
where X is the vector of state variables and A is the system state 
matrix. There are fifteen state variables, which are numbered and 

listed as: 
1. δ  of synchronous generator at Bus 2 
2. q1ψ of synchronous generator at Bus 2 

3. q2ψ of synchronous generator at Bus 2 

4. fdψ of synchronous generator at Bus 2 

5. d1ψ of synchronous generator at Bus 2 

6. q1ψ of synchronous generator at Bus 3 

7. q2ψ of synchronous generator at Bus 3 

8. fdψ of synchronous generator at Bus 3 

9. d1ψ of synchronous generator at Bus 3 

10. δ  of synchronous generator at Bus 3 
11. '

De : D-axis induced emf of induction generator 

12. '
Qe : Q-axis induced emf of induction generator 

13. rωΔ  of synchronous generator at Bus 3 

14. rωΔ  of synchronous generator at Bus 2 

15. Rω : Speed of induction generator 
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Fig. 4. Eigenvalues of the distribution system. 

 
The eigenvalues of A  give the information of small signal 

stability. The system under study has fifteen eigenvalues with all 
the DGs connected which are shown in Fig. 4. 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.  

In this system, three pairs of complex low frequency oscillatory 
modes were observed, which are summarized in Table I. 

TABLE I 
THE OSCILLATORY MODES EXISTING IN THE DISTRIBUTION SYSTEM 

 

Modes Real Part 
(1/s) 

Imaginary 
Part 

(rad/sec) 

Damping 
Ratio 

Frequency 
(Hz) 

 1, 2 -5.57 20.64 0.26 3.28 
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3, 4 -4.23 18.15 0.23 2.89 
5, 6 -9.81 17.72 0.48 2.82 

   
It is interesting to note that the oscillatory frequencies of all the 

modes are around 3 Hz, which is more than the frequency  
of electromechanical modes of large generators observed in 
transmission system, typical values of which are 0.1 to 2 Hz [11]. 
Some studies with induction generator applications also show a 
similar frequency of oscillations in a distribution system [25-27]. 
Further lower frequency modes are not observed.  

The modes presented in this paper are local modes, which are 
very important for local stability of the generators. However, when 
a large number of generators are scattered in a large distribution 
system, this may create some small groups of generators oscillating 
against each other creating a problem of inter-area oscillations.  

B.  Participation factor 
The contributions of states on oscillation were observed by 

evaluating the participation factors (PFs) of each state on a 
particular mode. Participation factor gives the relationship among 
the states and eigenmode in a dynamic system[11, 19]. The 
participation of thk  state in the thi   eigenmode may be given by  

ikkikip ψφ=        (8.0) 
Where, 

kiφ  : thk  entry of right eigenvector iφ  

ikψ : thk   entry of left eigenvector iψ  
 

Table II shows the participation factors of states of the 
distribution system on oscillatory modes. The states are represented 
by numbers which are explained in Section IIIA.  

It is observed that the PFs of state-1 and state-14 for Modes 1, 2 
and Modes 3, 4 are 0.2 and 0.46 respectively. Similarly, the PFs of 
state-10 and state-13 for Modes 1, 2 and Modes 3, 4 are 0.48 and 
0.19 respectively. So the dominant states for Modes 1, 2 are the 
rotor angle and speed deviation of the generator at Bus no. 3. The 
dominant states for Modes 3, 4 are rotor angle and speed deviation 
of the generator at Bus no. 2.  

The PFs of state-12 and state-15 on Modes 5, 6 are 0.61 and 
0.58 respectively. Other states have negligible participation on this 
mode. So the dominant states for Mode 5, 6 are the induced emf 
and rotor speed of the induction generator. It may be observed that 
induction generator participates significantly on system oscillation.  
Literature [28] presents the similar results for the large power 
system with induction machines applications. The modes 
dominated by wind generator states are highly damped as 
compared to the modes dominated by synchronous generator 
states. Solar PV generator does not participate in the oscillatory 
modes.  

 
TABLE II 

PARTICIPATION FACTORS OF STATE VARIABLES   
 

States  Modes 1, 2 Modes 3, 4 Modes 5, 6 
1 0.20 0.46 0.09 
2 0.00 0.00 0.00 
3 0.05 0.09 0.03 
4 0.00 0.01 0.00 
5 0.05 0.10 0.03 
6 0.00 0.00 0.00 
7 0.11 0.03 0.00 
8 0.01 0.00 0.00 
9 0.12 0.04 0.00 
10 0.48 0.19 0.01 
11 0.00 0.00 0.01 
12 0.00 0.08 0.61 
13 0.48 0.19 0.01 
14 0.20 0.46 0.09 
15 0.00 0.07 0.58 

IV.  IMPACT OF PENETRATION 
With the worldwide concern on environmental issues and 

legislative changes, more renewable energy resources are likely to 
be integrated to the distribution system in the future. Many 
countries have set the target of supplying at least 20% of their load 
demand by renewable energy within the next 10 years [29]. Based 
on these facts, the paper has presented three cases for small signal 
stability analysis. 

• Base case: This is the case of the existing scenario. This is 
explained in Section II, C. The results presented in 
Section III are based on this case.  

• 20% wind: The wind power in the system is increased to 6 
MW. It is assumed that more wind generators are 
connected in parallel at Bus 6. Solar PV output is set 
constant at 1 MW. 

• 20% solar: The solar power in the system is increased to 6 
MW. Here also it is assumed that more solar PV output 
is connected in parallel at Bus 7. The wind power is set 
constant at 2 MW. 

An objective of this work is to determine the contribution of 
different types of generators on different oscillation modes. So, 
participation factor and eigenvalue sensitivity approaches have 
been chosen for analysis. This will further help to choose the most 
effective generator to suppress electromechanical oscillations in the 
distribution system.  

A.  Impact of penetration on mode participations 
The participations of the states were evaluated for increased 

penetration of wind and solar power into the system.  
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TABLE III 
IMPACT OF PENETRATION OF RENEWABLE RESOURCES ON PARTICIPATION FACTORS OF STATE VARIABLES   

 
Table III shows the participation factors for Modes 1, 2, Modes 

3, 4 and Modes 5, 6 respectively with increased wind and solar 
penetration. For Modes 1, 2 the impact of penetration is not 
significant. However, the penetration has significant impact on 
state participations of Modes 3, 4 and Modes 5, 6.  
   For Modes 3, 4, the PFs of state-1 and state-14 increased from 
0.46 to 0.68. Furthermore, the PFs of state-12 increased 
significantly from 0.08 to 0.88 and the PFs of state-15 were 
increased significantly from 0.07 to 0.77. The dominant states of 
Modes 3, 4 changed from state-1 and state-14 to state-12 and state-
15.  

So, the dominant states of some modes may alter after 
significant wind penetration. Similarly, the PFs of state-1 and state-
14 on Modes 5, 6 increase significantly from 0.09 to 0.64. Apart 
from these dominant states, the PFs of state-12 and state-15 also 
increase for corresponding modes after significant wind 
penetration. So, the increased wind penetration shows significant 
impact on the dynamics of a distribution system.  
   Table III also indicates that the solar penetration has less impact 
as compared to wind penetration. The PFs of all the states do not 
change significantly when solar penetration is increased. The 
impact of solar PVs on the low frequency electromechanical 
oscillations should be very low, as the solar photovoltaic generators 
do not have rotating parts as wind generators. However, the PV 
controllers may have some impacts on system dynamics under 
significant PV penetration. The effect of controllers has not been 
presented in this paper and left for future study.    

B.  Impact of penetration on eigenvalue sensitivity 
     The sensitivity of an eigenvalue iλ  to a system parameter jK  
may be defined as  
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where T
iω  and iv  are the left and right eigenvectors of 

eigenvalue iλ . The eigenvalues representing the oscillatory modes 
can be written as iii jβαλ ±= , where iα is the real part and 

iβ is the imaginary part. The real part indicates the damping and 
the imaginary part indicates the frequency of oscillations. 
  The distributed generators whether they are renewable energy 
based or not, mostly produce unregulated power. As a result, the 
distribution system experiences fluctuating power injection into the 
system, which may have significant impact on system oscillations. 
The impact of uncontrolled power fluctuations on system 
oscillations may be evaluated by eigenvalue sensitivity. In this 
study, the sensitivity of real part of eigenvalue with respect to 
active power is chosen to be sensitivity parameter. The 
sensitivity Pi ∂∂ /α ( P is the total active power generated by 
distributed generators) can be calculated numerically by 
performing two eigenvalue calculations with the total generator 
outputs at P  and at a slightly perturbed value of PP Δ+  [30, 
31]. 
   The impact of wind and solar power penetration on the system 
damping has been assessed by evaluating the sensitivity of 
eigenvalues with respect to small perturbation of generation by 
DGs. The perturbation parameter taken is 0.5%. The result is 
shown in the Fig. 5. 
 

 
 

Fig. 5.  Eigen sensitivities with generation for increased penetration. 
 
With increased solar penetration, the eigensensitivity of Modes 

1, 2 with respect to active power generation decrease from 0.34 to 
0.2. Similarly, eigensensitivity of Modes 3, 4 decreases from 0.38 
to 0.17 and that of Modes 5, 6 decreases from 0.09 to 0.03.  It may 

 Modes 1, 2 Modes 3, 4 Modes 5, 6 
States Base  Case 20% Wind 20% Solar Base  Case 20% Wind 20% Solar Base  Case 20% Wind 20% Solar 

1 0.20 0.16 0.17 0.46 0.68 0.44 0.09 0.64 0.05 
2 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
3 0.05 0.01 0.01 0.09 0.04 0.01 0.03 0.02 0.01 
4 0.00 0.01 0.01 0.01 0.02 0.01 0.00 0.02 0.00 
5 0.05 0.06 0.07 0.10 0.23 0.13 0.03 0.17 0.02 
6 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 
7 0.11 0.11 0.11 0.03 0.05 0.02 0.00 0.03 0.01 
8 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 
9 0.12 0.12 0.12 0.04 0.05 0.03 0.00 0.04 0.00 
10 0.48 0.48 0.47 0.19 0.23 0.17 0.01 0.20 0.02 
11 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.02 0.01 
12 0.00 0.00 0.00 0.08 0.88 0.06 0.61 0.88 0.60 
13 0.48 0.48 0.47 0.19 0.23 0.17 0.01 0.20 0.02 
14 0.20 0.16 0.17 0.46 0.68 0.44 0.09 0.64 0.05 
15 0.00 0.00 0.00 0.07 0.77 0.05 0.58 0.78 0.58 
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ψ
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be observed that eigensensitivities of all the modes decrease with 
an increase of solar PV penetration. This indicates that the modes 
become stronger with increased solar penetration.  

On the other hand, for increased wind penetration, eigen-
sensitivity of Modes 1, 2 decreased from 0.34 to 0.2. The eigen-
sensitivity of Modes 3, 4 decreased from 0.38 to 0.35 and that of 
Modes 5, 6 decreased from 0.08 to -0.13. So a wind generator can 
decrease the sensitivity of some modes. They may help in the 
damping of some modes of oscillations in distribution systems. 
Also, the eigensensitivity of Modes 5, 6 was changed from a 
positive low value to a negative high value. This indicates that 
wind generator dynamics are significant in the oscillations of 
distribution systems.  

As discussed previously, most of the generated power in a 
renewable energy based distribution system is unregulated, and the 
eigen-sensitivity with respect to generated power gives the 
indication of small signal stability of the distribution system when 
the injected power is randomly fluctuating with time. In the same 
way, the loads of a distribution system also change with time. So, 
the sensitivities of eigenvalues with respect to active power loading 
were also evaluated. The result is shown in the Fig. 6. 

 

 
 

Fig. 6.  Eigen sensitivities with loading for increased penetration. 
 
Similarly with the previous case, the penetration of solar PV 

decrease the magnitude of eigen-sensitivities of Modes 1, 2, Modes 
3, 4 and Modes 5, 6. So, penetration of solar PV generator makes 
the system more small signal stable, similar to the observation from 
Fig. 5. For increased wind penetration, the sensitivities of some 
modes are decreased while others are increased. The significant 
changes in sensitivities indicate that the wind generator dynamics 
are still very prominent. 

Fig. 5 and Fig. 6 also show that Modes 3, 4 are the most 
sensitive modes and Modes 5, 6 are the least sensitive modes. So, 
the oscillatory modes dominated by wind generator states are less 
sensitive as compared to the modes dominated by synchronous 
generator states. This indicates that the location of damping 
controllers should be in the vicinity of synchronous generators in 
the distribution system.  

V.  TIME DOMAIN ANALYSIS 
The time domain analysis was performed to visualize the rotor 
oscillations of synchronous generators under different wind and 
solar PV penetration. For this, a three phase short-circuit fault was 
applied at Bus 15 and cleared after 70 ms, to trigger the mode. The 

rotor speeds of the synchronous generators at Buses 2 and 3 were 
observed.   
   Fig. 7 shows the rotor speed of the synchronous generator at Bus 
2. This generator is operating as voltage control mode. It is 
observed that the damping of the oscillations is improved as wind 
and solar penetration is increased.   Damping is more pronounced 
with solar penetration than wind penetration. This is because the 
output of PV generator is constant while the reactive power of 
wind generator varies based on the bus voltage and active power 
generated.   
 

 
Fig. 7.  Response of voltage controlled synchronous generator for increased 
penetration. 

 
   Fig. 8 shows the response of generator rotor speed of 

generator at Bus 3. The generator at Bus 3 is operated in power 
factor control mode with unity power factor. It is interesting to 
observe that the response does not change even if wind and solar 
penetration is increased. The power factor of the synchronous 
generator was reduced to 0.8 (lag) and again simulated against 
fault. The result is shown in Fig. 9. The response also shows that 
the penetration of renewable resources does not affect the damping 
of power factor controller generator.  It is likely that the machine 
dynamics are not affected by penetration of renewable energy 
resources, if the synchronous generator is operating at power factor 
control mode.  

 

 
Fig. 8.  Response of power factor controlled synchronous generator for increased 
penetration (power factor = unity). 

If the synchronous generator is supporting reactive power 
required by the system, the other generators are likely to have an 
effect on it. On the other hand, other generators do not affect the 
synchronous generators if it is operating in a power factor control 
mode.   

Again, the time domain responses, shown in Figs. 7, 8 and 9 
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have frequency of oscillations around 3 Hz, which is also the range 
shown by eigen-analysis (Table I). Hence it is likely that the 
frequency of electromechanical oscillations observed in the 
distribution system is slightly higher than those observed in 
transmission systems. 

 

 
Fig. 9.  Response of power factor controlled synchronous generator for increased 
penetration (power factor = 0.8, lag). 

VI.  CONCLUSIONS 
The small signal stability of a distribution system is investigated 
with penetration of renewable energy resources like wind and solar. 
Eigen-sensitivity with respect to active power fluctuations is 
proposed as a sensitivity parameter to study the impact of 
penetration. The penetration is varied to study the impact on small 
signal stability. The sensitivity parameter and time domain 
simulation are used for stability analysis.  
   Low frequency oscillation modes with approximate frequency of 
3 Hz were observed. The results show that rotor flux variables of 
wind generators participate significantly in the system oscillations. 
The oscillatory modes dominated by wind generator states are less 
sensitive with power fluctuations and relatively well damped as 
compared to the modes dominated by synchronous generator 
states. Similarly, increased solar PV penetration decreases the 
eigensensitivity, improving the small signal performance of the 
distribution system.  
   The time domain simulation also confirmed the frequency of 
oscillations (3 Hz) suggested by eigen-analysis. The increased 
penetration of wind and solar power has a positive impact on the 
oscillation damping of the voltage controlled synchronous 
generator. However, the damping of the power factor controlled 
synchronous generator is not affected.  
   In the present system, the controllers are not installed and the 
results purely reflect the dynamics of machines only. Future study 
will investigate the effect of controllers in the small signal stability 
and the need for coordinated controller to enhance the overall 
performance of the distribution system. 

VII.  APPENDICES 

A.  Distribution  system data 
 The network and bus data are given in Table IV. Per unit values 
are based on 100 MVA, 23 KV. 
 
 
 

 
 
 
 

TABLE IV 
DISTRIBUTION SYSTEM DATA 

 

Bus to 
Bus 

Section 
Resistance 

(pu) 

Section 
Reactance 

(pu) 

End Bus 
Load 
(MW) 

End Bus 
Load 

(MVAR) 

End Bus 
Capacitor 
(MVAR) 

1-8 0.110 0.110 4.000 2.700 0.000 
8-9 0.080 0.110 5.000 3.000 1.200 
8-10 0.110 0.110 1.000 0.900 0.000 
9-11 0.110 0.110 0.600 0.100 0.600 
9-12 0.080 0.110 4.500 2.000 3.700 
2-4 0.075 0.100 2.000 1.600 0.000 
4-5 0.080 0.110 3.000 1.500 1.100 
4-6 0.090 0.180 2.000 0.800 1.200 
6-7 0.040 0.040 1.500 1.200 0.000 
3-13 0.110 0.110 1.000 0.900 0.000 
13-14 0.090 0.120 1.000 0.700 1.800 
13-15 0.080 0.110 1.000 0.900 0.000 
15-16 0.040 0.040 2.100 1.000 1.800 
5-11 0.040 0.040 0.000 0.000 0.000 
10-14 0.040 0.040 0.000 0.000 0.000 
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