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Abstract—Factors like diminishing fossil fuels and 

environmental concerns are driving the integration of locally 
available energy resources at a distribution level. As a result, a 
number of stability issues have become a concern for utilities at 
distribution systems. One of the important stability concerns is 
the small signal stability caused by electromechanical or other 
low frequency oscillations. The oscillations with lower values of 
frequency and damping may cause instabilities. In such cases, a 
suitable control methodology must be applied to ensure the 
stability of an emerging distribution system. In this paper, a 
methodology to control the power factor of photovoltaic 
generator (PV) is proposed for enhancement of system stability. 
The impact of PV power factor control on a low damped mode is 
assessed by using both eigenvalue sensitivity and time domain 
analysis. An appropriate signal for the proposed controller is 
identified by residue technique. The effectiveness of the 
controller is tested in IEEE 43 bus test distribution system with 
distributed generators. Results show that reactive power support 
from PV is better for damping of critical mode.  
 

Index Terms— Damping controller, distributed generation, 
eigenvalue analysis, photovoltaic generation, small signal 
stability.  

I.  INTRODUCTION 
ONVENTIONAL distribution systems are regarded as 
passive networks, which do not have any active source of 

power generation. The power flow pattern in such networks 
are unidirectional[1]. However, structure of emerging 
distribution systems are changing from passive to active 
network due to the integration of local energy resources in the 
form of distributed generation (DG) units and their controllers 
[2]. The DG units may be either utilizing renewable energy 
resources such as wind and solar or using conventional fossil 
fuels such as cogeneration[1]. However, more concerns on 
rapidly diminishing fossil resources and environmental 
degradation have encouraged integration of renewable 
resources rather than fossil fuels.  

With the integration of DG units, there are more concerns 
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on stable operation of distribution networks under various 
disturbances. Assessment of low-voltage-ride-through (LVRT) 
capability has become important before a DG unit can be 
connected to existing power system[3],[4]. Given the smaller 
geographical area, the generators and controllers are in a close 
proximity in a distribution system as compared to transmission 
systems. Such proximity may induce interactions among the 
machines leading to low frequency oscillations and improper 
tuning of controllers [5],[6]. As a result, issues of oscillatory 
instability may become a threat to secure operation of an 
emerging distribution system.  

Oscillatory instabilities in the form of low frequency 
oscillations are highly undesirable. These oscillations must 
have acceptable damping ratios to ensure stable operation of a 
power system[3]. In case of transmission systems, various 
controllers such as power system stabilizers (PSS), static var 
compensators (SVC) and static compensators (STATCOM) 
are commonly used for oscillation damping [6]. There are 
various methods reported in the literatures to determine 
suitable locations and design approaches of these damping 
controllers in a power system[7], [8]. However, installation of 
such devices in a low voltage distribution system may not 
always be technically and economically attractive. Instead, 
one of the DG units in the system may be controlled to 
improve system stability [9]. Given the structure of a 
photovoltaic (PV) system, which is dominated by controllers, 
one of the controllers of PV system may be employed for 
improving the oscillation damping.  In this paper, damping of 
a low frequency oscillation in a distribution network is 
discussed. The network consists of synchronous generators, 
induction generator and a PV. The impact of PV system on a 
low frequency mode is systematically assessed. Then, a 
control methodology is proposed for PV system to enhance the 
damping of low frequency oscillations. 

The paper is organized as follows: Section II discusses 
about the modeling of PV generator and its associated 
controllers. Section III assesses the small signal stability of a 
test distribution system by eigenvalue analysis. The impact of 
PV on system stability is demonstrated in section IV. An 
approach to design a suitable controller for a PV system to 
damp the low frequency oscillations on the system is 
presented in section V. This section also discusses the 
effectiveness of the proposed controller. Finally, section VI 
summarizes the conclusions drawn from the study. 
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II.  MODEL OF A PHOTOVOLTAIC SYSTEM 
One of the popular DG units in present power distribution 

system is solar photovoltaic (PV) system. The technology of 
PV system is different from the conventional synchronous and 
induction generators used for power generation. Unlike 
conventional generators, PV systems do not have rotating 
mechanical parts and their system dynamics are dominated by 
controllers[10].  

The analysis of impact of PV on stability of a distribution 
network requires an appropriate model of a PV system. A 
number of literatures discuss on the modeling of photovoltaic 
systems[10],[11],[12]. Some of the works employ detailed 
modeling for transient stability studies[10]. Approximate 
models are used for small signal and steady state stability 
analysis [12],[13]. A comparison of detailed model and 
approximate models for assessment of small signal stability is 
presented in [12]. It is recommended that approximate models 
are enough to represent the small signal behavior of a power 
system.  Similarly, some literatures have discussed the impact 
of PV system on transient and small signal stability of a power 
system[10],[12]. In many cases, PV system has been reported 
to improve the damping of low frequency oscillations.  

The modeling approach of a PV generator and power factor 
controller considered in this paper is discussed in this section. 

A.  Model of Photovoltaic Generator 
A schematic diagram of grid connected photovoltaic (PV) 

system is shown in Fig. 1.  
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Fig. 1. A schematic diagram of grid connected PV system. 

 
Incidence of sun rays on PV panels induces photovoltaic 

current, which causes PV power flow ( PVP ) from PV panels 
to DC link capacitor. PVP can be given as (1) [10],[11]. 
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where, pn and sn are numbers of parallel strings and number 
of series connected PV panels per string respectively. 
Similarly, dcv  is dc-link capacitor voltage. Quantities q , k ,T
and A denote the unit charge, Boltzmann’s constant, cell 
temperature, and p-n junction ideality factor respectively. 
Now, phI  is the photovoltaic current and is given by (2). 
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where, RT  is the reference temperature of cell and SCI  is 
the short circuit current of a unit cell of PV at reference 
temperature and solar irradiation S. Tk is the temperature 
coefficient. Similarly, cell reverse saturation current ( rsI ) is 
given by (3). 
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where, RRI  is the reverse saturation current at reference 
temperature RT , and GE is the band gap energy of a cell.  

For a particular grid connected PV system, PVP  depends on 
dcv  for given conditions of solar irradiations and cell 

temperature. For the grid connected PV system considered in 
this paper, the variation pvP with dcv  is shown in Fig. 2. It 
can be observed that the PV system output becomes maximum 
1 MW at dcv  set at 1.1 kV. The voltage of DC link capacitor (

dcv ) is set to extract maximum power from PV panel using 
maximum power point tracking (MPPT) control[11]. In this 
paper, dcv  is set to 1.1 kV. The irradiation level (S) and cell 
temperature (T) considered are 700 W/m2 and 300K, 
respectively.  

 
Fig. 2. Relationship between dc-link voltage and output power of a PV 

array. 
 
 DC link capacitor voltage dynamics can be given by power 

balance equation as (4). 
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where, DCP  is the power transferred from capacitor to 
voltage source converter (VSC). VSC feeds the power into the 
grid by converting the dc-signal into an appropriate ac-signal. 
If P is the power supplied to the grid,  the expression for 

DCP can be given as (5). 

LOSSDC PPP +=        (5) 

where, LOSSP is the power loss in VSC and interface 
impedance (R + j X). It is obvious from, (4) and (5) that any 
disturbance in P  will ultimately induces oscillations in  dcv , 
which must settle to dcrefv  determined by MPPT. 

B.  Power Factor Control 
In Fig. 1, relationship of active power (P) and reactive 

power (Q) with voltages and currents in d- and q- axis 
reference can be given as (6). 
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  where, SDv  and SQv are the d- and q- axis components of 
PV terminal voltage. Similarly, Di  and Qi  are d- and q- axis 
components of PV current into the distribution network. 
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Fig. 5. Single line diagram of a case distribution system[14]. 

 
In this paper, PV is desired to operate in power factor 

control mode. Since, SDv  and SQv  are determined by 
distribution network, power factor control can be achieved by 
independent control of Di  and Qi . For a given network 
condition, PV power factor can be set to desired value by 
appropriate values of currents, i.e. Drefi  and Qrefi . Then, Di  
and Qi  can be controlled to follow  Drefi  and Qrefi  by using 
proportional and integral (PI) controllers as shown in Figs. 3 
and 4. The outputs of the controllers, i.e. Dm  and Qm   are 
control parameters of VSC.  
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Fig. 3. d- axis current controller. 
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Fig. 4. q-axis current controller. 

III.  SMALL SIGNAL STABILITY OF DISTRIBUTION SYSTEM 

A.  Description of Distribution System 
The distribution system under study is shown in Fig. 5. This 

is a 43-bus distribution network with total load of 21MW and 
8 MVAR [14]. The system is connected to external utility grid 
through Bus 100. The system is supplied by two synchronous 
generators (G1 and G2) located at buses 50 and 4, 
respectively. In this paper, a squirrel cage induction generator 
(SCIG) is added as a source (G3) of wind power at bus 5. 
Similarly, VSC based photovoltaic generator (PV) is added at 
bus 10 as a source of solar power. The capacity and operating 
modes of the generators are summarized in Table I. 

 

TABLE I 
SUMMARY OF GENERATORS OF CASE DISTRIBUTION SYSTEM 

 
Generator Generation

(MW) Mode of operation Power 
factor 

G1 5 Power factor control 1 
G2 9 Terminal Voltage Control - 
G3 5 Reactive power consumption - 
PV 1 Power factor control 1 

 
Synchronous generators are modeled by considering 

dynamics of rotor flux and rotor inertia [8]. Exciter and 
governor models are also included in the synchronous 
generator model. Similarly, wind generator is modeled by 
considering the dynamics of rotor flux and rotor inertia[15]. 
The reactive power required by wind generator is partially 
supplied by a shunt capacitor installed at the generator 
terminal. Rating of the shunt capacitor is taken to be one-
fourth of the active power generated by wind generator. PV is 
modeled by considering dynamics of dc-link and d-axis and q-
axis current controllers as discussed in Section II. Now, using 
the models of the generators, controllers and distribution 
network, small signal stability can be assessed by eigenvalue 
analysis.   

B.  Oscillatory Modes  
A distribution network with DG units and their controllers 

can be represented by sets of differential and algebraic 
equations (DAEs).   If x is a set of dynamic variables and y is a 
set of algebraic variables, then DAEs can be written as (7) [7]. 
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The differential and algebraic equations (DAEs) of (7) can be 
linearized and rearranged at an operating point ),( oo yx as 
(8). 
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where ox Xff |/ ∂∂= , oy Yff |/ ∂∂= , ox Xgg |/ ∂∂= , 
and oy Ygg |/ ∂∂= . If yg is a non singular matrix, (8) can 
be reduced as (9). 

XAX Δ=Δ &          (9) 
where )( 1

xyyx ggffA −−=  
represents the system state matrix 

of the distribution system.
 

The system is stable, if all the 
eigenvalues of A have negative real part. Eigenvalues of the 
test distribution system are plotted in Fig. 6. Since all the 
eigenvalues lie on left half of the complex plane, the system is 
asymptotically stable.  

 
Fig. 6. Eigenvalues of the distribution system. 

 
The complex eigenvalues represent the oscillatory modes of 

the system. The dynamic characteristics of the system depend 
on the damping ratio and frequency of the oscillatory modes.  
Lower values of damping ratio for any oscillatory modes are 
undesirable for the stability of a power system. In this paper, 
threshold value of damping ratio for any oscillatory modes is 
taken as 5% to ensure the oscillatory stability of a system [3].  

There are four oscillatory modes which are summarized in 
Table II.  

TABLE II 
OSCILLATORY MODES OF DISTRIBUTION SYSTEM 

 
Mode  Eigenvalues Damping  

Ratio (%) 
Frequency 

 (Hz) 
1 -7.6  ±  j 25.7 28.3 4.2 
2 -5.6  ±  j19.2 28.2 3.2 
3 -8.8  ±  j19.6 41.0 3.4 
4 -0.15  ±  j5.7 2.74 0.9 

 
It can be observed that oscillatory modes 1, 2 and 3 have 

frequencies of around 3 to 4 Hz and well damped. However, 
mode 4 has lower values of frequencies and damping. Lower 
damping ratio of a low frequency mode is unacceptable for 
secure operation of a power system [3]. Hence, mode 4 is a 
critical mode of the system in terms of stability. 

The relationship among oscillatory modes and state 
variables of the system can be observed by evaluating the 

participation factors (PFs) of each state on a particular mode. 
For a particular mode, a generator and its state variables, 
which have the largest values of participation factors is 
identified as dominant generator for that mode. The 
participation of thk  state in the thi   eigenmode may be given 
by (10). 

ikkikip ψφ=        (10) 
where, 

kiφ  : thk  entry of right eigenvector iφ  

ikψ : thk   entry of left eigenvector iψ  
The modes, their dominant generators and corresponding 

dominant state variables are shown in Table III.  
 

TABLE III 
DOMINANT GENERATORS OF OSCILLATORY MODES 

 
Mode Dominant

generator 
Dominant  

states 
Participation 

factor 

1 G2 
Rotor angle  0.56 

Speed deviation 0.56 

2 G1 
Rotor angle  0.58 

Speed deviation 0.58 

3 G3 
d-axis rotor flux  0.73 

Rotor speed 0.67 

4 G2 
d-axis rotor flux  0.48 

Exciter 0.50 
 

It can be observed that G2 is the dominant generator for the 
critical mode. Conventional way of damping critical mode is 
to design a power system stabilizer (PSS) to provide 
supplementary control to the excitation system of G2. On the 
other hand, DG units are considered to be active power 
sources to the network. In an emerging distribution system, 
DG units may have to support reactive power due to a number 
of reasons. First, a PV generator may support reactive power 
to the network as an ancillary service provider[16].  Similarly, 
minimum access standards set by network service providers 
(NSP) may force PV to have an additional controller installed 
to modulate its output power to support damping of low 
frequency oscillations[3]. Further, IEEE standard suggests a 
flexible operation of PV generators from lagging to leading 
power factors near unity [14].  Under such scenario, a control 
methodology to modulate output power of a PV generator to 
enhance the damping of a critical mode is presented in this 
paper.   

IV.  IMPACT OF PV ON CRITICAL MODE 

A.  Participation Factor 
The impact of PV on system oscillatory modes can be 

observed by evaluating participation factors of PV state 
variables on oscillatory modes of the system. In this paper, 
three state variables of PV system, i.e. Di , Qi  and dcv  have 
been considered. The participation factors of PV state 
variables were evaluated by using (10). The results are shown 
in Fig. 7. It can be observed that participation factors of PV 
states on system oscillatory modes are very small. This 
suggests that an additional dynamic controller is required for a 
PV system to effectively damp low frequency oscillation of a 
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distribution system. Among the three state variables of PV, dc-
link voltage ( dcv ) has the least participations on the system 
modes. The participation factor of Qi on critical mode (Mode 
4) is larger than Di . This suggests that Qi  may be more 
effective than Di  to control damping of critical mode. This is 
elaborated with more results in Section V.   

iD 
vdc

iQ
0

0.00005

0.0001

0.00015

0.0002

Mode 1 Mode 2 Mode 3
Mode 4

  
Fig. 7. Participation factors of PV states on oscillatory modes. 

B.  Eigenvalue Sensitivity 
Since PV can supply power at various power factors, 

different values of active and reactive powers generated have 
different impacts on oscillatory modes. The impact on system 
modes may be measured by eigenvalue sensitivity. In this 
paper, eigenvalue sensitivity with respect to active and 
reactive power perturbations has been taken as a sensitivity 
index. If PVS denotes active or reactive power supplied by 
PV, then eigenvalue sensitivity of a mode iλ  with respect to 
perturbations in PVS is given by (11). 
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Vectors iφ  and iψ are right and left eigenvectors, 
respectively as defined in (10).  Eigenvalue sensitivity may be 
computed either by an analytical approach or by a numerical 
approach [7]. In a numerical approach, sensitivity may be 
computed by evaluating two eigenvalues at PVS  and slightly 
perturbed value PVPV SS Δ+ . The sensitivities of the critical 
mode with active and reactive powers calculated numerically 
are shown in Fig. 8.  
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 Fig. 8. Sensitivities of critical mode with active and reactive power output 
of PV at different loading of distribution system. 

The sensitivities are calculated at 50% loading, full loading 
and 50% overloading of the distribution system. It can be 
observed that the critical mode is more sensitive with 
perturbation of reactive power than active power in all cases 
of distribution system loading conditions. Hence, PV reactive 
power control is more effective for critical mode damping as 
compared to active power control. This suggests that reactive 
power supply from PV is better for damping of critical mode. 

Existing standards suggest near-unity power factor 
operation of a PV system in a distribution system [17],[18].  
However, future development may allow reactive power 
support from a PV system utilizing advanced features of 
inverters[16]. Reactive power support is sometimes beneficial 
to damping of low frequency oscillations as demonstrated in 
Section IV-C.  

C.  Time Domain Analysis 
The impact of PV power factor on oscillation damping was 

observed through time domain analysis. PV was operated in 
different power factors and corresponding impact on time 
domain behavior was observed. A disturbance was imposed to 
the steady state system by applying a three phase fault at bus 
number 3. The fault duration was assumed to be 90 ms. The 
voltage across PV terminal was observed. The result is shown 
in Fig. 9.  
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Fig. 9. Response of PV terminal voltage against fault at bus 3.  

 
It can be observed that system is slightly better damped 

when PV supplies power at 0.8 power factor as compared to 
unity power factor. Hence, PV power factor control becomes 
effective means of damping control. In this case, PV is 
operated at inductive injection mode. The proposed power 
factor controller modulates the reference currents 
corresponding to the desired power factor of PV. Then, PI 
controllers force PV output currents to follow the reference 
currents as shown in Figs. 3 and 4. The design aspects of the 
power factor controller will be discussed in Section V.  

V.  DESIGN OF FEEDBACK CONTROLLER 
In this section, a design procedure of an additional 

controller for PV power factor for system oscillation damping 
is presented. The first step towards the controller design is 
selection of the most appropriate control signals. 
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A.  Selection of Control Signals 
A state space formulation of the distribution system with 

control input and output is given as (12). 
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Now, controllability factor of mode i from thj input is 
given by (13). 

jiij Bw ψ=            (13) 

where, iψ  is thi left eigenvector. The input signal is 
modulated by a controller to achieve desired response of the 
system. Similarly, observability factor of mode i from thk  
output is given by (14). 

ikik Cv φ=            (14) 

where, iφ is the thi right eigenvector. The output is used as 
a signal for feedback controller. Now, residues of thi mode 
with respect to thj input when thk  output is used at feedback 
signal can be given as (15)[7]. 

ikijijk vwR =           (15) 
Residue has been used as an index for selection of control 
signals. The combination of signals giving the highest 
magnitude of residue was selected for input modulation signal 
and feedback signal for controller.    

In this paper, two local signals i.e. deviations of PV 
terminal voltage magnitude (ΔV ) and angle (Δδ ) were 
taken as possible signals for feedback controller. The outputs 
of the controller are used to modulate the reference signals, i.e. 

Drefi  and Qrefi .  The residues of critical mode, when Drefi  is 
modulated is shown in Fig. 10.  
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Fig. 10. Residues of system when d-axis current of PV is modulated. 

 
It can be observed that using ΔV  as feedback signal gives 

larger values of residues at full load and at 50% overload of 
distribution system. However, Δδ  as feedback signal gives 
larger value of residue at 50% load of the distribution system. 
Hence, the controller designed for full load using ΔV  as 
feedback signal may not be effective at 50% load of the 
distribution system. 

Similarly, the residues of critical mode when  Qrefi   is 
modulated is shown in Fig. 11.  
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Fig. 11. Residues of system when q-axis current of PV is modulated. 

 
It can be observed that ΔV has larger magnitude of 

residues than Δδ  in different loading conditions of the 
distribution system. Hence, ΔV is an appropriate feedback 
signal for a controller when Qrefi is modulated.  

It is obvious from (6) that power factor control can be 
achieved by modulating either Drefi  or Qrefi . Hence, the input 
signal which gives larger values of residues when ΔV or Δδ  
is used as feedback signal can be used as input modulating 
signal. It can be observed from Figs. 10 and 11 that using 

Qrefi  as modulating signal gives larger values of residues in 
all the cases. Hence, Qrefi  has been used as modulating signal.  

B.  Controller Design 
We can design a lead lag compensator to place a mode at a 

desired location at negative half of s - plane. The standard 
form of compensator design is given as (16) [8]. 
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12 TT α=                 (20) 
Here, T is the washout time constant, which is usually 

taken as 5 – 10 sec, iω  is the frequency of the mode in rad/sec 
and K is the positive constant gain.  φ  is the amount of phase 
compensation required and m is the number of compensation 
stages. The angle compensated by each stage should not 
exceed 60 degree.  

A controller was designed for modulating Qrefi  to improve 
damping of critical mode. The calculated values of constants 
of the controller are given in Table IV.  

 
TABLE IV 

PARAMETERS OF THE POWER FACTOR CONTROLLER 
 

φ  
(degree) m 

α 
(degree) 

T1 
(seconds) 

T2 
(seconds) 

102.8° 2 7.02° 1.78 0.22 
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The gain of the controller (K) was obtained by using root-
locus technique. The trace of ζ with K is shown in Fig. 12. 
Here, K was gradually increased from zero until the desired 
damping ratio of the critical mode was obtained. It can be 
observed from Fig. 12 that ζ can be increased by increasing 
the value of K. When K equals to zero, ζ has the initial value 
of 2.74%. Similarly, K equals 0.38 makes ζ equals to 10%. In 
this paper, K is set at 0.14 to make ζ equals to 5%. 
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Fig. 12. Variation of damping ratio of critical mode with controller gain. 

C.  Effectiveness of the Controller 
The effectiveness of the controller was evaluated by 

observing the damping ratios before and after installing the 
controller for PV. The results are shown in Fig. 13.  
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Fig. 13. Comparison of damping ratios with and without controller. 

 
It can be observed that the supplementary controller 

effectively improves damping ratio of critical modes to the 
targeted value of 5%. The damping ratios of other modes are 
unaffected. Similarly, the controller improves time domain 
response of the system as shown in Fig. 14.  
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 Fig. 14. Comparison of time domain responses of voltage at Bus 10 with and 
without controller. 

 

Time domain response was observed by applying a three 
phase fault at bus 3. The fault was cleared after 90 ms. The 
responses of voltage at Bus 10 with and without controller are 
observed as shown in Fig. 14.  

Similarly, time domain response of dc-link voltage of PV 
was observed under similar disturbance scenario. The result is 
shown in Fig. 15. It can be observed that oscillation in dc-link 
voltage is better damped by the controller. 
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 Fig. 15. Comparison of time domain responses of dc-link voltage with and 
without controller. 

 
It should be noted that emerging distribution systems have a 

number of renewable energy based distributed generators, 
whose outputs depend upon the weather conditions. A PV 
system generates power based on available solar irradiation 
and temperature as discussed in section II. Hence, oscillation 
damping from a PV generator is not possible in a cloudy day, 
unless there is a provision of energy storage. In such scenario, 
a wide area coordinated control of a number of DG units and 
reactive power compensators may be designed. Then, any of 
the DG units may utilize their available energy to support 
oscillation damping based on wide area measurement data. 
This issue will be addressed in the future works. 

VI.  CONCLUSION 
In this paper, small signal stability analysis of a renewable 

energy based electricity distribution system has been 
presented. The modeling approaches for different DG units 
have been discussed briefly. A PV system has been modeled 
using DC-link dynamics and dynamics of d-axis and q-axis 
components of output currents.  A controller for PV generator 
has been proposed for enhancing the damping of a low 
damped critical mode. Eigenvalue analysis for linearized 
system was used for assessment of small signal stability and 
design of a controller for a PV generator. The effectiveness of 
the controller was evaluated both by eigenvalue analysis and 
time domain simulation to justify the proposed control 
methodology. 

The paper demonstrates that q-axis component of PV 
current participates more effectively on critical mode as 
compared to the d-axis component. In different loading 
conditions of the distribution system, q-axis component of PV 
current has been found to be a better modulating signal to be 
utilized for designing an additional damping controller. 

Next, critical mode was better damped when there is 
reactive power support from a PV generator in a distribution 
system. Hence, operating PV at lower factor than unity has 
better impact on damping of critical mode. In different loading 
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conditions of distribution system, the critical mode has higher 
sensitivity with respect to reactive power of PV as compared 
to the active power. So, reactive power control of PV seems to 
be better for damping of low damped excitation modes. 

Finally, the additional controller has been found to be able 
to improve the damping of the critical mode effectively by 
shifting the eigenvalues at desired location. Also, a desired 
damping ratio can be achieved by selecting an appropriate 
value of controller gain. The controller is found to affect only 
the critical mode while the other modes are unaffected.  

In the future, a coordinated control of a number of DG units 
will be investigated to enhance small signal stability of an 
emerging distribution system. 
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