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Abstract— Renewable energy based generations are connected at 
subtransmission and distribution levels and are normally 
dispersed throughout the network. This causes a number of 
benefits and challenges for power system operators. This paper 
outlines voltage and small signal stability issues for a 
distribution network and provides a number of case studies.  
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I. INTRODUCTION 
Electricity grid in the 21st century will be completely 

different than that of the last century. This is primarily due to 
climate change awareness and renewable energy policies 
adopted by many countries. For example, mandatory 
renewable energy target in Australia outlines that 20% of 
energy must be supplied from the renewable sources by 2020. 
Power generation from renewable energy sources will be 
common at customer’s premises, which will be dispersed and 
distributed throughout the network. Power from the 
centralised base load power stations will still supply bulk 
power, while individual Photo Voltaic (PV) based customers 
will take advantage of ‘feed in tariff’. On the other hand, 
medium scale volatile sources, such as wind based power 
plants will be connected in subtransmission and distribution 
voltage levels. Stable renewable sources such as biomass and 
geothermal based power stations will be connected at remote 
locations. Power systems of 21st century will be bidirectional 
and primary focus of stability will no longer be dependent on 
transmission level. This paper focuses on large scale 
renewable energy sources connected at the distribution level 
and their impacts on voltage stability and frequency 
oscillation. Couple of case studies have been performed and 
are presented in this paper.  

 

II. RENEWABLE ENERGY GENERATION 
At present, electric power industry in many countries are in 

transition from large integrated utilities providing power at 
regulated tariff to an industry that incorporates competitive 
companies selling unbundled power at market price settled at 
the pool [1]. This change, and climate change/renewable 
energy targets have led to increased interest in the 
developments of renewable energy generation. Distributed 
generation (DG) has the potential to promote extensive use of 
renewable resources, in which electricity generation is 

connected at distribution level rather than transmission level. 
In general, a DG unit can be connected to a distribution 
network by one of three interfaces, including asynchronous 
generators, synchronous generators and electronic converters. 
In our study two major renewable resources namely wind and 
solar energy have been considered which led to the use of 
asynchronous generator and static generator respectively. 
Two synchronous generators (SGs) using non-renewable 
resources have been placed in the test system to support this 
impact study. Details of the used generators are given in 
Table I. 

TABLE I 
GENERATION DETAILS 

Generation 

type 

Electric Machine Machine 

Rating  

Machine 

Model 

SG1 

 

SG (Voltage 

controlled) 

S= 5MVA 

Pf=0.8 (lag)  

6th Order 

[2] 

SG2 SG (Pf controlled) S=5.55MVA 

Pf=0.9 (lag) 

6th Order 

[2] 

Solar Panel  

(Aggregated 

Form) 

Photo-Voltaic 

Static Generator 

(PV) 

S= 1MVA 

Pf=1.00 

Current 

Source [1] 

Wind 

Turbine 

Squirrel-Cage 

Induction 

Generator (IG)  

P= 2MW 

 

3rd Order 

[3] 

III. DISTRIBUTION SYSTEM STABILITY 
Power system stability can be broadly defined as that 

property of power system that enables it to remain in a state 
of operating equilibrium under normal operating conditions 
and to regain an acceptable state of equilibrium after being 
subjected to a disturbance. With DG connections a 
distribution system becomes an active system with both 
energy generation and consumption at once exclusive load 
nodes. As a consequence, DG connected to grid may 
influence the stability of power system specially distribution 
system itself [4], [5]. The high R/X ratio of distribution 
network makes them more vulnerable to voltage collapse 
situation [6]. As the installed capacity of DG increases, its 
impact on power system will eventually require detailed static 
and dynamic analysis and simulation to develop a stable and 
controlled distribution system. In order to assess system 
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stability power systems are modelled using a set of 
differential equations and a set of algebraic equations as 
given below 

),,,(' pyxfx λ=    (1a) 

),,,(0 pyxf λ=   (1b) 

Where x is a vector of state variables, y is a vector of 
algebraic variables, λ and p are uncontrollable and 
controllable parameter respectivley. A system experiences a 
state of voltage instability when there is a progressive or 
uncontrollable decline in voltage magnitude due to a 
disturbance. In this study, power flow studies have been 
performed with power system algebraic equation (1b) for 
increasing system load. Here maximum loading margin or 
loadability indicates the point where load demand reaches a 
maximum value and beyond that limit power flow solution 
fails to converge and the system can no longer operate in a 
stable state. In this study, in order to obtain the loading 
margin of the system for different levels of renewable energy 
penetration, all loads are represented as constant PQ load and 
increased simultaneously according to following relations: 

)1(0 λ+= PPL    (2a) 

)1(0 λ+= QQL    (2b) 
Where 0P  and 0Q  correspond to the base loading and (1+λ) 
is loadability.  

The differential and algebraic equations (DAEs) of (1.0) 
can be linearized and rearranged at an operating point as 
(3.0). 

XAX Δ=Δ    (3.0) 
The eigenvalues of A  give the information of small signal 

stability. The complex eigenvalues of A  represent the 
oscillatory modes. If ωα j+ represent an oscillatory mode, 
then damping ratio and frequency of oscillation (Hz) can be 
respectively given as (4). 

22 ωα
αξ
+

−=   (4a) 

π
ω
2

=f    (4b) 

Eigenvalue analysis can be used to determine acceptable 
renewable energy penetration before the system loses small 
signal stability.  

The impact of renewable energy based DG in distribution 
system can be studied with increasing penetration level of 
real power from DG. The penetration level can be calculated 
as a function of total renewable power generation ( DGPΣ ) 

over load demand ( LPΣ ). Load demand considered here is 
the maximum amount of load, which can be met by 
renewable based synchronous generators.  

Penetration Level (%) = 100×
Σ

Σ

L

DG

P
P

  (5) 

IV. CASE  STUDIES 

A. Test System 
A 16 bus 23 kV 100MVA primary distribution system 

(with a total load of 28.7MW and 17.3MVAr) as shown in 
Fig. 1 with minor modifications [7] has been used in this 
paper and all results presented in this paper have been 

simulated with DIgSILENT PowerFactory 14.09 [8] and 
Matlab 7.7.0. SG1 and SG2 (from Table I) are placed on bus 
1 and bus 3 respectively, whereas bus 6 and bus 7 are 
correspondingly connected to wind turbine and solar panel 
assuming availibilty of primary resources in those locations. 
Real power penetration level of wind turbine and solar panles 
have been varied for rest of the study. With base case 
generation present (according to Table I), the total amount of 
real power coming through feeder has been calculated as  
12.08MW along with 2.60MVAr reactive power. 

 
Fig. 1: Test Distribution system with generation units. 

B. Voltage Stability 
Although voltage instability is a localized problem, its 

impact on the system can be widespread as it depends on the 
relationship between transmitted P, injected Q and receiving 
end V. These relationships play an important role in stability 
analysis and can be displayed graphically with P-V curve.  

Fig. 2 shows P-V curve for bus 7 with 3 cases: a) 0% 
penetration of renewable (only SGs in operation), b) 20% 
penetration of wind generation and c) 20% penetration of 
solar power generation.  

 
Fig. 2: P-V curves for bus 7 with renewable penetration. 

Here maximum loading margin has been found to increase 
from 87MW to 93 MW with 20% penetration of solar energy 
whereas it decreases to 61.73MW with 20% penetration of 
wind energy. Similar results have been found for P-V curve 
study at bus 16 as shown in Fig. 3. 
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Fig. 3: P-V curves for bus 16 with renewable penetration. 

To get the complete scenario of renewable penetration 
impact on stability features like loadability and grid loss, the 
penetration level has been increased from 0% to 100% 
thoroughly though it might not be realistic for every system. 
The increase in penetration level is considered on top of the 
base case generation. Fig. 4(a) shows loadability vs. 
penetration level plot for wind energy generation. No-load 
compensation has been considered at every level of 
penetration [9]. Loadability has been found to be constant at 
2.2 up-to 20% of penetration and then declining. If there are 
options for choosing bus location for wind turbine placement 
and then loadability can also be improved with wind 
penetration [10]. 

 

 
(a) 

 
(b) 

Fig. 4: Impact of (a) wind and (b) solar penetration.  

 
Grid loss has been found to reduce by 50% with 30% 

injection of wind power in the test system. Base case grid loss 
has been reported as 0.81MW, whereas it reduces to as low as  
0.41MW for 30% wind penetration. The total grid loss for 
full range of penetration has been plotted in Fig. 4(a). For 
solar energy penetration loadability keeps on improving from 
2.2 to 2.95 at 100% penetration as shown in Fig. 4(b). In this 
case, minimum grid loss 0.37MW is found at 30% injection 
of solar power. 

C. Impact on Oscillation Damping 
In the system under study, three pairs of complex low 

frequency oscillatory modes were observed, which are 
summarized in Table II. 

 
TABLE II 

THE OSCILLATORY MODES EXISTING IN THE DISTRIBUTION SYSTEM 
 

Modes Real Part 
Imaginary 

Part Damping  
Frequency 

(Hz) 
1, 2 -5.57 20.64 0.261 3.41 
3, 4 -4.23 18.15 0.227 2.96 
5, 6 -9.81 17.72 0.484 3.23 

 
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 [2], [11]. Further lower frequency modes are not 
observed. 

The impact of penetration of renewable energy has 
obvious impact on the damping of oscillatory modes. From 
Table II, it can be observed that Modes 3, 4 are the most 
critical mode with the lowest damping ratio. The impact on 
these modes is very important for the small signal stability of 
the system.  The impact of increased penetration of wind and 
solar on damping of the modes is shown in Fig. 5.   

 

 
Fig. 5: Impact of penetration on damping of critical mode. 

 
 It can be observed that wind penetration enhances the 

damping of the critical mode of the system. The solar 
penetration slightly degrades the damping when operated at 
unity power factor, but enhances the damping when operated 
at 0.9 lag. This suggests that reactive power support from the 
solar PV is beneficial to the oscillation damping. 

Impact of penetration on dynamic loadability margin was 
studied with eigenvalue analysis. The limiting criteria for 
penetration could be either damping ratio or a point of Hopf 
bifurcation condition. Hopf bifurcation criterion was used for 
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determination of the dynamic loadability of the system. A 
system is said to be in Hopf bifurcation condition when any 
further increase in system loading causes a pair of complex 
eigenvalues of state matrix A  to cross the imaginary axis 
from left to right in a horizontal direction.  Fig. 6 shows the 
typical Hopf bifurcation condition of the distribution system 
under base case and with renewable penetration. It was found 
that the system reaches dynamic loadability limit when the 
system loading was increased to 53.6 MW at the base case. 
When wind penetration was increased by 20%, the maximum 
loading limit decreased to 44.2 MW and when solar 
penetration was increased by 20%, the dynamic loading limit 
again increased to 53.6 MW. So, the increased wind 
penetration degrades the system performance by reducing the 
loadability both in static and dynamic sense. On the other 
hand, solar penetration maintains the dynamic system 
performance with an improvement in the static performance 
of the system. 

 
Fig. 6: Typical Hopf bifurcation conditions for different cases. 

D. Time Domain Analysis  
 

 
Fig. 7: Time domain responses of SG1with different cases.  

The impact of penetration on oscillation damping was also 
observed by applying a three phase fault at Bus 15. The fault 
clearing time was set to be 70ms. The response of rotor speed 
of SG1 is shown in Fig. 7. It can be observed that the 

damping improves with the penetration of solar and wind 
power. The wind generator consumes more reactive power 
under faulted condition whereas solar PV does not. Hence, 
the first swing stability is better with solar penetration than 
the wind penetration. Here the frequency of oscillation is 
about 3 Hz, which was also been observed by eigenvalue 
analysis. 

V. CONCLUSIONS 
Integration of renewable energy resources in a distribution 

system makes a distribution system more dynamic. In this 
paper, the impact of penetration of solar and wind power on 
the stability of the distribution system has been presented. 
The results show that with increasing penetration of solar 
energy, loadability improves, whereas it decreases with 
increased wind penetration. The increased penetration of 
wind power may limit the loadability due to Hopf bifurcation 
phenomenon. Grid loss has been found to increase after 
certain level of renewable penetration. Although increasing 
loadability is a major target for distribution network operator, 
minimizing grid loss is also an important issue from the cost 
point of view. So there needs to be some optimization in 
between these two features to get the best possible 
penetration level for a particular system. From the static 
analysis section of this study it can be said that, 20% to 30% 
renewable penetration in the test system is preferred, which 
provides reasonable loadability and grid loss decreased up-to 
50%. Modal analysis shows the presence of low frequency 
oscillations of frequency 3 Hz in a distribution system. 
Damping of low frequency oscillations improves as the wind 
and solar penetration increases.  Also, transient stability 
improves with an increase penetration of renewable energy 
resources. 
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