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Abstract— Complex distribution networks like ring or 

meshed networks are applied for commercial and industrial 

cities demanding reliable power supply. Diesel generators are 

connected to the network to maintain system reliability under 

emergency states. With increasing penetration of non-

dispatchable, rooftop solar-PV, proper planning is required 

to maintain system stability and reliability. Commercial and 

industrial cities do not follow the conventional diurnal load 

patterns, but presents load patterns similar to the diurnal 

generation curve of solar-PV. Thus, by introducing solar-PV, 

required diesel generation capacity can be reduced. Also, the 

system reliability and stability can be improved if the system 

is operated as a microgrid. The ability of forming ring-radial 

connected hybrid-microgrid based on an existing network for 

a commercial city with peak day-time loading is evaluated. 

Small-signal stability analysis reveals that, even with 100% 

solar-PV, the islanded microgrid in normal state is stable 

under different diesel generation integration topologies tested. 

The system becomes unstable due to small perturbations 

under the N-1 emergency operation in some topologies. This 

study allowed identification of the proper diesel generation 

integration topology for the proposed microgrid. 

Keywords— Diesel-solar hybrid microgrids, microgrid stability, 

ring-radial microgrids, small-signal stability analysis. 

I. INTRODUCTION  

Integration of renewable energy sources to the 
distribution network, has aided in reducing the grid  capacity 
and has improved the energy mix. However, this has raised 
new concerns in the field of network stability due to the 
intermittency and specific diurnal availability pattern of the 
resource. Even though the grid can support the intermittency 
and unavailability of solar PV, if the grid fails, the 
distribution network will collapse. This can be solved by 
operating the distribution network as a microgrid, so that 
when the grid fails the microgrid can operate in the islanded 
mode. The load pattern of areas based with commercial 
customers has a pattern similar to solar generation curve, 
where the peak is reached around 1200 h. Hence, by 
introducing solar PV to such areas, the required diesel 
generation capacity for emergency operation can be reduced 
and the network can be designed to operate as a microgrid. 

Among the different network topologies used in 
distribution networks, ring topologies are found to be better 
than radial topologies when considering the reliability and 
stability [1]. However, there are some challenges with ring 
configuration such as, the cost, power flow management 
with integrated renewable energy and network operations.  

Reported research has evaluated the stability of ring 
systems and microgrids separately. Further, the prevailing 
researches do not focus on the daily load pattern in 

analyzing microgrid stability, but merely focused on one 
operating point. Daily load pattern is critical during the 
islanded operation of a microgrid, as the variations of the 
loads can cause instabilities in the network [2]-[3].  

This paper bridges the gap in reported research by 
covering the aspects of power flow and stability of ring 
distribution network with radial feeders along the daily load 
curve where there can be several critical operating points. 
Further, it evaluates the stability of the microgrid under 
varying conditions of integrated solar PV and diesel 
generators at each possible operating point. Section II of the 
paper includes the modified network used to test the derived 
methodology. Section III includes the technical feasibility 
of power flow and small-signal analysis while section IV 
and V present the results and conclusions respectively. 

II. NETWORK MODEL 

In evaluating the technical feasibility of converting a 

commercial-consumer-fed, ring distribution system into a 

diesel-solar hybrid microgrid, a reliable network model is 

required. Therefore, the network model was derived from  

a part of a real ring network. The primary substation with 

the identifier, “B-substation” in the Colombo city, Sri 

Lanka shown in Fig. 1, was used [4]. In the present 

scenario, this ring system is operated in an open loop 

topology, which was redesigned for closed loop topology.  

In the network, 11 kV/ Cu/ XLPE/ 240 sqmm/ 3 core/ 

SWA cables were used for the radial feeder and for the ring 

feeders 11 kV/ Cu/ XLPE/ 95sqmm/ 3core/ SWA cables 

were used. Cables were modeled using the actual cable 

parameters: length, resistance, impedance and capacitance 

as given in Table 1 [4]. 

The selected part of the Colombo city distribution 

system consists of three radial substations, three ring 

substations and 63 satellite substations in seven satellites as 

illustrated in Fig. 1. Satellite loops were considered to 

operate in open loop in the microgrid operation. Loads of 

those satellite loops and generators were lumped to the 

respective ring/ radial substation as shown in Fig. 2. The 

load patterns of all six substations are shown in Fig. 3. 

Substations “5” and “1174” are the two highest loaded 

substations. The recorded data since 2012 in the Colombo 

city SCADA database reveals that the highest load recorded 

was 5.75 MVA, which was observed on May 21, 2019 [5].  

The average daily solar generation curves for different 

percentages of installed solar PV capacities of one 

substation is shown in Fig.4. It was noted that the solar 

power generation occurs from 6.00 AM to 6.00 PM with 



the highest generation occurring around 12.00 noon. In this 

research, three levels of installed solar PV capacities based 

on maximum demand were considered while two network 

topologies based on diesel generator connections were 

considered. Operation scenarios are discussed in detail in 

Section III. 

 
Fig.1 Selected ring portion with the satellite loads [4] 

 
Fig.2 Selected ring portion after lumping the satellite loads [4] 

 
Fig.3 Daily load curves of each substation [5] 

 
Fig. 4 Average daily power generation of a solar PV 

Table 1 Cable parameters of selected network [4] 

 

III. TECHNICAL FEASIBILITY 

Three main criteria as, (i) connection of diesel 

generators, (ii) amount of solar PV connected and, (iii) 

operating mode of the network (normal/emergency), were 

considered to plan the operating scenarios.  

Two modes were considered under the criterion of 

connection of diesel generators in the substation namely, (i) 

Mode 1: 2 MVA generators connected to the three highest 

loaded substations (primary substation B, substation 1174 

and substation 5) and, (ii) Mode 2: 1 MVA generators 

connected to all substations. 

Amount of installed solar PV capacity was considered 

as a percentage, in three levels as 100%, 50% and 20% of 

maximum demand. 

Two modes were considered under the criterion of 

operating mode of the network as, (i) normal operating 

mode and, (ii) N-1 emergency operation mode. In both the 

modes, closed ring operation was considered. All the circuit 

breakers in 11 kV network were considered as closed in 

normal operating mode and at the N-1 emergency operation 

mode, the radial feeder B-5 is considered as out of 

operation. Radial B-5 is the highest loaded cable in the 

selected network. Hence, the worst-case scenario is 

considered in N-1 emergency operation. 

Based on the three criteria, 12 scenarios were derived as 

shown in Fig. 5. Each scenario has 24 operating points as 

one operating point for each hour. Hence, to evaluate the 

network for all the scenarios, both power flow and small-

signal analysis were performed for 288 operating points. 

A. Power flow analysis 

PSS/E University 33 software was used for the power 

flow analysis. 

1) Power flow model 

The modified system in Fig. 2 was modeled in PSS/E 

according to the explanation in section II. Primary 

substation B was used as the slack bus.  

 

 
Fig. 5 Derived scenarios 



2) Power flow model validation 

In order to validate the derived PSS/E power flow 

model, it was compared against a time domain simulation. 

The modified network was modeled in Matlab Simulink 

simscape. Diesel generator and solar PV were modeled 

using the three-phase voltage source model in Matlab 

Simulink. Constant PV type generator and constant PQ 

type generator were used for diesel generator and solar PV 

respectively. Loads were modeled by configuring the three-

phase parallel RLC constant PQ type load model. The 

active and reactive power components were configured 

according to the actual data.  

Time domain model for a substation was obtained by 

connecting the diesel generator, solar PV and loads. A 

distribution transformer was introduced to link the 

substation to the primary distribution network.  Distributed 

parameters line model was used to represent the cables by 

configuring the parameters accordingly. The complete 

model was obtained by linking the substation models with 

feeders according to the actual ring. 

Steady state phase voltages of the substations were 

obtained via powergui module in Matlab Simscape. The 

line voltages were calculated accordingly. Then the 

voltages of substations in the Simulink model were 

compared with the same of PSS/E model, which gave an 

error below 1%.  

B. Small signal analysis 

MATLAB version R2018b software package was used 

for the small signal analysis. 

1) Small signal model 

Steady-state equivalent circuit of the generator was used 

for the diesel generator. The cable was modeled as a π-

section. Loads were modeled as shunt constant impedance 

at each substation. Standard simple equivalent circuit was 

used to model the distribution transformer of each 

substation. Grid feeding mode was considered for all the 

solar PV inverters. Hence, the solar PV was modeled as a 

power input, which varies with the irradiance as shown in 

(1), where,  � & ∅�  represent the power & irradiance 

respectively. 

 ���� = 
���∅� (1) 

The small signal model for the complete network was 

formed by integrating the models described above 

according to the test system. 

Bus admittance matrix (Y-bus matrix) of the network 

was obtained as shown in (2).  

 � = � + �� (2) 

where, G & B represent the active and reactive 

components of admittances of each bus. 

Equation (3) is written by applying Kirchhoff’s Current 

Law to the ith node, where, I & V represent the current and 

voltage. ���� +  ���� = ( ��� + � ���). �� .  ���� +  ∑ ( ��� +����, �!�� ���). �� .  ���"    (3) 

Consider the power at ith node as given by (4); 

 �� =   ��  ��∗  (4) 
 

Equation (5) can be derived by substituting the 

expression for the input current in the (3) to (4); 

 
S�'( + S�)* =  V�.  e-./  .  0( G�� − j B��). V�.  e5-./6+ ∑ ( G�7 − j B�7). V7.  e5-.897��, 7!�   (5) 

 

After separating the real and imaginary components of 

(5), the expressions for active (P) and reactive (Q) 

components of power given by (6) and (7) can be derived. ;��� + ;��� = ��� . ��< + ∑ �� . �� [��� cos(A� − A�)����,�!�+ ���  sin(A� − A�)]  (6) 
 F��� + F��� = −��� . ��< + ∑ �� . ��  [��� cos(A� −  A�)����,�!�− ��� . cos(A� −  A�)]  (7) 
 

Small-signal perturbations of ∆�� and ∆A� were applied 

to voltage and rotor angle respectively as shown in (8). Assume when �N = �N + ∆�N  and  AN =  AN + ∆ANThen  ;N = ;N + ∆;N and  FN =  FN + ∆FN R (8) 
 

By applying the perturbed signals in (8) to (6) and (7), 

the expressions shown in (9) and (10) for perturbed power 

were obtained. 

;N + ∆;N = �NN. (�N + ∆�N)2 + ∑ {(�N + ∆�N). �
.V
=1,
≠N[�N
 . cos(AN + ∆AN − A
) + �N
 . sin(AN + ∆AN − A
)]}Z (9) 
 F� + ∆F� = −��� . (�� + ∆��)< + ∑ {(�� + ∆��). ������,�!�[��� . sin(A� + ∆A� − A�) − ��� . cos(A� + ∆A� −  A�)]} \ (10) 
 

Equations (11) and (12) were obtained by solving (9) & 

(6) and (10) & (7) separately. ∆;�  =    ∑ �� . ��. [����,�!� − ���. sin(A� −  A�) + ��� . cos(A� −  A�)]. ∆A� +    {�� . ��� + ∑ �� . [����,�!� ���. cos(A� − A�) + ���sin(A� −  A�)}. ∆��Z (11) 
 ∆F�   =    ∑ �� . �� . [����,�!� ���. ^_`(A� −  A�) + ��� . `NV(A� −  A�)]. ∆A� − { �� . ��� + ∑ �� . [����,�!� ���. ^_`(A� − A�) + ���`NV(A� − A�)]}. ∆��Z (12) 
 

Equations (11) and (12) gives the expression for 

perturbed signal for active and reactive power. They can be 

written in matrix format as shown in (13). 

 a∆;�∆F�b =  cd e^ fg a∆A�∆��b (13) 

where, d = h �� . ��[�
��� − ��� . `NV(A� − A�)  + ���  . ^_`(A� − A�)] 

e = �� . ��� + h �� .�
��� ��� . ^_`(A� − A�) + ���`NV(A� − A�)] 



^ = h �� . ��[�
��� ��� . ^_`(A� − A�)  + ���  . `NV(A� − A�)] 

f = −�� . ��� + h ��[�
��� ��� . `NV(A� − A�) − ���^_`(A� − A�)] 

From (13), an expression was obtained for ∆;� , which is 

given in (14).  

 ∆;� = d ∆A� + e ∆��   (14) 

If generators are considered as current sources, since the 

loads are incorporated inside the Y-bus matrix, then the 

voltages are constant and ∆�� = 0. By applying same to 

(14), and separating the power input by solar PV (;���) and 

the diesel generator (;���), an expression for ∆;���  can be 

obtained as (15). 

 ∆;��� = d ∆A� − ∆;���   (15) 

From the swing equation and considering the 

mechanical power change as negligible as governor 

response is slower than the power angle response, (16) was 

obtained. Where i, j and k  represent the rotor speed, 

angular momentum and damping constant of the generator 

respectively. 

 
l∆m�ln =  − �o� ∆;��� −  ��o� ∆i�  (16) 

Consider the grid feeding mode for solar PV. By 

applying (1) to (16), (17) was obtained. 

  
l∆m�ln =  − po� ∆A� + ��qro� ∆∅� −  ��o� ∆i� (17) 

Rate of change in rotor angle (A) was considered as the 

change in angular velocity as shown in (18). 

 
l∆��ln =  ∆i� (18) 

Equations (17) and (18) were written to all n number of 

nodes as shown in (19). 

 

∆A�s =  ∆i�                                                    ∆Ats =  ∆i�                                                      ∆A�s =  ∆i�                                                   ∆i�s =  − pou ∆A� − �uou ∆i�  + �uqrou ∆∅�  ∆its =  − po� ∆A� − ��o� ∆i�  + ��qro� ∆∅�       ∆i�s =  − pov ∆A� − �vov ∆i�  + �vqrov ∆∅�⎭⎪⎪
⎪⎬
⎪⎪⎪
⎫

 (19) 

Then (15) was written to all n number of nodes as (20). 

 

∆;��� = d ∆A� − 
���∆∅�∆;��� = d ∆A� − 
���∆∅�  ∆;��� = d ∆A� − 
���∆V Z (20) 

Considering the change of rotor angle (δ) and change of 

speed of the generator (ɷ) as the state variables of the 

system and the change in irradiance (∅) as the input of the 

system, the expressions in (19) and (20) were modeled in 

matrix format as shown in (21) and (22). 

⎣⎢
⎢⎢⎢
⎢⎢⎢
⎡ ∆A�s∆A<s…∆A�s∆i�s∆i<s…∆i�s ⎦⎥

⎥⎥⎥
⎥⎥⎥
⎤

=  

⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎡ 0 0 0 1 0 00 0 0 0 1 0.sss . sss . sss . sss . sss . sss0 0 0 0 0 15puou 0 0 5�uou 0 00 5p�o� 0 0 5��o� 0.sss . sss . sss . sss . sss . sss0 0 5pvov 0 0 5�vov ⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎤
 
⎣⎢
⎢⎢⎢
⎢⎢
⎡ ∆A�∆A<…∆A�∆i�∆i<…∆i�⎦⎥

⎥⎥⎥
⎥⎥
⎤

+

⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎡ 00.sss0�uqrou��qro�. sss�vqrov ⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎤
 ∆∅   (21) 

�∆;���∆;<��⋮∆;���
� = [d� d< … d� 0 … 0] 

⎣⎢
⎢⎢⎢
⎢⎢
⎡ ∆A�∆A<…∆A�∆i�∆i<…∆i�⎦⎥

⎥⎥⎥
⎥⎥
⎤

+
⎣⎢⎢
⎢⎢⎢
⎢⎢⎡
−
���−
<��. sss−
���00.sss0 ⎦⎥⎥

⎥⎥⎥
⎥⎥⎤ ∆∅   (22) 

With the (21) and (22), the state space model of the 

system was obtained as shown in (23). 

 
�∆�s � =  [�][∆�] + [�]∆�[∆�] =  [�][∆�] +  [k]∆� R (23) 

where, 

A =  

⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎡ 0 0 0 1 0 00 0 0 0 1 0.sss . sss . sss . sss . sss . sss0 0 0 0 0 15puou 0 0 5�uou 0 00 5p�o� 0 0 5��o� 0.sss . sss . sss . sss . sss . sss0 0 5pvov 0 0 5�vov ⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎤
 ,        B =  

⎣⎢⎢
⎢⎢⎢
⎢⎢⎢
⎢⎡ 00.sss0�uqrou��qro�. sss�vqrov ⎦⎥⎥

⎥⎥⎥
⎥⎥⎥
⎥⎤
 

C =  [d� d< … d� 0 0 … 0] ,        D =  
⎣⎢⎢
⎢⎢⎢
⎢⎢⎡
−
���−
<��. sss−
���00.sss0 ⎦⎥⎥

⎥⎥⎥
⎥⎥⎤
 

 A-matrix in (23) is called as the state transition matrix 

of the system. It is a (�� × ��) matrix. B-matrix in (23) is 

the input matrix of the system. It is a (�� × �) matrix. C-

matrix in (23) is the output matrix of the system. It is a (� ×  ��) matrix. D-matrix in (23) shows the proportions 

of input in output. It is a (�� × �) matrix. Here, n is the 

number of generators in the network.  

 

 
Fig.6 Time domain model of a substation for small signal analysis 



Fig.7 Responses of the generator at substation B for a small perturbation 
(a) stable scenario (b) unstable scenario 

 

 
Fig.8 Frequency response a small perturbation of an unstable scenario 

2) Small signal model validation 

To validate the derived small signal model, the results 

of the model were compared against the results of a time 

domain analysis. Substation model was modified by 

introducing power and frequency measuring devices to the 

power flow model shown in Fig. 6. To model the N-1 

emergency operation a circuit breaker model was 

connected to the feeder B-5. Small signal disturbance was 

introduced by connecting a constant PQ load.  

Initially, the small signal model was transformed to the 

continuous time domain model and step responses for each 

scenario were obtained. A step of 0.01 of the magnitude 

was given to model the small-signal perturbation. Then the 

responses from the simulink model for the small 

perturbation were compared against the step responses of 

the small-signal model.  

Comparisons of the output of primary substation B 

generator for stable scenario is given in Fig 7(a). The step 

response of the derived model for a stable scenario shows 

a decaying oscillation in the output at a magnitude of twice 

the size of the step response. The response of a 1% 

perturbation for the time domain model in the stable 

scenario also shows the same decaying oscillation in the 

output in the magnitude of twice the size of the 

perturbation. 

Comparisons of the output of primary substation B 

generator for an unstable scenario is given in Fig 7(b). The 

step response of the derived model for an unstable scenario 

shows an increasing trend in the generator output. The 

response of a 1% perturbation of the time domain model for 

the same scenario also shows the same increasing trend in 

the output. When evaluating the frequency, it was noted 

that the frequency became unstable under a small-signal 

perturbation in unstable scenarios as shown in Fig. 8.  

Hence, by comparing the step response results obtained 

by the developed small-signal model with the time domain 

responses, and by analyzing the behaviors of frequency, the 

derived small signal model was validated. 

The eigenvalue plot as shown in Fig. 9 was derived for 

each scenario. If all the eigenvalues corresponding to all 24 

hours of one scenario are stable (positioned on the negative 

part of the real axis) the scenario is stable. Else the scenario 

is unstable. 

IV. RESULTS 

A. Power flow analysis 

Power flow analysis were done for predetermined 288 

operating points. Output data of the power flow analysis 

(voltage and the power input of each bus) were used as the 

input data for small signal analysis.  

The results showed that the voltages of buses in N-1 

emergency operation have slightly more deviations than 

same under normal operation. The maximum variation at 

any bus at any given time was less than 0.5% of the nominal 

value. This is a notable improvement of the voltage when 

compared to the prevailing system in open ring without 

distributed generation. The improvement is caused mainly 

due to the distributed generation.  

B. Small signal analysis 

Eigenvalue plots of an unstable scenario and a stable 

scenario are shown in Fig. 9 and Fig. 10 respectively. In 

unstable scenario, some of the eigenvalues are laid on the 

positive part of the real axis.  

Summary of stability analysis of all the scenarios is 

shown in Fig.11. When observing the stable scenarios, it is 

evident that solar integration at any level, even up to 100% 

of the maximum demand is possible for mode 01 operation 

of diesel generators (2 MVA generators connected to the 

three highest loaded substations). It was noted that during 

N-1 emergency operation in mode 02 operation of diesel 

generators (1 MVA generators connected to all 

substations), the system can go unstable under a small 

perturbation irrespective of the amount of solar PV 

connected. The summary is given in Table 2. 

It was noted that the maximum damping ratio of any 

conjugate Eigen value pair at any given operating point is 

less than 0.32% and the amplitude of the oscillation decays 

within 0.05sec (less than 3 cycles). Hence there are no 

dominant Eigenvalues in any stable scenario. 

The 24-hour Eigenvalue plots of stable scenarios, 

depicted that the travel of some Eigenvalues along the real 

axis are higher than the others. These Eigenvalues were 

considered as “critical Eigenvalues,” which poses threat to 

the stability of the system. Then the time where the critical 

Eigenvalue travels closer to the imaginary axis were found. 

These can be considered as the “critical times of day” of 

those critical Eigenvalues.  

 

 
Fig.9 Eigenvalue plot of an unstable scenario 



 
Fig.10 Eigenvalue plot of an stable scenario 

 
Fig.11 Stability of all scenarios 

Table 2 Summary of stability of scenarios 

 

Table 3 Critical Eigenvalues and the critical times for all the scenarios 

 
 

Table 3 depicts the critical Eigenvalues and their 

“critical times of day” for all the scenarios. By obtaining 

the participation matrix of the 10 critical operating points, 

the effective states were obtained. 

It was noted that the rotor angle and the frequency of 

the generators at sub 625 and 364 are the effective states of 

all 10 critical operating points. It can be predicted that small 

perturbations to the system can make the diesel generators 

at substation 625 and substation 364 to be unstable causing 

instabilities in the system in any scenario under mode 02 

operation of diesel generators. These two substations are 

connected at the end of the ring and the distance to the 

second radial feeder is longer compared to other 

substations. When the system enters to N-1 emergency 

criteria, with the disconnection of the radial feeder, the 

aforesaid states change and it might causes the respective 

Eigenvalues with highest contribution being pushed to the 

positive region of the real axis making the system unstable. 

V. CONCLUSION 

This paper evaluated the ability of creating a ring-radial 

connected solar-diesel hybrid microgrid based on an 

existing network for a commercial city with peak day-time 

loading. After evaluating different topologies, it was found 

that, if the network is transformed to a microgrid, it allows 

utilizing solar PV up-to 100% of maximum demand 

without affecting the stability while diesel generator 

connection has an impact on stability of the system under 

contingencies. Among the two modes of diesel generator 

connections evaluated, connection of 1 MVA generators at 

all substations was not favorable for system stability under 

contingencies. Rotor angle and the frequency of diesel 

generators at end substations were found to be critical 

states. When considering the cost involved, even though a 

2 MVA generator is expensive than a 1 MVA generator, 

when compared with the number of generators required to 

meet the demand, space restrictions and as there are no 

major infrastructure requirement, topology where 2 MVA 

generators used at highly loaded substations is 

economically feasible as well. 

The prevailing operating voltage limits in Colombo city 

MV network in open ring is around ±2%, which is well 

within the accepted limit of ±6% given in the distribution 

code. However, power flow results revealed that if the 

system is operated as a ring connected microgrid with the 

distributed generation, the voltage profile improves 

limiting the variation to ±0.5% of the nominal value 

resulting high power quality. 

The research is progressing evaluating the system with 

solar integration above 100% and with improved models 

including excitor and the governor. With the excess solar 

PV generation, energy storage(s) can be introduced to the 

network offsetting diesel generators under techno-

economic considerations.   
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