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Abstract 

Today’s Grid Code provides a technical guidance on the 
connection of conventional synchronous power plants with the 
power grid. However, with the introduction of non-
conventional energy generation sources, the Grid Code has to 
be revised to cover the connection of renewable energy 
generation systems such as solar PV plants and wind farms with 
the power grid. Deterministic planning studies for the 
integration of conventional power plants have been developed, 
widely tested, and further proved the robustness of the 
framework. However, with the fast adoption of utility scale 
renewable generation plants, solar PV plant in particular, the 
conventional planning framework is no longer comprehensive. 
Hence, this paper presents a new planning framework that is 
suitable for solar PV plant integration. This framework consists 
of several steps to be taken by system planners to test and 
determine the impact of a particular Solar PV plant integration. 
Several necessary technical studies should be taken into 
consideration in this framework. Additionally, this framework 
ensembles different assessment approaches in transmission 
planning processes to make sure the integrity of the grid with 
Solar PV plant integration. 

Keywords: Renewable Energy; Solar PV Plant; Steady State; 
Dynamic Studies; Resource Planning. 

 

INTRODUCTION 

The demand of electric energy has increased worldwide. In 
conventional way, providing electrical energy has been carried 
out by converting energy resources such as coal, oil, etc. into 
electricity. The generated electricity moves to transmission 
substations through transmission line. Then, the power is 
distributed to end-users where loads are. As the population 
increase, the need of power increases. This requires 
infrastructure upgrade [1].  

Renewable energy has emerged as an excellent energy solution 
to the energy shortage in the world accompanied with high 
fossil fuel prices and depleting fuel reserves. Despite the 
economical and long term strategic benefits, renewable energy 
is yet to take a significant part of the energy mix in many 
countries, as they cannot be dependent on for power 
requirement all the time. Hence, it is imperative along with the 

increase use of utility scale solar PV plants, the reliability and 
flexibility of the power system should be insured. As presented 
in figure 1, the growth record of the global solar PV capacity 
was about 227 GW in 2015 [2]  

 

 
Figure 1. Solar PV Global Capacity by countries, 

2005-2015[2] 

 

On the other hand, Planning engineers are responsible for 
making sure that the criteria are adequate for reliable operation 
of the system. The experience of other engineers is used to 
evaluate the criteria and how it is suitable to the grid, with other 
experience that could be taken from other countries such as 
North America, Britain and other countries. One of the most 
important thing that the power system should have the ability to 
serve loads in the normal condition and abnormal conditions. 
The technical work and reliability are the most two important 
points that the planner must try to balance between them when 
start to build a new substation. The grid must be able to face any 
changes that could happen such as losing generator or a 
transmission line. System planners must make sure that the 
power system will be capable to integrate with new substation 
without harming the grid. The voltage and thermal limits of the 
equipment’s must be in the limit of the criteria. [3]. 

A literature review of some studies and experiments of adding 
renewable energy to the system are discussed in the following 
section. In section III, the development of the generic planning 
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framework is discussed. Expected production analysis of a site 
and solar PV plant models are briefly discussed in section IV. 
Then, study assumptions and methodology of using commercial 
grade software is presented in section V. Then, case studies 
using developed framework are presented. In section VII, 
conclusion and future work are discussed. 

 

LITERATURE REVIEW 

System planning framework has been discussed in the literature. 
Jibo j et al. have showed the important of planning and how to 
raise the reliability of the power system. They have discussed a 
case study considering renewable energy integration that can 
help the planner in balancing economy with reliability [4]. On 
the other hand, the concept of capacity credit has been discussed 
by Chao Yan et al. and concluded that it is one of the most 
generally used to quantitatively renewable vitality in existing 
works [5]. In addition, this term is regarded as an index that can 
help in measuring the reliability value of renewable energy in 
the power system during planning stage. In an attempt to assess 
and analyze the impact of large level of renewable energy 
pentation on the UK grid, Thomson et al. have conducted a 
study [6]. This study has shown the impact of high penetration 
on the grid. To discuss system studies requirements, Marcos A. 
in [7] has discussed the important of a steady state analysis in 
transmission system planning based on the criteria of the latest 
TPL-001-4 NERC Standard. This work developed general 
software programs to facilitating the performance of such 
contingency studies based on the latest Transmission System 
Planning Performance Requirement standard. Solar forecasting 
and solar PV plant location are also important factors need to be 
taken into consideration during planning stage. In this regard, 
Shi et al. have discussed this issue and determined how 
important this is. They have also identified that this may result 
into large financial loss due to lack of solar forecasting accuracy 
[8].  

The methodology of calculating the short circuit for 
conventional synchronous generator is addressed. However, 
when considering renewable energy, the task of computing the 
short circuit is a more difficult task [9]-[10]. In attempt to solve 
this,  

In [11], Yan Li et al. Have showed the transient model 
simulation to the performance grid connected PV systems. It 
showed the dynamic and voltage power flow caused by 
radiation of the utility. As result from simulation we can 
concluded that the model is sufficient to explore the transient 
power injection of the power system grid that connected PV 
systems, voltage will be affected by the site location and power 
injection of the PV. 

 In [12], Darie et al showed a summery PV integration in 
Europe and North America. The study addressed opportunities 
associated with renewables that can be used such as reactive 
power capability and frequency control. Additionally, in [13], 
Malefliet B et al. have discussed about the renewable energy 
through the experience that they have in Europe of how to allow 

a massive integration of renewable energy to the system without 
any damaging of the security of supply. To reach that strong 
grid they mentioned that the grid has to be in good condition 
with higher integration and keep the cost in the limit that 
everyone can participate and use renewable resources.  

 

PROPOSED GENERIC PLANNING FRAMWORK 

A. Description of the Proposed Planning Framework 

Planning Power system studies included of studies for one to 
ten years or more. The aim of planning is to decide from the 
beginning of adding a new substation or upgrading existing one, 
to make the grid more stronger and fit with the changing in the 
grid that due to the growth of cities or for new projects.    

Network planning roles are to review and comment on 
substation load forecast:  

I. Transferring the load from the overloaded zone to 
another one.  

II. Propose new substations and reinforcement of existing 
ones. 

III. Propose alternatives for connecting new substations to 
Transmission network,  

IV. Development of the connection plans to connect the 
new substation to the grid either high voltage or extra 
high voltage. 

To make thing clear and in order that every user can follow a 
track that can help of the decision of building new substation or 
not. There are many ways of doing framework. Here we will 
arrange our framework which focusing on how to build a new 
PV substation and integrate it to the grid. The main reason of 
the framework is to keep you focusing on your goals. The 
framework shows elements of plan and clear way to reach the 
goal. The framework will make planner engineer to understand 
all the steps and make the right decision of integrate a new PV 
to the grid or not.  

The most important point in our framework as shown in figure 
2. is focusing on Load Capacity Analysis (LCA). it is clear that 
if the gathering information of the load capacity data of each 
substation is wrong so all the other steps will be affected. The 
first step of analyzing the data will make everything clear of 
starting the journey of establishing a new PV substation or not.  

Gathering the climate data will be the next step. After analyzing 
the data of the selected zone that need to improve by adding a 
new substation it is the time to securing the land.  

The technical study will take a part of our framework by 
studying the grid before and after adding the PV substation to 
the grid. Steady state, dynamic and short circuit will be the main 
technical things that we need to study.   

At the end It will be clear that if adding a new PV substation to 
the grid is sufficient or not. The decision will be clear after 
doing all the steps.    
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B. Solar PV Related Data Gathering 

To execute the framework, we need to understand the sources 
of solar data, yield assessment, and hourly production profile.   

1) Solar Data 

The data needed for helping in solar production such as mainly 
irradiation and average temperature, can be obtained from many 
sites and applications. To extract solar irradiation data we can 

use free or commercial grade data sources available to the 
public such Meteonorm [14]. Some data sources present reliable 
data with sophisticated calculations and tools. Values of Global 
Horizontal Irradiation (GHI), Direct Normal Irradiation (DNI), 
Diffuse Horizontal Irradiation (DHI), Ambient Temperature, 
and others (can be obtained from these sources. 

 

 

 
Figure 2. Proposed Generic Planning Framework 
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2) Yield Assessment  

Yield assessment of the selected site can be obtained using 
public or commercial grade software. These software allows to 
study and design photovoltaic systems. Some of these software 
present results in the form of a full report, specific charts and 
tables, and data can be export for use in any other software. In 
addition, they allow for studying the solar PV production taking 
into consideration of the characteristics of the plant components 
and take into account the losses that may occurs due to shading 
losses, reflection losses, irradiation losses, temperature losses, 
mismatch losses, wiring losses, and inverter losses. These losses 
can be unexpectedly large and impact the output of the solar PV 
plant.  

3. Hourly Production profile 

Run of the mill day by day generation profiles it is necessary to 
characterized for every long stretch of the year. The daily 
profile is the results that we need to analyze. Every planner can 
build their hourly profile and obtain the daily average 
production.  

 

C. Utility-scale Solar PV Modeling  

Solar PV module can be represented as the circuit that shown in 
figure [3]. This common model considers solar PV module as 
an equivalent with one diode. Other models exist in the 
literature where the solar PV model is represented by more than 
one diode [15]. 
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Figure 3. PV equivalent circuit [15] 

 

The voltage-current (I-V) characteristic of this circuit used to 
describe PV module performance is described as:  

𝐼 = 𝐼𝑝𝑣 − 𝐼0 [𝑒
(
𝑉+𝐼𝑅𝑠
𝑛𝑉𝑇

)
− 1] −

𝑉+𝐼𝑅𝑠

𝑅𝑠ℎ
  

where 

IL: it is the current that generated by light (A), 

I0:  it is the current diode of the saturation reveres (A), 

Rs : it is the module resistance (Ω), 

Rsh : it is the module shunt resistance (Ω),  

Ns: it is number of cell in series,  

VT: it is the voltage thermal. 

The parameters (IL, I0, Rs, and Rsh), are vary with temperature 
and irradiance. Each PV panels is grouped in one large PV 
generator with capacity equal to the plant capacity in MW and 
the equivalent of the inverter transformer is set up accordingly. 
Data for the inverter transformer comes from data sheet of 
manufactures. The module of PV generator is already built in 
many software programs such as PSS/E, –Power Word and E-
tab. System planning engineer can use any of the suitable 
programs. Based on international regulatory authority for 
reliability of the bulk power system in North America (NERC), 
the power factor should be set on 0.95 [16].    

 

D. Studies and analyses techniques.  

In this section, technical studies and required analyses are 
presented.  

1) Techniques: 

To determine the viability of solar PV integration , steady state, 
dynamic and short circuit analysis, short circuit studies should 
be carried out using the actual power system. It is recommended 
that system planner to use a commercial tool that is validated 
and widely used in this type of studies.  By using software 
PSS/E (Power System Simulator for /Engineering). The 
algorithm that used for Steady state and Dynamic is given in 
flowchart figure 4. 

a) Steady-state analysis   

Steady state analysis is to estimate the voltage violation of the 
grid with studying the thermal limits of the equipments. This 
study is very important to know how strong of the system and 
to know the situation of the grid before adding any new 
substation to it.  The results will represent the Thermal loading 
and Voltages violation if occur. 

The contingency that will apply in this study are: 

 N-1: Single contingency consists the losing of a generator 
(including renewable resource generation) or single 
element in the transmission such as OHL circuit, 
transformer underground cable, converter, one pole of a 
DC circuit, reactor, capacitor or other reactive power 
compensation devices. 

 N-2: Double Contingency is only applied on the meshed 
EHV network and involves loss of two EHV overhead 
lines (circuits), loss of two EHV and HV overhead lines, 
AC or DC, sharing the same towers for 5 km or more. 

 we can see some of the internationals criteria [17] as a 
summary in several countries as shown in table-1 
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Table 1: International Summery Criteria 

 
 

b) Dynamic-state analysis   

The dynamic analysis testing the response of the fault of three 
phase condition inspects the critical fault clearing time (CFCT) 
[18]. The CFCT is the maximum time during a disturbance can 
occur without losing stability of the system. In order to test the 
integration of adding a PV into the transmission grid. The 
duration of fault was about of 7cycles in HV and 5 cycles in 
EHV. In our study we will focus on: Voltage, Frequency and 
machine angle. 

c) Short Circuit Studies 

Short circuit studies are required for system planning primarily 
to determine switchgear ratings, relay settings, voltage drop 
during starting motor, interference investigations and ground 
potential rise calculation. Calculated maximum fault current are 
nearly always required. In some cases, the minimum sustained 
values are also needed to check the sensitivity requirements of 
the current-responsive protective devices. 

 

2) Study assumptions: 

The following criteria have been considered in order to assess 
the:   

a) static security of the: 

i. The voltage profile shall be determined and specified 
according to local grid code. For example, in Saudi 
Arabia, the grid code specifies that the voltage 

variation during normal condition is within ± 5% on 
the HV and EHV network and ± 10% under emergency 
conditions.  

ii. In normal condition, the reactive production of 
generating units shall be limited to50% of the 
maximum reactive capability. In general under-
excitation of generating units should be avoided and in 
any cases limited to 25% of the minimum reactive 
capability. 

iii. The tap changer of step up transformers can be 
adjusted (Locked/fixed not regulating mode) to allow 
the operation of generators within the limits mentioned 
at points 1and 2. 

iv. 132/380 kV transformers are kept at nominal tap as 
much as possible. All transformers at load level are 
limited to ± 5%. 

v. The SVC shall be normally operated avoiding reactive 
production in the reference cases. 

vi. All shunt capacitors or reactors are controllable, except 
line reactors. 

vii. In contingency, it is admitted an overload of 110 % for 
overhead lines and 115 % for power transformers. 

b) Dynamic studies,  

The following assumptions are considered: 

i. Neither sustained nor increasing oscillations of the 
rotor angle are generated for any machine of the 
system.  

ii. No loss of synchronism among machines is detected. 
iii. No sustained voltage oscillations or voltage collapses 

are detected. 
iv. Voltage dose not remains below than 0.7 pu for more 

than 0.4 seconds and below than 0.9 pu for more than 
1.0 seconds. 

 

CASE STUDIES 

For implementation the proposed framework, the grid used in 
these case studies before and after adding the PV substation step 
should be examined. Results shown are after integrating the 
solar PV. Two different power systems are used as case studies:  

 Large system: this system is interconnected with 
installed capacity is over 70 GW and 104 units.  

 Small system: this system is isolated with installed 
capacity of 315 MW and 7 units.  

Two different cases are considered to each of one of the power 
system: 

 Maximum Case (maximum forecasted load) 
 Minimum Case (minimum forecasted load) 

Results of steady state, short circuit, and dynamic are presented.  
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Figure 4. Flowchart of Steady state analysis and Dynamic 

analysis by using the PSS/E. 
 

E. Large system 

In this case, it is assumed that the solar PV plant size is 300 
MW. Part of the single line diagram is shown in figure 5, where 
the solar PV plant is connected at bus 2.  

A.  
Figure 5. Large system integration with PV substation. 

 

1) Steady State   

Steady state analysis is to calculate the voltage violation on the 
grid with studying the thermal limits of the equipment. In this 
case, the contingency condition of N-1 and N-2 are studied only, 
which are needed in planning long term stage. The study covers 
both cases of maximum load and minimum load, 

 

 Normal Condition: 

No violation was observed on the system for thermal limits 
and voltage violation. Results of this condition are 
summarized in Table 2.  

 

Table 2. Normal Condition results 

  
 

 (N-1) Contingency Condition: 

The system thermal limits and voltage violation have been met. 
This test results are presented in Table 3.  

 

Table 3. N-1 One Transformer out  

 
 

 (N-2) Contingency Condition: 

No violation was observed for thermal limits and voltage 
violation. Results of this case are summarized in Table 4. 
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Table 4. N-2 Two Lines out between Bus X to Bus Y. 

 
 

2) Short Circuit  

Since this power system has two different high voltage 
substation levels 110 kV and 380 kV, the short circuit studies 
are performed for the two voltage levels, especially on the 
required buses. For the voltage level 380 kV (max and min) 
results are shown in Tables 5 and 6. It is noticed that with the 
integration of 300 MW solar PV, results are within the limit. 

Table 5. Maximum short circuit on 380 kV buses. 

 
 

Table 6. Minimum short circuit on 380 kV buses. 

 
 

For the voltage level 110 kV (max and min) results are shown 
in Tables 5 and 6. It is noticed that with the integration of 300 
MW solar PV, results are within the limit. 

Table 7. Maximum short circuit on 110 kV buses 

 

Table 8. Minimum short circuit on 110 kV buses 

   
 

3) Dynamic Analysis  

Because the system consists of extra voltage (380 kV) and high 
voltage (110 kV) substations, it is necessary to perform the 
study on extra high voltage buses. Also, it is required to do 
dynamic study in high voltage buses, but only in some of 
conditions such as the generation side is directly connected to 
the high voltage grid. Transient stability study was performed 
on the extra high voltage side with 5 cycles for maximum case 
and minimum case.  

 

a) Voltage response 

During the fault, all the voltages dropped down to low value. 
After recovering from the fault, it is showen that all voltages 
returned to the limitation range of the voltage per unit. Figure 7 
shows the response of the voltage waveform. 

 
Figure 7. Voltage response big system for Max and Min 

cases. 

 

b) Frequency response 

The frequency response is clearly that it is increased and then 
decreased in a fluctuated shape. After fluctuation, the frequency 
is back to steady state limits as shown in figure 8. 

 

Bus Name

Breaker 

Rating sym 

(KA)

Isym 3ph (kA) Isym 1ph (kA)  X/R

X PV EHV 63.00 14.63 12.05 22.69

Y S/S 63.00 17.68 16.16 23.58

Z S/S 63.00 15.56 13.29 22.77

J S/S 63.00 16.98 15.70 23.79

K S/S 63.00 24.20 19.59 25.93

L S/S 63.00 29.37 29.32 33.60

Bus Name

Breaker 

Rating sym 

(KA)

Isym 3ph (kA) Isym 1ph (kA)  X/R

A S/S 40.00 27.37 29.31 55.35

B S/S 40.00 25.83 26.73 49.48

C S/S 40.00 17.38 12.80 21.71

D S/S 40.00 21.76 24.03 29.93

E S/S 40.00 9.82 5.06 13.82

G S/S 40.00 15.65 9.45 17.89

Bus Name

Breaker 

Rating sym

 (KA)

Isym 3ph (kA) Isym 1ph (kA)  X/R

A S/S 40.00 23.54 24.72 44.59

B S/S 40.00 22.37 23.19 41.59

C S/S 40.00 15.29 11.37 20.90

D S/S 40.00 18.92 20.53 27.58

E S/S 40.00 8.85 4.58 13.74

G S/S 40.00 14.04 8.53 17.61
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Figure 8. Frequency response big system for Max and Min 
cases. 

 

c) Machine Angle 

The machine angle during the three-phase fault slightly 
fluctuates until it comes back to the steady state limits as shown 
in figure 9.  

 
Figure 9. Machine Angle big system response for Max and 

Min cases 

 

F. Small System  

In this case, it is assumed that the solar PV plant size is 50 MW. 
The single line diagram is shown in figure 10. The solar PV 
plant is connected directly to 132 kV.  

 
Figure 10. Small system integration with PV substation. 

1) Steady State  

In this case, the contingency condition of N-1 and N-2 are 
studied only, which are needed in planning long term stage. The 
study covers both cases of maximum load and minimum load, 

 

 Normal Condition 

No violation was observed on the system for thermal limits and 
voltage violation as shown in Table 9. 

Table 9. Normal Condition results 

 
 

 (N-1) Contingency Condition 

No violation was observed on the system for thermal limits and 
voltage violation as shown in Table 10. Also, other cases of N-
1 contingency have no violation on voltage. 

 

 Table 10. N-1  Line between APP to X out  

 
 

 (N-2) Contingency Condition: 

No violation was observed on the system for thermal limits and 
voltage violation as shown in Table 11. Also, other cases of N-
1 contingency have no violation on voltage.  

 

Table 11. N-2 Two Lines out between Bus A pp to Bus B
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2) Short Circuit  

Small system consists only of a high voltage and medium 
voltage. Results of high voltage substation only are shown in 
Tables 12 and 13 for maximum and minimum cases. 

 

Table 12. Maximum short circuit 

 
 

Table 13. Minimum short circuit 

 
 

3) Dynamic Analysis  

Because the system consists of extra voltage (380 kV) and high 
voltage (110 kV) substations, it is necessary to perform the 
study on extra high voltage buses. Also, it is required to do 
dynamic study in high voltage buses, but only in some of 
conditions such as the generation side is directly connected to 
the high voltage grid.  

Small system is directly connected to the generation side 
through high voltage transmission substations. It is required to 
do the transient study on the high voltage side while there are 
no extra high voltage substations in this isolated grid. Transient 
stability study was performed on the extra high voltage side 
with 7 cycles for maximum case and minimum case. 

 

a) Voltage response 

During the fault, the voltages response of the PV bus and other 
buses. when the fault occurs, all the voltages dropped down to 
low value. After recovering from the fault, it is shown that all 
voltages returned to the limitation range of the voltage per unit 
as shown in figure 11. 

 
Figure 11. Voltage response small system for Max and Min 

cases. 
 

b) Frequency response 

The frequency at the faulted point increases to reach almost 61.5 
Hz for maximum case and then slightly back to the normal 
situation. On the other hand, it is clear that frequency in 
minimum case, is not stable even after oscillates. It is rapidly 
going to increase which telling that, frequency is affected due 
to of large PV MW (huge penetration) causes increasing in 
frequency as shown in figure 12. 

 

 
Figure 12. Frequency response small system for Max and Min 

cases. 
 
 
 
 
 
 

Bus Name

Breaker 

Rating sym

 (KA)

Isym 3ph (kA) Isym 1ph (kA)  X/R

A PP 40.00 11.75 14.21 60.91

B 40.00 10.28 11.00 35.95

C 40.00 7.92 7.15 21.65

X PV 40.00 11.35 13.75 54.66

POINT B 40.00 10.08 10.82 35.31

POINT C 40.00 10.01 10.76 35.12

POINT A 40.00 8.36 7.87 23.83

Bus Name

Breaker 

Rating sym

 (KA)

Isym 3ph (kA) Isym 1ph (kA)  X/R

A PP 40.00 4.55 6.25 68.01

 B 40.00 4.08 4.93 41.49

C 40.00 3.76 4.20 32.41

X PV 40.00 4.48 6.15 64.32

POINT B 40.00 4.07 4.91 41.25

POINT B 40.00 4.04 4.88 40.98

POINT A 40.00 3.76 4.22 32.81



International Journal of Applied Engineering Research ISSN 0973-4562 Volume 13, Number 11 (2018) pp. 9730-9740 
© Research India Publications.  http://www.ripublication.com 

9739 

c) Machine Angle 

The machine angle during the three-phase fault, slightly 
fluctuate until it back to the steady state limits as shown in 
figure 13. 

 
Figure 13. Machine Angle small system response for Max and 

Min cases 

 

As it can be seen from the results of the study that under normal 
condition and on all contingencies conditions the system still on 
the limitation of the criteria and no violation was observed. That 
is due to how strong the system is before adding solar PV plant. 
On the short circuit, all of the cases were on the limitation of the 
breaker. On the dynamic study with big system there was not 
any disturbance in our grid. Reason of that because the system 
is large, and it will absorb the power that come from the PV 
plants. It was observed that only with a small system and with 
full power comes from the renewable side causes problems to 
the isolated system in the minimum load case, due to a higher 
penetration. On other cases of 380 kV and above, it is needed to 
study N-2 trip lines on dynamic.  

 

CONCLUSION 

The framework is considering as a guideline to reach the goal 
of the decision of making the integration of the PV substation 
to the grid or not. It is important for the user to go through the 
framework step by step respectively. The decision of integrating 
a new substation is go through many points, such as: 1) 
gathering the climate information (how much MW it could 
produce), 2) load capacity analysis data. it shows the deficit at 
each substation. Based on the LCA, developing a new PV 
substation or not decision can be made. 3) technical study is 
taking a part of the integration of the new substation or not. 

Before starting any project, the criteria should be our limitations 
on the simulation results and then we will consider the cost. In 
that way it will give the best outcome results. System reliability 
can be improved by increasing investments in the planning or 
in the stage of operating. Utilities normally seek to optimize 
their system development plans to avoid over/ under 
investment. Over investment will lead to higher cost, while 
under investment can lead to low reliable grid. It is always a 
challenge for utilities to strike a Balance between these two 
aspects.  
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