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Abstract. Thermal power plants are not preferred due to many reasons including the shortage of its resources, 

environmental side effects and the global warning. However, these traditional generation units are essential to 

stabilize the power system and keep the system robust. On the other side, renewable energy resources are relatively 

environmental friendly but it may degrade power system stability. In 2015, renewable energy resources contributed 

by only 0.8% of the total generated and imported energy (19615 GWh) in Jordan. In 2016, a huge number of 

photovoltaic (PV) projects were built and this percentage will significantly increase. In this work, the impact of 

integrating such projects in the Jordanian power system will be studied and analyzed. Besides that, the impact of 

integrating some of the other solar projects will be highlighted. In general, the impact of PV penetration factor on the 

Jordanian power system will be analyzed and some other transmission and voltage profile problems will also be 

highlighted. In fact, solar projects will replace part of the thermal power plants based on the penetration factor of the 

photovoltaic power integration at the utility and the distribution levels. Moreover, this penetration factor will reduce 

the total equivalent inertia and hence the transient stability. In steady state operation, the voltage stability will also 

be considered in this study. 

 

 

1 INTRODUCTION 

In Hashemite Kingdom of Jordan  97% of its energy is imported. This is a critical point and significant challenge 

to Jordan Economy. This problem can grow with the international increase and fluctuation in the oil price. The first 

and essential reaction to this crucial point is to relay on secure local renewable energy resources [1].   

Replacing conventional energy resources with clean and sustained resources is one of the biggest improvements 

to the power systems. In the last decades, many leading countries depend on wind and solar power generation to be as 

significant energy resources. Fossil fuels, such as coal, petroleum and natural gas are the primary sources to the 

traditional thermal power plants [2]. These power plants are not preferred due to the shortage of its resources, 

environmental side effects, and the global warning. On the other side, these generation units are essential to stabilize 

the power system and keep the system robust [3]-[5]. Renewable energy resources are relatively environmental 

friendly but may degrade the power system stability. 

In 2015, renewable energy resources contributed by only 0.8% of the total generated and imported energy (19615 

GWh) in Jordan [1]. In 2016, a huge number of photovoltaic projects were built and this percentage will significantly 

increase. One of these leading project is called Shams Maan, this project is 52.5 MW capacity and will generate around 

1% of the total production.  

In this work, the impact of integrating the Shams Maan project in the Jordanian power system will be studied and 

analyzed. Besides that, the impact of integrating some of the other solar projects will be highlighted. Generally, the 

impact of the PV penetration factor on the Jordanian power system will be analyzed.  Also, some other transmission 
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and voltage profile problems will be highlighted. 

Solar projects will replace part of the thermal power plants based on the penetration factor of the photovoltaic 

power integration and generally the renewable energy integration. This penetration factor will also reduce the total 

equivalent inertia and hence the transient stability. In steady state operation, the voltage stability will also be 

considered in this study. 

These utility level projects are not the only player in photovoltaic penetration factor. The projects at the distribution 

level, especially in the last year, can contribute in this issue and its impact will be considered in this study. These 

distribution projects will be in the load center and most of the utility projects are far away from the load centers. This 

can affect the current electrical network and the future planning. 

In this paper, the impact of high PV penetration on the transmission system will be discussed. Both dynamic and 

static stability will be considered. Based on the power and voltage level, the PV projects can be classified into two 

main categories: 1) Residential (distribution) level PV projects where the power factor is almost unity. 2) Utility 

(transmission) scale PV projects where the reactive power can be controlled. 

The methodology used in this paper will be discussed in the next section. Power system stability will be in section 

three. In section four, the results will be presented and the conclusions will be in section five. 

2 METHODOLOGY 

Since the residential projects will generate only real power, the refection of these project will have an impact on 

the transmission level by increasing the voltage level to some points above the nominal values. Moreover, replacing 

conventional power plants will decrease the equivalent inertia coefficient and this will have a great impact on the 

transient stability. In many research studies, the impact of the PV penetration on the distribution level is ignored. 

Throughout this paper, the accuracy of this assumption will be tested. 

The PV penetration can be defined as:  
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In any area, residential PV project will be seen as one project at 132 KV. The location of this project will be 

assumed in the load center which is the capital city (Amman). The range the residential PV penetration will be assumed 

to be from 2% to 30%.   Then, this study will focus on the following variables as important output variables: 

1. Voltage variation at the transmission level 

2. Reactive power flow 

3. Power  losses 

Since transient stability has more impact on the transmission and generation levels, this study will investigate the 

impact of utility PV projects on transient stability. In utility scale PV projects, one cloud may shade significant part 

of PV farm and it may completely shutdown the station suddenly. The location of these projects will be assumed to 

be located on Ma’an city and AlMafraq city. The disturbances and contingencies considered in this study are: 3-phase 

fault with one line outage, three-phase fault with two lines outage and shading of the entire PV plant. Real and reactive 

power flow, generated reactive power, voltage magnitude, and system frequency will be used to analyse the transient 

stability. 

3 STABILITY ANALYSIS 

Utility PV projects will be connected at 132KV transmission system in Ma'an city and Almafraq city. The output 

generated power is 236.4 MW active power which represents 10% of total generation and 24.6 MVAR reactive power. 

These generation units are PV-buses which have a var limits. Fig. 1 shows a typical control scheme used to control 

the PV utility projects under dynamic stability. 



 

 

 

 
Fig. 1 Typical control scheme for PV with reactive power control 

 

In residential PV projects which can be named as rooftop projects, the point of common coupling (PCC) at 132 

KV can be assumed as PQ-bus which Q = 0 vars in power flow studies and as a load with negative injected constant 

current in dynamic stability. Table 1 shows some information about Jordan national network (2012) 

 

Buses 169 

Branches 249 

Generators 39 

Power Grids 2 

Loads 78 

Load-MW 2931.109 

Load-Mvar 932.241 

Generation-MW 2931.109 

Generation-Mvar 932.241 

Loss-MW 51.7 

Loss-Mvar 761.489 

Table 1  Jordanian national grid information 

4 RESULTS 

Three 132 kV buses where studied for rooftop projects. These three main substations are Tariq, Marka and Bayader 

and located at the main load centers of Amman. The PV penetration increases from 2% to 30% as shown in Table 2 

and the voltage deviation at the 132 kV bus was recorded. 

 

 Penetration Factor 

 0% 2% 4% 6% 8% 10% 12% 14% 16% 18% 20% 22% 24% 26% 28% 30% 32% 

Tariq 0 0.12 0.14 0.22 0.28 0.31 0.33 0.33 0.3 0.26 0.19 0.09 -0.03 -0.07 -0.15 -0.26 -0.5 

Marka 0 0.1 0.12 0.19 0.25 0.28 0.3 0.3 0.28 0.25 0.19 0.12 0.02 -0.01 -0.07 -0.16 -0.36 

Bayader 0 0.13 0.16 0.24 0.31 0.35 0.37 0.37 0.34 0.3 0.22 0.11 -0.02 -0.08 -0.17 -0.3 -0.56 

Table 2  Voltage deviation vat the load centers with different PV penetration levels 

Fig. 2 also shows the voltage variation at these three main substations. It is clear that the maximum voltage variation 

for all substations is related to 13% PV penetration and high penetration may lead to voltage reduction. 



 

 

 

Fig. 2 Voltage variation at different PV penetration levels with static stability analysis.  

 

Fig. 3 illustrate the reactive power generation and consumed reactive power in the lines, the reactive power 

generation decreases to its minimum value until the maximum overvoltage occurred at 13% PV penetration. At this 

penetration level, the system losses are reduced as in Fig. 4. 

 

 

  

Fig. 3 Reactive power generation and consumed MVAR at different PV penetration levels  

 
Fig. 4 Active power losses in [MW] at different PV penetration levels  

 

In transient stability analysis, the solar farm in Ma’an city will be studied with different disturbances. Case 1.1: 3-

phase fault occur on Quewira 132KV bus for 4 cycle then Aqaba–Quewira line becomes out of service and the fault 

is cleared. The results will be used to compare between 0% and 10% penetration factors. The single line diagram of 

the studied area which is shown in Fig. 5. It contains 5 main busses (MA’AN, ALHASA, RASHADIAH, SHADIAH 

and QUEWIRA) which are connected to each other at 132 KV transmission network.  

0

500

1000

1500

0% 5% 10% 15% 20% 25% 30% 35%

gen MVAR

0

50

100

0% 5% 10% 15% 20% 25% 30% 35%

total loss MW

-0.2

-0.1

0

0.1

0.2

0.3

0.4

0% 5% 10% 15% 20% 25% 30%

voltage deviation

tariq marka new bayader



 

 

 
Fig. 5. Single line diagram of the south part of the utility network. 

 

The power angle of Aqaba power plant after the fault is cleared is shown in Fig. 6. The steady state value is 10.5 

degrees and the max overshoot is around 61%. With 10% penetration factor, the steady state value is 14 degrees and 

the max overshoot is around 31.4% as in Fig. 7. The frequency variation was not significant. 

 

Fig. 6. Power angle of Aqaba thermal station with 0% PV penetration 

 



 

 

 

Fig.7 8. Power angle of Aqaba thermal station with 10% PV penetration  

 

Fig. 8 and Fig. 9 show the voltage variation at Aqapa power plant with 0% and 10% penetration factors, 

respectively. More oscillations and longer settling time with 0% penetration factor. Similar behaviour can be obtained 

when two lines are out of service. The steady state value of the rotor angles will be 10.5 and 14 degrees and the 

maximum overshoot are around 76% and 46% for 0% and10 % penetration factors, respectively. 

 

Fig. 8. Voltage magnitude for Aqapa power station with 0%pentration rate  



 

 

 

Fig. 9. Voltage magnitude for Aqapa power station with 10% penetration factor  

CONCLUSIONS 

Steady state stability analysis shows that increasing the photovoltaic penetration level will increase the voltage at 

the point of common coupling of the distribution networks. Excessive increasing in the penetration factor will reduce 

the voltage magnitude and will increase the reactive power demand and as a result, the power losses. In this study, the 

break point where the system has the lowest losses was linked with13% PV penetration. 

In dynamic stability analysis, the voltage fluctuations and the transient voltage profile can be improved with the 

10% penetration factor. The steady state rotor angle of the nearest thermal generation unit will increase with the 

increase of the PV penetration but the maximum overshoot will decrease  
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