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Abstract

:

This paper proposes the impact of plug-in electric vehicles (PEVs) integrated into a power distribution system based on voltage-dependent control. The gasolinegate situation has many people turning to electric vehicles as a more environmentally friendly option, especially in smart community areas. The advantage of PEVs is modern vehicles that can use several types of fuel cells and batteries as energy sources. The proposed PEVs model was developed as a static load model in power distribution systems under balanced load conditions. The power flow analysis was determined by using certain parameters of the proposed electrical network. The main research objective was to determine the voltage magnitude profiles, the load voltage deviation, and total power losses of the electrical power system by using the new proposed methodology. Furthermore, it investigated the effects of the constant power load, the constant current load, the constant impedance load, and the plug-in electric vehicles load model. The IEEE 33 bus system was selected as the test system. The proposed methodology assigned the balanced load types in a steady state condition and used the new methodology to solve the power flow problem. The simulation results showed that increasing the plug-in electric vehicles load had an impact on the grids when compared with the other four load types. The lowest increased value for the plug-in electric vehicles load had an effect on the load voltage deviation (0.062), the total active power loss (120 kW) and the total reactive power loss (80 kVar), respectively. Therefore, this study verified that the load of PEVs can affect the electrical power system according to the time charging and charger position. Therefore, future work could examine the difference caused when PEVs are attached to the electrical power system by means of the conventional or complex load type.
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1. Introduction


The transportation sector has become one of the main areas of energy consumption and has had a high impact on electrical power source sectors. Moreover, there have been several studies of new load characteristics that exist in electrical power systems. The plug-in electric vehicle (PEV) is a new electrical load type that is considered an emerging load in the focus area. The usage of PEVs has increased due to their low carbon emissions, promotion by governments, or privileges into certain special areas. The advantage of a PEV is that it utilizes both a fuel cell and battery as the energy source. The battery energy storage selected for use in PEVs can be converted and combined with the power to the traction motor drive systems. The AC-DC converter has been used to convert electricity from the electrical power system to the battery as the charging state when the battery has a low level state-of-charge (SOC) [1]. Generally, the PEV charging condition is defined in normal charging mode for consuming electricity energy. The increasing penetration of PEVs will be connected to each household and consume energy as shown in Figure 1. Interestingly, the recharging condition of the PEV battery has been taking place on the grids simultaneously, so the power system will be impacted.



Meanwhile, the impact of electric vehicles on fast charging reduces the system voltage stability. Charging the battery depends on the charging type of the EVs battery installed at the charging stations [2]. Energy sources need to be supported under the power requirements of electrical equipment when the system is installed. Generally, the energy sources can be generated from conventional energy sources combined with renewable energy sources [3]. Therefore, a risk assessment was created for the electrical system using the charging behavior of electric vehicles. This can reduce the risk assessment on the power distribution system [4]. Both battery electric vehicles (BEVs) and plug-in hybrid electric vehicle loads (PHEVs) have been presented by considering the effect on vehicle-to-grid.(V2G) and grid-to-vehicle (G2V) power curves in terms of power demand [5]. The different level of penetration of BEVs and EVs will be directly impacted by the power demand response. The optimal management of charging should be considered under the demand response condition. The other uncertain propagation of charging from PEVs is affected by the aging of the power transformer. One type of methodology from smart charging is the coordinated charging of plug-in hybrid electric vehicles (PHEVs) that can reduce distribution system losses [6]. The literature [7] proposed an objective function from the triangle equivalence of losses, and load factor and load variance were used to find the optimal conditions on the PHEVs demand load profiles. Furthermore, the electrical power system networks were connected through a transmission lines system so that the distribution feeder reconfiguration could be adapted to manage the energy consumption from the PHEVs. This method can reduce the expected costs and total power loss reductions from the variance of penetration level of the PEVs in the electrical power system [8]. Additionally, the user’s benefits are becoming key issues to manage in terms of cost reduction which can be reduced battery capacity degradation, electricity cost, and the waiting time of charging queues at charging stations. Thus, the charging management should be controlled by optimal charging scheduling of EVs and provide maximum benefits for EV owners [9]. The aggregated EV charging demand needs to be determined and investigated in terms of any uncertain patterns of EV load in the electrical power system that are relevant to an agent-based approach. The agent-based approach consists of an EV type, battery and charging process, charging infrastructure, mobility, and society. Monte Carlo techniques were used to define the charging demand and charging scenarios, which revealed voltage profiles reduction during peak demand charging and should be controlled for the condition of balanced and unbalanced loads [10,11,12]. Consequently, the PEVs can reduce the impact from charging mode at the same time or in the same power transmission line by using V2G technology and in combination with smart grid control [1,13,14,15,16,17]. The smart grid control concept is needed to manage all the relevant areas in optimal condition such as power sources, transmission system, distribution system, user benefits, and economics [18,19,20]. Moreover, fast charging station in urban dwelling areas can be impacted by the electrical power system under conditions of voltage drop, transmission line loading, transformer loading, peak demand, and increase of total power loss [21,22]. Therefore, the electrical power system needs to be managed to reduce the factors that limit its capacity to provide sufficient energy. Interestingly, the electric vehicle integration in demand response (DR) programs can manage energy consumption at the customer side of the meter which can reduce peak demand and price volatility by utilizing smart grid enabling technologies. Moreover, the charging and discharging of EVs from the DR programs could be identified and evaluated in optimal conditions for the customer type in terms of DR programs and DR potential benefits [23]. Therefore, optimization techniques are applied to find the optimal solution to problems that affect the PEVs increase and high consumption of energy from the electrical power system networks [9,24,25,26]. Meanwhile, many current PEVs have been provided for users to replace the old internal combustion car, which are produced by different brands in the market. Furthermore, the Li-Ion battery is a popular and high-power density that is used in each PEV such as the Toyota Prius (PHEV2012), Chevrolet Volt, Mitsubishi i-MiEV, Nissan Leaf, and Tesla Roadster. Comparatively, the PHEVs and BEVs are a subset of the manufacture of PEVs with a higher distance efficiency as described in [27]. The authors in [28] executed V2G using bi-directional power flow and emergency power backup to reverse energy from the PEV’s battery to the apparatus of the house. However, the process of operating in V2G mode can increase battery wear and shorten the battery life. Therefore, the V2G setup needs to be managed in optimal condition and provide important services as well as balance renewable peak and bulk storage. The charging scheme and configuration of several PEVs are described in the International Electrotechnical Commission Standard (IEC 61851-1) and Society of Automotive Engineers standard (SAE J1772). Charging mode was defined in connection mode of DC power and AC power based on the battery charger and the position of charging such as normal charging mode used in residential distribution network. Therefore, the standard charging power levels of the IEC 61851-1 and SAE J1772 standard were used in private sectors, domestic environments, or public areas shown in Table 1 and Table 2 as follows [17,29].



The PEV is a general term for any car that runs on battery energy storage and is recharged from the electricity grid in house hold. The PEV consists of battery electric vehicle (BEV) and plug-in hybrid vehicle (PHEV). The distance of PEVs driving has been defined based on battery sizing in kilowatt-hours (kWh) and rang of the electric (miles). For example, a PEV may be defined as a 53-mile Chevrolet Volt plug-in hybrid electric vehicle (PHEV) with 18.4 kWh battery. Meanwhile, a 335-mile BEV has been introduced, the Tesla model 3 100D with a 100 kWh battery, as shown in Table 3 [30].



Table 3 shows the comparison of some PEV types and technologies from manufacturers around the world. There are defined based on the type of PEVs, battery size, electric motor/engine, range of electric driving, and charging rate of charger. Moreover, the battery capacity of PEVs related to PEVs driving distance that used energy source from the battery. The biggest motor sizing of BEV is the Tesla which is 3 long range model (202 kW), while the PHEV is Honda with Clarity Plug-In Hybrid model (135.2 kW). The sizing comparison of battery capacity was found that the maximum capacity of BEV is Tesla (model S, option 100D and P100D, or model X, option 100D and P100D rated 100 kWh) and the maximum capacity of PHEV is Chevrolet (model Volt rated 18.4 kWh).



The general practice of power flow study is to present the composite load characteristics at the point of common coupling of an electrical power system network. Meanwhile, the electrical load models consist of the static load model and dynamic load model. Therefore, the static load model is selected in static analysis for solving the power flow analysis using the conventional load    (  Z , I , P  )    to represent each load model in the electrical power system [32]. The static load model consists of voltage dependency and frequency dependency of the load characteristics [33]. The battery charger in normal mode charging is represented by the characteristics of the PEVs, which is described in an exponential load by laboratory testing [34]. Many researchers have studied and found the impact of the PEVs on the electrical power system network as discussed in previous paragraphs, but they did not clarify and consider the actual behavior of the PEVs under voltage-dependent power flow analysis. For this reason, this article is going to investigate the PEVs load model based on the exponential load characteristics by considering the static load base. The PEV was defined in the behavior of general charging in normal charging rate that used the average value of charging rate remain about 1.2–3.7 kW of the PEV charger from Table 3. It means that the charging process took long time to charge the battery. Therefore, the charging levels of battery were defined on Mode 1 (IEC61851-1) or AC level 1 to 2 (SAE J1772) at standard outlet. However, PEV can generally be battery charge in Mode 1. There are consuming low power at 120–240 V range of the household and public area. So that, the load types were defined as a balanced load system that used for solving the impact from conventional load and PEVs to the electrical power system.



The structure of the paper is as follows: the load flow study (LF) for power flow analysis is presented in Section 2, as well as the proposed conventional load    (  Z , I , P  )   ; PEVs based on static load models are presented in Section 3. Section 4 presents the total power losses in the electrical power system. The test radial distribution system is provided in Section 5. Section 6 proposes the simulation results and explanation. Finally, the conclusions and discussion are given in Section 7.




2. Proposed Load Flow Study and Formulation


The load flow study (LF) is very important in the planning of modern electrical power systems. In order to improve the existing system and it is pertinent to consider some of the issues that may affect the planning design, operation and control parts. The key point of LF the power system network is to use it to solve the steady state solution, which provides the information on voltage magnitude and phase angle, active and reactive power flow and total power loss. To understand the impacts of PEVs on the low voltage network (LV), it was defined as the amount of PEVs and behavioral uncertainties in a static power flow analysis framework from the proposed approach. The static power flow analysis was applied based on the voltage-dependent power flow that used to solve the impact form the load types. The PEVs were defined under the normal charging mode of the battery charger. The solving methodology is relevant based on three delivered metrics: the bus injection to branch injection matrix    [   B I B C   ]   , the branch current to bus voltage matrix    [   B C B V   ]   , and the current injection matrix    [  I  ]   . This section applied the PEV’s load and analyzed the impact on the electrical power system as follows.



The    [   B I B C   ]   ,    [   B C B V   ]   , and    [  I  ]    were simplified to analyze the radial distribution network (RDN) and could be adapted to the PEVs load into the algorithm [35]. Basically, the component of complex power load    (   S k   )    and injection current    (   I k t   )    on the bus  k  can be shown in Equations (1) and (2), respectively.


   S k  =  P k  + j  Q k        k = 1 … N  



(1)




where  N  is the total number of buses in the radial distribution network.    P k    and    Q k    are the active power and reactive power of load at bus  k .



Therefore, the equivalent injection current can be rearranged at the  t  iteration of the solution from any bus to the    [  I  ]   , as follows:


   I k t  =  I k r   (   V k t   )  + j  I k i   (   V k t   )  =    (     P k  + J  Q k     V k t     )   ∗   



(2)




where    V k t    is bus voltage and    I k t    is equivalent injection current, respectively. Meanwhile, the equivalent injection current consists of a real part    (   I k r   )    and an imaginary part    (   I k i   )   . Both the bus voltage and equivalent injection current are considered at the  t  iteration of the solution.



Kirchhoff’s Current Law (KCL) was applied to solve the power flow of RDN from the relationship between the bus current injections and branch currents by formulating the branch currents from the current of any branch to the equivalent current injections as shown by


   [  B  ]  =  [   B I B C   ]   [  I  ]   



(3)




where   I   represents the current injection matrix,    B I B C    represents the branch injection to branch current matrix, and   B   represents the current each branch. Generally, the    B I B C    obtained number 1 or 0 only and upper triangular matrix.



Meanwhile, the relationship between the branch currents to the bus voltages can show a function of branch current, line parameters and the substation voltages as


   [  Δ  V   ]  =  [   B C B V   ]   [  B  ]   



(4)




where    B C B V    represents the branch currents to bus voltages matrix and   Δ  V    represents the voltage difference from the root node to each branch current.



The    B C V B    and    B I B C    were combined with the relation between the current injections and bus voltages of the RDN and can be expressed as


         [  Δ  V   ]  =  [   B C B V   ]   [   B I B C   ]   [  I  ]        =  [   D L F   ]   [  I  ]       }   



(5)







So, the voltage solution of the RDN each  t  iteration can be expressed as


   [  Δ   V   t + 1    ]  =  [   D L F   ]   [    I  t   ]   



(6)








3. Static Load Models and Load Voltage Deviation


3.1. Static Load Model


A load model of the electrical power system is defined by expressing the character instantaneous of time and then representing it as an algebraic function based on the frequency or the bus voltage magnitude at that instant. Basically, the apparent load power (kVA) can be separately considered from the active power component and the reactive power component, respectively. Generally, the voltage—dependent load behavior at each bus is represented by the exponential model in [33].


   P  L k   =  P  L k 0      (     V k     V  k o      )     n  p i      



(7)






   Q  L k   =  Q  L k 0      (     V k     V  k o      )     n  q i      



(8)






   S  L k   =  P  L k   + j  Q  L k    



(9)




where  n  indicates the amount of the PQ bus in the electrical power system;    S  L k    ,    P  L k    , and    Q  L k     indicate the nominal apparent power, active power, and reactive power, respectively. Thus,    V  i 0     represents the magnitude of the bus nominal voltage. Meanwhile,    n  p i     and    n  q i     represent the load indices from each load type.



The PEV is a hybrid automobile combined with a combustion engine and an electric motor for the traction drive. Meanwhile, the energy source to feed the electric motor control with the battery can be recharged by connecting it to the electrical network. Therefore, the PEVs in the electrical network were represented by using the battery charger, which also converts the AC-DC converter for charging the battery. In order to define it in normal charging mode, the charger can be represented by the character instant of time as an algebraic function by using the exponential model, as in [34]. So, Equations (10) and (11) are concerned the load power factor value of the battery charger and will be considered when connected into the grid.


   P  P E V s   =  S 0  × k p ×    (     V i     V  i o      )     n  p i      



(10)






   Q  P E V s   =  S 0  × k q ×    (     V i     V  i o      )     n  q i      



(11)






   S  P E V s   =  P  P E V   + j  Q  P E V    



(12)




where    S 0    indicates the apparent load power (kVA) at nominal voltage    V  i 0    ,   k p   is representing the load power factor    (  p f  )    and can be found by using    k q  =    (  1 − p  f 2   )     .



Table 4 shows the constant indices of load type used to solve the power flow problem on the electrical power system. The indices consisted of a constant impedance load, constant current load, constant impedance load and PEVs. The PEVs were specified on the normal charging model of the battery charger used in this study.




3.2. Load Voltage Deviation (LVD)


Accordingly, the increasing load on the power system will affect the voltage level in each bus. Therefore, the LVD was used to analyze the deviation of the bus voltage that was affected by the load. In general, the LVD value must be minimal, which shows that the system still has a good level of voltage. Therefore, the change in load on each bus must be appropriate, as described in Equation (13), [36,37].


  L V D =     ∑ k n    (     V k  r e f   −  V k     V k  r e f      )     2   



(13)




where    V k    represents the bus load voltage of each load. Meanwhile,    V k  r e f     represents the voltage reference under normal conditions that are also defined at 1 p.u.





4. Total Power Loss of Electrical Power System


Generally, all electrical appliances or loads of the electrical power system will be variable from the behavior of the load characteristics. Therefore, the total active and reactive power loss in the system used to evaluate the level of impact when the load increases in the electrical power system can be calculated from Figure 2 by using Equations (22) and (23) [38].


   P  k + 1   =  P k  −  P  L o s s , k   −  P  L K + 1    



(14)






  =  P k  −    R k       |   V k   |   2     {   P k 2  +    (   Q k  +  Y k     |   V k   |   2   )   2   }  −  P  L k + 1    



(15)






   Q  k + 1   =  Q k  −  Q  L o s s , k   −  Q  L k + 1    



(16)






  =  Q k  −    X k       |   V k   |   2     {   P k 2  +    (   Q k  +  Y  k 1      |   V k   |   2   )   2   }  −  Y  k 1      |   V k   |   2  −  Y  k 2      |   V  k + 1    |   2  −  Q  L k + 1    



(17)






     |   V  k + 1    |   2  =    |   V k   |   2  +    R k 2  +  X k 2       |   V k   |   2     (   P k 2  +  Q k 2   )  − 2  (   R k   P k  +  X k   Q k   )   



(18)






  =    |   V k   |   2  +    R k 2  +  X k 2       |   V k   |   2     (   P k 2  +    (   Q k  +  Y k     |   V k   |   2   )   2   )  − 2  (   R k   P k  +  X k   (   Q k  +  Y k     |   V k   |   2   )   )   



(19)







The active and reactive power in the transmission line section are connecting buses  k  and   k + 1   which can be calculated as Equations (20) and (21), respectively.


   P  L o s s    (  k , k + 1  )  =  R k  ×    (   P k 2  +  Q k 2   )       |   V k   |   2     



(20)






   Q  L o s s    (  k , k + 1  )  =  X k  ×    (   P k 2  +  Q k 2   )       |   V k   |   2     



(21)







The power loss from a transmission line consists of active and reactive. Therefore, the total active power loss    (   P  T , l o s s    )    and the total reactive power loss    (   Q  T , l o s s    )    of the electrical power system are summarized as the losses of all transmission line in the system, which are given as Equations (22) and (23).


   P  T , L o s s   =   ∑  k = 1  n    P  L o s s      (  k , k + 1  )   



(22)






   Q  T , L o s s   =   ∑  k = 1  n    Q  L o s s      (  k , k + 1  )   



(23)







Using this efficient voltage-dependent power flow technique, the total losses and voltage at each bus of the electrical power system were assessed.




5. Proposed Radial Distribution System (RDS)


This study selected a primary distribution system to evaluate the impact of each load type on the power system network. The IEEE 33 bus test system has been used to obtain results and to evaluate the efficiency of each type of load test by determining the base megavolt-ampere (MVA) = 100 MVA, base voltage = 11 kV. The selected IEEE 33 bus test system was define d as consisting of 32 line sections with a total power constant load of 3.72 MW and 2.3 MVar in the balanced load system, as shown in [39]. Therefore, this article considered solving the impact of PEVs integrated into power distribution system, based on a voltage-dependent power flow analysis. The test system was modified from the traditional load models to voltage-dependent load models. The LF methodology was applied to analyze and compare each load type by using voltage profiles, total power loss, and LVD under balanced load condition for any load type installation as shown in Table 4.




6. Simulation Results


The proposed load types and LF algorithm were implemented in a MATLAB m-file and the algorithm is shown in the Appendix A. The static analysis of LF was solved based on the balanced load of a constant impedance load    ( Z )   , constant current load    ( I )   , constant power load    ( P )   , and PEVs. This article supposed that each load type installed in the electrical system was the same load for each iteration and the load type change was well done. Therefore, the number of conventional loads    (  Z , I , P  )    and PEVs will each be distributed at the RDS bus. The simulation results show the bus voltage, total power loss, and LVD for each type of load as given in Table 5, Figure 3; Table 6 and Table 7 and Figure 4, respectively.



It is possible to see the voltage magnitude profiles arranged from bus No. 1 to bus No. 33 under different load types and voltage levels as shown in Table 5. Therefore, the effect of load and transmission line decreased the level of the voltage profile and increased the total power loss. The results of the voltage magnitude profiles were derived from the voltage-dependent power flow analysis of different load types. The simulation results showed the lowest voltage of each load type on bus No. 18 (the bold text number). The comparison on bus No. 18 from the highest to the lowest of the voltage magnitudes were PEVs load (0.9392 p.u.),  Z  load (0.9392 p.u.),  I  load (0.9392 p.u.), and  P  load (0.9392 p.u.), respectively. Therefore, the static voltage magnitude profiles of each load type found the weak point of the lowest voltage magnitude profile from the  P  load when compared to the  Z  load,  I  load and PEVs load.



Figure 3 shows the contour of the static voltage magnitude profiles compared with the  Z  load,  I  load,  P  load, and PEVs, respectively. The graphics showed that the lowest contour voltage profiles remained at about 0.9130 p.u. (red color field) and the highest contour voltages profiles remained at about 1 p.u. (violets color field). The static voltage analysis, by applying contour color, can show some details of the characteristics of any load type. Exclusively, the PEVs’ load contour of static voltage magnitude profiles were shown, which affected the lowest level when compared with any load type. Therefore, the  Z  load,  I  load,  P  load, and PEVs affect are considered to be static voltage stability based on the voltage profiles obtained from the electrical power system. In decreasing order, the factors that affected the static voltage stability were the  P  load,  I  load,  Z  load, and PEVs.



Table 6 demonstrates all of the effects from each load model type to the transmission line losses from transmission line No. 1 to transmission line No. 32. The total power losses were derived from the current flow throughout a transmission line between two buses that affect the load were installed on any of the buses. The sizing and location of the transmission line loss resulted in a voltage drop in the power system and in condition to install near the root node that should carry the burden from the current to the end of the node. However, many factors and details affect the loss from the cable such as temperature, installation method, type of cable, and so on. The simulation results are going to show the power losses in kilowatt (kW) of RDN transmission lines. In this case, transmission line No. 2 was affected more than the transmission line loading of each transmission line. The comparison on transmission line No. 2 from the highest to the lowest of the lines’ active power loss (the bold text number) were  P  load (51.791 kW),  I  load (45.975 kW),  Z  load (41.469 kW) and PEVs load (30.940 kW). Accordingly, if compared on the second order from the highest to the lowest of the lines active power loss (the underline text number) were found on transmission line number No. 5, it was  P  load (38.249 kW),  I  load (32.849 kW),  Z  load (28.793 kW), and PEVs (21.652 kW). Comparatively, the total power loss in the transmission lines can be reduced to improve its voltage stability.



The results from Figure 4 were compared with the contour of lines of the active power loss magnitude profiles obtained for each load type in the test system. All simulation results showed the effect of the active power loss profiles for each load type on the different lines. Figure 4 shows that the highest active power loss of load types of the red color contour was at transmission line number No. 2, and the second order of highest active power loss of the load types on the yellow color contour in transmission line of number No.5. The simulation results from the contour with different load types showed the weak point of the highest active power loss on the transmission lines.



From the results above, it can be observed that all voltage profiles and all transmission line losses were effected from the conventional load type and PEVs. The exponential indices of load types were applied to analyze the impact of the grid. Therefore, the optimal model of load type could be selected and nearly defined the behavior of each load type.



Table 7 shows that the results of the LF algorithm based on the voltage-dependent power flow analysis. The simulation results were compared the values of the total real power loss, the total reactive power loss and LVD. The total active power loss and the total reactive power loss of the PEVs were shown to be less than those of the  Z ,  I  and  P  load. Additionally, the comparison of the LVD and the total power loss in percentages was defined as the base case from the  P  load. The percentages of the PEVs showed the lowest when compared to the percentages of each load type. Therefore, the low level of the percentages indicated the low impact to the grid in terms of the LVD and the total power loss. Interestingly, the PEVs showed that it was not significant from the voltage magnitude profile and total power loss of the electrical power system. Generally, PEVs are connected with another load into the network. The system management should consider the impact at this point when there is a large-scale PEV penetration with the conventional load of the grid.



Thus, it is important to highlight that the effects on the LVD, total active power, and total reactive power are dependent on the type of the load model installed in the RDS. Furthermore, the PEV model was affected less than the  Z ,  I  and  P  load, in order to compare them one by one. Therefore, the PEVs affect to the electrical power system when plugged into the power system network with the traditional load. Moreover, the high penetration level of PEVs is connected to the grid need to be managed in the optimal condition.




7. Conclusions


This article analyzed the impact of PEVs based on a voltage-dependent power flow analysis. This study shows the static voltage stability on the proposed PEVs integrated into the electrical power system using the new LF methodology. The MATLAB program environment was selected to solve the new proposed algorithm using m-files script base. The proposed LF methodology was tested in the IEEE 33 bus system. The simulation results showed that the LVD and total power losses were shown the performance of PEVs load compared with the three conventional loads. The exponential index of the load types will be the main influence to analytical effect on the voltage-dependent power flow analysis. The effect of PEVs load had the voltage stability effect to the power grids less than a constant power load, constant current load, and constant impedance load. The PEVs test case expressed the lowest LVD, and the lowest total power loss values were 0.062, 120 kW and 80 kVar. The comparisons of PEVs showed that the lowest from the percentage of LVD (−40.96%), active power loss (−41.31%) and reactive power loss (−41.07%), respectively. The results confirmed that the proposed PEVs model had a low impact on the grid when compared with the conventional load. However, the voltage-dependent power flow analysis could be considered as a different level of PEVs load. The light to level of PEVs load had no impact on the grid, but the large scale of PEVs load had a greater effect on the grid. Furthermore, the proper management of PEVs can be benefited to reduce the impact of the electrical power system in each area of the battery charger. It can also be implemented in other conditions with PEVs charging clustered by coordinating each charger. The conclusion can provide the design guidance for EV charging station and power system planning for PEVs in the future.
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Nomenclature




	PEVs
	Plug-in electric vehicles



	PHEVs
	Plug-in hybrid electric vehicles



	EVs
	Electric vehicles



	BEVs
	Battery electric vehicles



	BS
	Battery storage



	AC-DC
	Alternating current to direct current



	kV
	Kilovolt



	MVA
	Megavolt-ampere



	MW
	Megawatt



	MVar
	Mega volt amps



	LV
	Low voltage network



	V2G
	Vehicle to grid



	G2V
	Grid to vehicle



	SOC
	State-of-charge



	RDN
	Radial distribution network



	kVA
	Apparent load power (S)



	LVD
	Load voltage deviation



	DG
	Distributed generator



	  Z  
	Constant impedance load



	  I  
	Constant current load,



	  P  
	Constant power load



	DR
	Demand response



	BIBC
	Bus injection to branch injection matrix



	BCBV
	branch current to bus voltage matrix



	I
	Current injection matrix



	B
	Current each branches matrix



	DLF
	Distribution load flow matrix



	LF
	Load flow study



	KCL
	Kirchhoff’s Current Law








Appendix A


The steps of load flow analysis for RDS are as follows:




	Step 1:

	
Read data for using in calculation, which consists of buses data, lines data, and exponential indices value of load types.




	Step 2:

	
Initial voltage profiles    (   V 0   )    and    (   V k   )    for all buses at   1 ∠ 0 °  .




	Step 3:

	
Form the BIBC matrix by using data in step 1.




	Step 4:

	
Form the BCBV matrix by using data in step 1.




	Step 5:

	
Form the DLF matrix by using data in step 1.




	Step 6:

	
Set the exponential indices of each load type  j .




	
j = 1 ( Z  load;    n  p i     = 2 and    n  q i     = 2)



	
j = 2 ( I  load;    n  p i     = 1 and    n  q i     = 1)



	
j = 3 ( P  load;    n  p i     = 0 and    n  q i     = 0)



	
j = 4 (PEVs;    n  p i     = 2.59 and    n  q i     = 4.06)









	Step 7:

	
Define iteration count   t = 0   and tolerance convergence    ( ε )    = 0.0001.




	Step 8:

	
Iteration   t = t + 1  .




	Step 9:

	
Compute the equivalent current injection    (   I k t   )    from Equation (2) based on the individual type of each load in Equations (7)–(12) for finding complex power    (   S k t   )    and using the exponential indices from Table 1, to apply the voltage-dependent power flow analysis.




	Step 10:

	
Calculate the bus voltage using Equation (6) as    [  Δ   V   t + 1    ]  =  [   D L F   ]   [    I  t   ]   .




	Step 11:

	
Check the mismatches. If   max  (  a b s  (   V  n e w   −  V  o l d    )   )  ≤ ε  , go to Step 8; otherwise, go to step 12.




	Step 12:

	
Calculate the final voltage at each bus, LVD, and the total power loss from Equations (13), (22) and (23).




	Step 13:

	
Print the bus voltage magnitudes, LVD and total power loss.




	Step 14:

	
  j = j + 1  .




	Step 15:

	
Check the exponential indices. If   j ≤ 4  , go to step 7, otherwise go to step 16.




	Step 16:

	
Stop.
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Figure 1. Plug-in electric vehicles (PEVs) connected in a radial distribution system. 
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Figure 2. Electrical equivalent circuit of a typical branch  k  
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Figure 3. Contour of static voltage profiles from difference load type. 
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Figure 4. Contour of lines active power losses when difference load type. 
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Table 1. Standard charging power levels in the IEC 61851-1 standard [29].
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Connection Mode

	
Grid Connection

	
Voltage

	
Current

	
Type of Charge






	
Mode 1 (AC)

	
1 phase

	
230 V

	
16 A

	
Slow




	
3 phase

	
400 V

	
16 A

	
Slow




	
Mode 2 (AC)

	
1 phase

	
230 V

	
32 A

	
Slow




	
3 phase

	
400 V

	
32 A

	
Slow




	
Mode 3 (AC)

	
1 phase

	
230 V

	
32 A

	
Slow




	
3 phase

	
690 V

	
250 A

	
Medium




	
Mode 4 (DC)

	
-

	
600 V

	
400 A

	
Fast
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Table 2. Standard charging power levels in the SAE J1772 standard [17].
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	Type of Charge
	Grid Connection
	Voltage
	Current
	Type of Charge





	AC level 1
	1 phase
	120 V
	12–16 A
	Slow



	AC level 2
	1 phase
	240 V
	<80 A
	Slow



	AC level 3
	1, 3 phase
	240 V
	>80 A
	Slow



	DC level 1
	-
	200–450 V
	80 A
	Slow



	DC level 2
	-
	200–450 V
	200 A
	Medium



	DC level 3
	-
	200–600 V
	400 A
	Fast
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Table 3. Comparison of the PEV types and technologies [30].






Table 3. Comparison of the PEV types and technologies [30].





	Manufacturer/Model
	Type
	Battery Size (kWh)
	Electric Motor (kW)/Engine (L)
	Range Electric (Miles)
	Charging Rate (kW) [30,31]





	Audi/A3 e-Tron
	PHEV
	8.8
	75/1.4
	16
	3.3+



	BMW/330e iPerformance
	PHEV
	7.6
	65/2.0
	22
	1.4 */3.5+



	BMW/i8 Coupe
	PHEV
	11.6
	105.2/1.5
	15
	1.2 */3.7+



	Chevrolet/Volt
	PHEV
	18.4
	111/1.5
	53
	1.2 */3.6+



	Ford/Fusion Energi SE
	PHEV
	7.6
	88/2.0
	21
	*/3.3+



	Honda/Clarity Plug-In Hybrid
	PHEV
	17
	135.2/1.5
	48
	*/3.3+



	Hyundai/Sonata
	PHEV
	9.8
	50/2.0
	27
	*/3.3+



	Mercedes/C350e
	PHEV
	6.2
	60/2.0
	20
	3.3+



	Toyota/Prius Prime
	PHEV
	8.8
	60/1.8
	25
	*/3.3+



	Porsche/Panamera S E-Hybrid
	PHEV
	14
	101.45/4.0
	16
	3.3+



	Volvo/XC90 T8
	PHEV
	10.4
	65/2.0
	19
	3.3+



	BMW/i3, i3s
	BEV
	33
	126.82/135
	114/107
	1.2 */7.4+/DC



	Chevrolet/Bolt
	BEV
	60
	150
	238
	7.2+/DC



	Fiat/500e
	BEV
	24
	83
	84
	6.6+/DC



	Honda/Clarity Electric
	BEV
	25.5
	120
	89
	6.6+/DC



	Hyundai/Ioniq Electric
	BEV
	28
	88
	124
	6.6+/DC+



	Nissan/Leaf
	BEV
	40
	110
	151
	6.6+/DC



	Smart ED
	BEV
	17.6
	55
	68
	7.2+



	Tesla/Model 3 Standard, Long Range
	BEV
	50,70
	192.46, 202
	220,310
	*/+/DC+



	Tesla/Model S 75D,100D and P100D
	BEV
	75,100,100
	N/A
	259,335,315
	*/+/DC+



	Tesla/Model X, 75D, 100D and P100D
	BEV
	75,100,100
	N/A
	237,295,289
	*/11.5–17.2+/DC+



	Kia/Soul EV
	BEV
	30
	81.4
	111
	*/+/DC







Remark: * = AC level 1, + = AC level 2, DC = DC level 2, DC+ = DC level 3.
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Table 4. Exponential indices value of load type.
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	Load Type
	     n  p i      
	     n  q i      





	Constant impedance    ( Z )   
	2
	2



	Constant current    ( I )   
	1
	1



	Constant power    ( P )   
	0
	0



	PEVs [34]
	2.59
	4.06
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Table 5. Comparison voltage profiles of IEEE 33 bus test system load-flow results.
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	Bus No.
	  Z   (p.u.)
	  I   (p.u.)
	  P   (p.u.)
	PEVs (p.u.)





	1
	1.0000
	1.0000
	1.0000
	1.0000



	2
	0.9973
	0.9972
	0.9970
	0.9977



	3
	0.9847
	0.9839
	0.9829
	0.9873



	4
	0.9782
	0.9769
	0.9755
	0.9820



	5
	0.9717
	0.9701
	0.9681
	0.9768



	6
	0.9558
	0.9530
	0.9497
	0.9631



	7
	0.9527
	0.9498
	0.9462
	0.9602



	8
	0.9485
	0.9453
	0.9413
	0.9572



	9
	0.9432
	0.9395
	0.9351
	0.9532



	10
	0.9382
	0.9342
	0.9292
	0.9494



	11
	0.9374
	0.9334
	0.9284
	0.9489



	12
	0.9362
	0.9320
	0.9269
	0.9480



	13
	0.9310
	0.9264
	0.9208
	0.9441



	14
	0.9290
	0.9243
	0.9185
	0.9426



	15
	0.9278
	0.9230
	0.9171
	0.9418



	16
	0.9267
	0.9218
	0.9157
	0.9410



	17
	0.9250
	0.9199
	0.9137
	0.9396



	18
	0.9245
	0.9194
	0.9131
	0.9392



	19
	0.9968
	0.9967
	0.9965
	0.9972



	20
	0.9933
	0.9931
	0.9929
	0.9939



	21
	0.9926
	0.9924
	0.9922
	0.9932



	22
	0.9919
	0.9918
	0.9916
	0.9926



	23
	0.9813
	0.9804
	0.9794
	0.9843



	24
	0.9750
	0.9739
	0.9727
	0.9788



	25
	0.9719
	0.9707
	0.9694
	0.9760



	26
	0.9541
	0.9512
	0.9477
	0.9617



	27
	0.9519
	0.9489
	0.9452
	0.9598



	28
	0.9421
	0.9383
	0.9337
	0.9507



	29
	0.9350
	0.9308
	0.9255
	0.9441



	30
	0.9320
	0.9275
	0.9220
	0.9414



	31
	0.9285
	0.9237
	0.9178
	0.9385



	32
	0.9277
	0.9229
	0.9169
	0.9378



	33
	0.9274
	0.9226
	0.9166
	0.9376
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Table 6. Comparison of the 33 bus test system from the lines active power loss results.
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	Br. No.
	  Z   (kW)
	  I   (kW)
	  P   (kW)
	PEVs (kW)





	1
	10.031
	10.999
	12.240
	7.613



	2
	41.469
	45.975
	51.791
	30.940



	3
	15.190
	17.217
	19.900
	11.499



	4
	14.134
	16.095
	18.699
	10.615



	5
	28.793
	32.849
	38.249
	21.652



	6
	1.457
	1.654
	1.915
	0.868



	7
	3.625
	4.145
	4.838
	2.094



	8
	3.075
	3.546
	4.181
	1.693



	9
	2.606
	3.012
	3.561
	1.471



	10
	0.404
	0.467
	0.554
	0.235



	11
	0.640
	0.742
	0.881
	0.359



	12
	1.927
	2.240
	2.666
	1.033



	13
	0.526
	0.612
	0.729
	0.265



	14
	0.256
	0.299
	0.357
	0.094



	15
	0.201
	0.235
	0.281
	0.091



	16
	0.179
	0.210
	0.252
	0.086



	17
	0.038
	0.044
	0.053
	0.021



	18
	0.157
	0.159
	0.161
	0.140



	19
	0.807
	0.819
	0.832
	0.707



	20
	0.098
	0.099
	0.101
	0.085



	21
	0.042
	0.043
	0.044
	0.037



	22
	2.852
	3.005
	3.182
	2.144



	23
	4.596
	4.850
	5.144
	3.402



	24
	1.143
	1.210
	1.287
	0.835



	25
	1.931
	2.217
	2.601
	1.789



	26
	2.460
	2.831
	3.329
	2.328



	27
	8.315
	9.588
	11.301
	8.052



	28
	5.751
	6.638
	7.833
	5.746



	29
	2.853
	3.297
	3.896
	2.955



	30
	1.154
	1.341
	1.594
	0.711



	31
	0.154
	0.179
	0.213
	0.098



	32
	0.010
	0.011
	0.013
	0.008
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Table 7. Comparison of load voltage deviation (LVD), total active power loss and total reactive power loss.






Table 7. Comparison of load voltage deviation (LVD), total active power loss and total reactive power loss.





	Load Type
	LVD
	Active Power Loss (kW)
	Reactive Power Loss (kVar)
	Apparent Power Loss (kVA)
	%LVD
	%P loss
	%Q loss





	PEVs
	0.062
	119.67
	79.31
	143.56
	−40.96%
	−41.31%
	−41.07%



	  Z  
	0.089
	156.87
	104.18
	188.31
	−22.60%
	−22.91%
	−22.70%



	  I  
	0.101
	176.63
	117.51
	212.15
	−12.85%
	−13.04%
	−12.91%



	 P  [38,40]
	0.117
	202.68
	135.14
	243.60
	0.00%
	0.00%
	0.00%
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