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Abstract— Increasing penetration of PHEVs may lead to 

unexpected impacts on the distribution power systems. Research 

studies suggest that plug-in hybrid electric vehicles (PHEVs) 

may prove to be a liability on the grid due to uncoordinated 

charging or an asset due to the distributed energy storage 

capability. This paper investigates the impacts on faults in a 

distribution system with the addition of PHEVs. The IEEE 13 

Node Test Feeder with a smart car park connected to one of the 

buses is used for the study.  The focus of the paper is to examine 

the impact of a smart car park during faults in an unbalanced 

distribution system.  A single line to ground (SLG) fault with 

auto recloser operations in the system is presented and 

discussed. 

Index Terms—Electric vehicles, Power distribution faults 

I. INTRODUCTION 

At present, the transportation sector is heavily dependent 
on petroleum based fuels. In order to address the concerns 
associated with these, efforts are being made to develop 
alternative fuel sources for vehicles. These concerns deal with 
economics, energy security, and the environment.  Vehicles 
that incorporate electric propulsion units such as Electric 
Vehicles (EVs), Hybrid Electric Vehicles (HEVs), and PHEVs 
are examples of technology meant to reduce the dependence 
on petroleum based fuels. As battery technology continues to 
improve, market projections for PHEVs are promising [1]. 

Considerable research has been done on the impacts and 
benefits of a high penetration of PHEVs and EVs in the 
electric grid.  In [2] the adequacy of the existing infrastructure 
to accommodate the extra load posed by PHEVs is analyzed. 
An electro-thermal model of the distribution transformer is 
used to determine the effects of the penetration of PHEVs on 
expected life of a transformer. In [3] the impact of grid 
limitations on the penetration of EVs is studied and solutions 
are provided in terms of managing EV batteries in a direct or 
indirect way.  In [4] the application of EVs to improve the 
dynamic behavior of an islanded system by exploiting their 
charging controllability and Vehicle to Grid (V2G) capability 
has been explored.  

Very little work has been done in terms of analyzing the 
effects of PHEVs in a smart car park during faults in    

unbalanced distribution systems. In [5] a qualitative fault 
analysis on a simple 5 bus distribution system model has been 
performed in the presence of PHEVs. In this paper a 
comprehensive analysis of the effects of faults on an 
unbalanced IEEE 13 Node Test Feeder in the presence of 
PHEVs is presented. Faults on a distribution system are a 
common phenomenon and the probability of a SLG fault is the 
highest compared to the other types of faults. Thus the goal of 
this paper is to simulate a smart car park and study the effects 
on currents, voltages and power flows during SLG faults with 
auto reclosers in the system.   

II. SYSTEM COMPONENTS 

A. IEEE 13 Node Test Feeder 

The test system used in this study is the IEEE 13 Node 
Test Feeder [6].  The system consists of 5 three-phase 4.16 kV 
distribution lines and cables, 3 two-phase 4.16 kV distribution 
lines and cables, and 2 single-phase 4.16kV distribution lines 
and cables.  This study is conducted on a system model in 
PSCAD software. The system is connected to an equivalent 
source which represents a larger grid at the substation bus.  
Each of the two-phase and three-phase lines is modeled as a 
mutually coupled line based on the impedance matrix data 
given in [6].  The total unbalanced system load is 3466 kW 
and 2102 kVAR.  A total of 700 kVAR of capacitance is also 
present in the system.  A single phase recloser and fuse are 
added to the system near the fault location to simulate 
protective device operations.  

A couple of simplifying assumptions are made during the 
simulation of the IEEE 13 Node Test Feeder.  The first is that 
mutually coupled wires are used instead of the full Carson 
Line model specified in [7].  This assumption is made due to 
time step limitations of the Carson Line model in PSCAD.  
Implementation of the Carson Line model bases the simulation 
on the traveling wave theorem which requires the time step be 
less than 1/10th the traveling time of the shortest line.  The 
Carson Line model requires a time step of less than 0.5 µSec 
while the mutually coupled lines allow a time step of less than 
or equal to 2 µSec, which is dictated by power electronics in 
the system.  

 



 

 

 

 

 

 

 

 

 

 

 

 

The capacitance of the distribution feeders is also 
neglected due to their short length.  Results comparing the 
simplified system to the full system without simplifying 
assumptions are shown in Fig. 2 and found to be almost 
identical. 

 

Figure 2.  Comparison of Fault Currents using Carson Lines and Mutually 

Coupled Lines 

B. Battery Charging System 

The battery charging system of PHEVs is mainly 
comprised of a battery and battery charger.  Proper modeling 
of both these elements is critical to study the interaction of 
PHEVs with the distribution grid.  In general, three main types 
of batteries are used in PHEVs: 1) Lithium Ion (Li-ion) 2) 
Lead Acid and 3) Nickel Metal hydride. However, Li-ion 
batteries seem to be the most viable option as energy storage 
devices for the coming generation of PHEVs [8].  

Li-ion batteries have special charging requirements which 
need to be satisfied by the battery charger. They are required 
to be charged at constant current (CC), specified by the ‘C’ 
rate. This continues until they reach a 75% state of charge 
(SOC). Then, the charging proceeds at a constant voltage 
(CV).  The ‘C’ rate stands for the rated charge current of the 
battery cell which would charge the battery in 1 hour [8].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Based on the available infrastructure, the battery can be 
charged with any of the charging methods shown in Table 1. 
Of the charging methodologies, AC-Level 1 and AC-Level 2 
have been standardized and the other two are still in the 
experimental stage. 

TABLE I.  CHARGING METHODS IN NORTH AMERICA [9] 

Charging 

Method 

Nominal Supply 

Voltage 

Max. Current Continues Input 

Power 

AC Level 1 120 V,1ph 12 A 1.44 Kw 

AC Level 2 208 - 240 V, 1ph 32 A 6.66 to 7.68 Kw 

AC Level 3 208 – 600 V, 3ph 400 A >7.68 Kw 

DC Charging 600 V Max. 400 A <240 Kw 

 

The charger used for the purpose of this paper is an AC 
Level 2 bi-directional charger.  The charger is capable of 
supplying or drawing both real and reactive power from the 
grid. The topology of the charger as simulated in PSCAD is 
shown in Fig. 3. The parameters for the charger components 
are adopted from [8] with slight modifications wherever 
necessary. 

 

 

Figure 3.  Topology of the AC-Level 2 Bidirectional Charger 

The operation of the charger shown in Fig. 3 can be 
divided in two stages: Stage 1-Power Factor Correction Stage 
and Stage 2-DC/DC Converter Stage. The main aim of the 
power factor correction stage in charging mode is to convert 
the AC input supply voltage to a DC voltage while ensuring 
that the input current taken is at unity power factor and the 

Figure 1.  IEEE 13 Node Test Feeder 

 



current harmonic distortion is low.  The main aim of the 
DC/DC converter is to convert DC-Link voltage to appropriate 
DC voltage required by the battery based on the battery CC-
CV charging algorithm.  Thus, the DC-DC converter acts as a 
buck converter during charging mode and as a boost converter 
during discharging mode. 

 

Figure 4.  Control for Power Factor Correction Stage 

The control for power factor correction stage is shown in 
Fig. 4 [10-11]. For this charger, no fault logic is implemented 
in the control.  For the power factor correction stage, the 
reference DC Link voltage is compared with its actual value to 
generate the voltage error signal. This error signal is 
normalized and given to the first feedback proportional-
integral (PI) controller. In order to obtain  faster transient 
response, this PI controller is designed in such a way that 
whenever the output of the PI controller hits upper or lower 
limits defined by the saturation block and the error is in the 
same direction,  the integrator stops integrating the error 
signal. When the output of the PI controller comes out of 
saturation, a reset signal is generated, which resets the 
integrators of all the PI controllers in the control system of the 
charger.  The output of the first PI controller is then multiplied 
with the AC grid voltage to get the reference input current 
signal [10].  This signal, when compared with actual value, 
generates a current error signal which is given to a second 
feedback PI controller. The output of the second PI controller 
generates the gating signals for the rectifier based on Sine 
Pulse Width Modulation (SPWM). 

 

Figure 5.  Control for DC/DC Converter During Charging 

The controller for the DC/DC converter in charging mode 
is shown in Fig. 5 [10]. Since the SOC of the battery remains 
almost constant during the simulation time period, only CC 
charging is considered. The reference CC set point is 
compared with the actual value of the battery current to 

generate its error signal.  This error signal is then given to the 
feedback PI controller to generate gating signals for the buck 
converter in the charging mode.  

III. FAULT ANALYSIS 

A. PHEV Location 

A total of 48 PHEVs, each capable of drawing a maximum 
of 6.6 kW of charging power, are connected at bus 680.  The 
vehicle chargers are currently operating such that the total load 
on the system from the addition of PHEVs is 285kW.   

B. Fault Location 

The location where faults are applied to the system is bus 
680.  This bus has both a temporary and permanent single line 
to ground fault applied to phase A.  Single-phase reclosing is 
utilized for the faults.  In the case of the permanent fault, a 
single phase fuse blows to isolate the fault from the system 
after two fast and one slow recloser operations.  For the 
temporary fault, the fault clears from the system after two fast 
recloser operations.  All faults are applied at 5 seconds into the 
simulation due to the time necessary for the system to reach 
steady state.  

 

Figure 6.  PHEV and Fault Location Detail 

 

TABLE II.  RECLOSER TIMINGS 

Cycle Type Open Time Close Time 

Fast 0.1 Second 0.01 Second 

Slow 0.1 Second 0.5 Second 

 

C. Base Cases 

In order to study the impact of the addition of PHEVs on  

the system, two base cases are used for each fault.  One base 

case includes no load connected at bus 680.  The second base 

case includes an equivalent constant power load connected in 

place of the PHEVs at bus 680.  This allows for the isolation 

of PHEV impacts compared to impacts caused by an increase 

in load. 

D. Results 

For this study current, voltage, real power, and reactive 
power at each bus are examined to determine the effects of 
adding PHEVs to the system. The addition of PHEVs to the 
IEEE 13 Node Test Feeder during permanent fault conditions 
causes almost no change in system fault parameters compared 
to the base cases.  During temporary fault conditions the major 
changes to system fault parameters occur during the period 



after the fault clears from the system but the recloser has not 
yet recoupled phase A to the distribution system. 

Fig. 6 shows the voltage on phase A during the fault and 
fault recovery conditions.  In the vehicle case, a high voltage, 
fast switching signal with a peak magnitude of over 2 p.u. is 
observed due to the addition of PHEVs.  This waveform is 
present from when the fault clears until the recloser reconnects 
the phase to the distribution system.  It may be possible to 
mitigate this waveform using fault logic in the charger control. 

 

Figure 7.  Bus 680 Phase A Voltage During Temporary Fault 

Fig. 7 shows the reactive power flowing out of bus 680 on 
phase C during fault and recovery conditions.  An increase of 
more than 1.5 times the base case reactive power is observed 
during the fault recovery period.  A change in reactive power 
is seen on both phases B and C due to the Delta-Wye 
transformer used to connect the vehicles to the system as well 
as mutual coupling in the distribution lines. 

 

Figure 8.  Bus 680 Phase C Reactive Power During Temporary Fault 

The final significant change in system fault parameters is 

observed on the current flowing out of bus 680 on phases B 

and C.  An increase of near 15% along with high frequency 

switching is present during the fault recovery period.  Fig. 8 

shows the current waveform on phase C during fault and 

recovery conditions. 

 
Figure 9.  Bus 680 Phase C Current During Temporary Fault 

 

IV. CONCLUSION AND FUTURE WORK 

Based on the results seen from the study, it is concluded 

that PHEVs may have a small negative impact on a 

distribution system during fault recovery from a temporary 

fault.  The possible negative impact comes from increases in 

the voltage, current, and reactive power at the bus where 

PHEVs are connected to the system as well as high frequency 

switching signals present on those waveforms. These atypical 

waveforms will likely cause problems to the normal operation 

of the distribution system due to the possible impact on other 

system loads and equipment.  

 
Future research will replace the IEEE 13 Node Test Feeder 

with a microgrid with distributed generation resources and a 
higher penetration of PHEVs. Studies will be conducted on the 
microgrid system including fault analysis, capacitor switching, 
vehicle switching, and distributed generation switching. 

Finally, a real world, and much larger, system will be 
studied.  This system will represent a part of Clemson 
University’s plan to have a net-zero campus by 2030.  The 
system will include the addition of distributed generation and 
PHEVs to the existing distribution system in campus. 
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