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Abstract

Electric Vehicles are gaining a lot of impetus due to their advantages over conventional vehicles. With
the rise in demand for Electric Vehicles, there is also a rise in the demand for better and faster charging
stations to provide seamless, easy and quick charging. The purpose of this paper is to talk about the
electric vehicle charging stations and to briefly describe their operation. The paper also focuses on
the various power quality issues and abnormalities developing in the grid, which may impact the
operation of EV chargers, with a detailed discussion about Voltage Sags. The various causes of
Voltage Sag are discussed, their effects on various converters are mentioned and the ways of
overcoming Voltage Sags are derived. DVR, as a Voltage compensator, is used to overcome voltage
sag. The graphs help to explain in better, the use of such devices for overcoming the issues.

Keywords: EV; PEV; DVR; DSTATCOM,; voltage sag

I. Introduction

The temperature across the surface of the earth has been rising steadily over the past couple of
years due a myriad of incessant human needs and activities. This has called into action, to implement
necessary reforms that will prevent this rise in global temperature. Two major things that could
prevent this rise are:

1. Clean Energy and its Utilization for all the purposes.
2. Electric Vehicles and their Utilization.

Many market reports have suggested that, vehicles that acquire energy from the grid, called
basically as the Plug-in Electric Vehicles, may account for up-to 20% of the automobile sales in the US
[1,2]. Thus, we can reasonably assume that a large number of houses will have a PEV, which in a lot
of cases, will charge from the residential distribution feeders. Vehicle charging rates vary over a wide
range, with SAE Standard J1772[3] define Levell charge rates up-to 1.9kW, and Level2 up to 19.8 kW.
It is anticipated that charging rates of around 5 kW will be quite common [4]. Putting into context,
average household electricity consumption is around 1.3kW [5]. It is likely that financial incentives
will encourage charging overnight, when background non-PEV demand is less than average [6].
Thus, during overnight hours, PEV load would contribute a significant load demand. A demand with
large numbers of similar devices, can synchronize their response and collectively result in
destabilizing the grid. It is shown in this paper that if the penetration of PEV-charging load is
sufficiently high, voltage sag on distribution feeders. The response of PEV chargers to power-quality
events is governed by SAE Standard J2894 [7], which updates an earlier report from the Electric Power
Research Institute (EPRI) [8]. As with FIDVR, the response of PEV chargers to low-voltage events is
of particular interest.

Two cases are covered in SAE ]J2894:

1)  Voltage sag: PEV chargers must remain energized if the supply voltage drops to 80% of nominal
for up to 2s.
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2) Momentary outage: PEV chargers must ride through a complete loss of voltage for up to 12

cycles.

Situations where voltages sag below 80%, but remain non-zero, are not explicitly covered by the
standard. [9]

The topic of Power Quality has gained a lot of impetus due to its effects on sensitive controllers
in industries and on various devices in the Power Grid. Some amount of Voltage Sag, along with its
effects, could lead to complete destruction of the controllers and would lead to a huge loss. For
example, Grid Voltage Sags, which propagate into the EV chargers working in Grid to Vehicle mode
or Vehicle to Grid mode, may result in having huge impacts on the Electric Vehicles, thereby reducing
their battery life [10]. With a large voltage sag, the load gets disconnected from the grid. This, on
restoration, could lead to larger voltage rise. This voltage rise, may further result into disconnection
or tripping of other equipment connected to the feeder. Thus, the impact of Power Quality issues,
especially the likes of Harmonics and Voltage Sags, cannot and should not be ignored.

This paper focuses upon the Power Quality issue of Voltage Sag, explaining about the formation
of voltage sag in a 230V Single Phase System, which has multiple loads, precisely Electric Vehicle
Loads connected to it. The paper then talks about the effects of Voltage Sag on various converters and
devices in the System, thereby listing methods to curb the problem of Voltage Sag.

II. The Electric Vehicle Charging Station Model

Figure 1 shows different schematics of an EV Charging Station:
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Figure 1. Schematic Circuit of an EV Charging Station [20].

Figure 11is a bi-directional three phase EV charging system, whose parameters can be referred to
[20].
Figure 2 shows the average model of EV Charging station.
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Figure 2. Average Model of EV Charging Station [20].

Various charging modes for Electric Vehicle Chargers are mentioned in the Table 1. It can be
referred to [19].

Table 1. Charging Mode Characteristics [19].

Charging Application Characteristic
Mode
slow charging from | =14 A 4nd not exceeding 250 V a.c. single- phase or 480 V
Mode 1 ty;e }Zz)liiee}tl(c))lllctilet a.c. three-phase, at the supply side, and using power and
protective earth conductors.
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slow charging

from a
householdtype 32 A and not exceeding 250 V a.c. single- phase or 480 V
Mode 2 socketoutlet with a.c. three-phase using standard sockets.

an in- cable

protection device

slow or fast
charging using a
specific EV socket-

outlet with control High currents up to 250 A require specialized cables

Mode 3 and protection
function
installed
Fast Charging
Mode 4 using an Currents upto 400A

External Charger

The most important components that are present in an EV charging station are as follows:

1.) Bi-directional AC-DC Converter: A bi-directional AC-DC Converter helps in conversion of the
AC voltage in the grid to DC, in order to provide the necessary DC voltage required for Charging
the batteries.

Advantage of using a Bi-directional AC-DC converter is that it can be utilized in a system where
a Vehicle to Grid technology has to be adopted.

2.) Bi-directional DC-DC Converter:

The main purpose of a bi-directional DC-DC converter is that, it converts the input DC voltage to
the required DC voltage. Mostly, used as a Boost converter.

The most recent DC-DC Converters are bi-directional, as they have the characteristics which can
be utilized for Vehicle to Grid technology.

III. Power Quality Issues in an EV Charging Station

This section talks about the various Power Quality issues which may occur during the charging
process or on the transmission line. They are as follows:
1) Harmonics
2)  Total Harmonic Distortion
3) Voltage Fluctuations or Flicker
4)  Voltage Sags/Swells

In this paper, we discuss the effects of Voltage Sags.

IV. Voltage Sag

Voltage sags are considered to be one of the most harmful power quality problems, due to their
effect on the proper operation of several types of end-user equipment. This short- duration reduction
in RMS voltage are caused due to load variations, power system faults and more many. [11].

The most common cause of voltage sags is the flow of fault current through the power system
impedance to the fault location. Hence, power system faults in transmission or distribution can affect
respectively a large or small number of customers. A fault in a transmission line affects sensitive
equipment up to hundreds of kilometers away from the fault [12]. In both, transmission and
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distribution, voltage sags due to faults in parallel feeders, produce incorrect operation of industrial
customer equipment [13].

Magnitude, duration, phase-angle jump and the shape, define voltage sags. Power System
performance during the event occurrence are considered. For Power System performance research,
real data is difficult to be available. Thus, simulation tools are used.

A. Definitions:

Various definitions of voltage sag and its main characteristics are referred from [14] and
presented here:

e  Voltage sag: Reduction in RMS voltage between 0.1 to 0.9 pu or current at the power frequency
for durations of 0.5 cycle to 1 min [15].

e  Magnitude: The lowest RMS value of the voltage during a voltage sag [11].

e  Duration: The time during which the RMS value of voltage is under the threshold (0.9 pu) [11].

e  Phase-angle jump: The difference between the phase angle of the voltage during an event and
the phase angle of the voltage before the event [11].

e  Shape: It defines the behavior of the RMS voltage profile during voltage sags. According to their
shape, voltage sags are classified to be rectangular (RMS voltage value is constant) or non-
rectangular (RMS voltage value varies) [16].

e  Point-on-wave of sag initiation: The phase-angle of the fundamental voltage wave at the instant
of sag initiation [11].

e  Pre-fault voltage: Voltage value during an interval ending with the inception of a fault [11].

B. Voltage Sag Characterization:

The above voltage sag definitions and characteristics have been referred to [14] can be
characterized as follows:
Consider Figure 3

VOLTAGE SAG
CHARACTERISTICS

Instantaneous voltage Phase-angle

Magnitude Jump

Amplitude

Point-on-waveof 3

Duration rms voltage profile sagiinitiation

Magnitude

- Point-on-waveof =
ape Time voltage recovery £

Figure 3. Characteristics of Voltage Sag [14].

The above Figure 3, consists of the various characteristics of Voltage Sag. It usually consists of
defining and quantifying the parameters of this disturbance such as Magnitude, Duration, Phase
angle jump and shape.

The sag duration depends mainly on the fault clearing time provided by electrical protection,
which can be determined by simulating the electrical protection behavior, when dealing with system
faults.

Magnitude and the phase angle jump depend upon the fault location and the line impedance.
They can be determined at different nodes by simulating system faults.

Figure 4 and Figure 5 can be referred from [14]. These figures represent the instantaneous
voltage profile and voltage magnitude profile respectively.
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Figure 4. Instantaneous Voltage [14].
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Figure 5. Voltage Magnitude [14].

C. Theoretical Calculation of Voltage Sag

The Figure 6, below, shows a basic model in order to calculate the voltage sag, during a 3-phase
fault on a basic radial system.

<’H\ /k 7Zs

— % Load

pcc
Figure 6. Voltage divider mode for Voltage Sag calculation [14].

The voltage at the point of common coupling can be calculated as in Equation (1):

Zf
Zs+Zf

Where,
Vsag: It is the voltage sag
Zf :Itis the Feeder impedance

Vsag = * Vsource (1)

Zs : It is the source impedance

V. Various Effects of Voltage Sags

Voltage sag has tremendous effects on transmission systems. If not controlled in due time, it may
lead to hazardous consequences. Today’s modern industrial applications consist of various very
sensitive devices, which are prone to being damaged at the slightest of changes in quality of power.

Nonetheless, this issue of Voltage Sag is given a lot of importance in the power industry.

A. Impact of Voltage Sag of Different Types of Converters:

Reference [17] talks about various types of chargers which are or can be used in the Electric
Vehicle Charging Station. It also discusses the effects Voltage Sags could have on the performance of
these chargers.

The various types of Voltage Sags are Single Phase, Two Phase Voltage Sags and Three Phase
Voltage Sags as discussed about in [18]. Voltage Sags can also be of 7 different types when phase
jumps are considered. EV chargers adopt three-phase power supply, so separately analyzing the
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impacts of single- phase, two-phase and three-phase voltage sags on EV chargers would be helpful.
Three types of Converter Chargers are considered for this study.
1. Six Pulse Rectifier Charger
2. Twelve Pulse Rectifier Charger
3. PWM Rectifier Charger

The parameters for the above chargers can be referred to in [17] and the effects of Voltage Sag are
studied in these as follows:

1)  Single Phase Voltage Sags [17]:

The reference talks about the effects of Single voltage sag as a phenomenon caused mainly due
to short circuit faults in electric power system which in single phases, accompanies a phase jump.
Consider Figure 7, Figure 8, Figure 9, the DC-DC waveforms for 3 types of chargers is shown:

e
= o e 11|
i "MMHI‘LHHJL

=
=

Figure 8. DC-DC Input Voltage Waveform for a 12-pulse charger [17].
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Figure 9. DC-DC Input Voltage Waveform for a PWM charger [17].

From the above figures and from the reference, it can be seen that, single phase Voltage Sags
have relatively less impact on 3 phase chargers.

2)  Two Phase Voltage Sags:

Reference [17] talks about the impact of Two Phase Voltage Sags on the above-mentioned
Converter Chargers.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 10. Output Voltage Characteristic Curves for 6 & 12 pulse chargers [17].
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Figure 11. Output Voltage Characteristic PWM Rectifier charger [17].

Asis shown in Figure 10, the output voltage of the 6-pulse charger is approximately in positive
proportion with the phase jump.

The output voltage of 12-pulse rectifier charger has almost no change when phase jump value
is less than 80°. The output voltage begins to drop rapidly until the phase jump value is greater than
80° [17].

The PWM rectifier charger has no change in its output voltage when phase jump value is less
than 90°.When phase jump value is 95°, the output voltage waveform is shown in Figure 9 [17].

Figure 11 shows that, the PWM rectifier charger still can’t work properly after the sag was
eliminated. A big phase value jump has more impact on chargers. Phase jump whose value is less
than 90°, causes a big impact on 6-pulse rectifier charger, while there are almost no effects on 12-pulse
rectifier charger and PWM rectifier charger [17].

So, it can be considered that the phase jump has no effect on 12-pulse rectifier charger and PWM
rectifier charger.

3)  Three Phase Voltage Sags:

When the three-phase voltage sag magnitude reaches 0.7 p.u., normal functioning of the 6-pulse
rectifier charger is affected. The output voltage of a 6-pulse rectifier charger and a 12-pulse rectifier
charger are approximately in positive proportion with the input voltage, while the output voltage of
PWM rectifier drops rapidly when the input voltage falls below a certain value [17].

There is a minimum critical voltage sag during which EV chargers can keep stable and recover
after the sag, and the charger system collapsed immediately when the voltage sag which is less than
the minimum-allowed voltage sag occurred and could not return to the original state after the sag
was eliminated [17].

Consider the Figure 12,

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Figure 12. PWM Rectifier Output Voltage Waveform [17].

Voltage Sag duration is also an important factor, which influences the normal operation of
chargers. The results state that, EV chargers can remain stable when sag duration is 0.2 sec. While,
they can’t return to their original state after the original sag was eliminated when sag duration is 0.5
sec [17].

The output power of the charger is another important factor that can influence the ability of
charger to cope with the voltage sag. Figure 12 shows that, the charger can’t work normally under
rated output power when the sag duration is 0.5s. But, the charger would work normally if the output
power was reduced to half of the rated power. Therefore, the smaller the output power of chargers,
the stronger is the ability to cope with the voltage sag [17].

B. Over-Voltages Due to Synchronous Tripping of EV Plug-In Chargers Following Voltage Dips

Authors in [9] have identified a potentially significant issue associated with large-scale PEV
charging. When grid voltages sag below 80% of nominal, PEV chargers are likely to trip [7]. Voltage
sags may often affect the entire distribution feeders, and may even be more widespread. It is
therefore quite believable that voltage-sag events may affect large numbers of PEVs, leading to
synchronous response and a consequent drop in load. Putting this into context, most PEV charging
will occur at night, when non-PEV load is at a minimum. Voltage-sag induced tripping of PEV-
charging loads could result in the loss of a significant proportion of the total load. [9]

When the initiating event is cleared, voltages will instantly rise above their pre-disturbance levels
due to the reduction in load. Post disturbance voltages may easily exceed 1.1 p.u. This would result
in further load tripping, including many of the remaining PEV chargers [7]. This resulting
overvoltage could damage electrical equipment and the remaining loads [9].

=
N - 4
&09
s
L —
08 /-‘_79‘.;
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Figure 13. Response of voltage to a 300msec voltage sag on a node of a primary feeder [9].

According to [9],
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A node was subjected to a voltage drop from 1.0 to 0.8 p.u., for a period of 300msec.Voltages at
all nodes are shown in Figure 11, while Figure 14 showed the number of PEV chargers that remained
connected at each node [9].

PEVs are prevented from tripping during the first 200msec, but may trip after that time period.
As PEV chargers trip, voltages rise slightly, so the rate of tripping subsides. Nevertheless, on restoring
the system voltage to 1.0 p.u. at 300 ms, voltages at some nodes exceed 1.1 p.u. PEV tripping then
continues at those nodes due to the excessively high voltages [9].

= 700 = =00 ==c = Sso =oo =so soo

Figure 14. No. of PEVs that remain connected after a 300msec voltage sag on a node of a feeder [9].

Figure 15 is an analysis of overvoltage in a 3-phase network model. talks about the post
disturbance phase voltage. From the figure, it can be seen that as the voltage sag happens for a
particular duration, there happens to be tripping. When the voltage is restored and there is 100%
loading, a20% drop in the load would result in node voltage reaching 1.1 p.u. This load drop is applied
across all the loads. Figure 15 shows the three phase voltages along the main feeder when there is a
drop of 20% [9].

Voltage (pu)

)

A
B, [

S F H> P o P & &5 S & &
¥ & o2 o & & &F T T & ze’

Figure 15. Post disturbance phase voltage along the main feeder. 20% load drop across 3 phases for all loads

(%]

The usual methods to control distribution feeder voltages, are too slow to prevent over-voltages
when the initiating event is cleared. The load-loss problem is a consequence of the low- voltage
characteristics of PEV chargers, which are determined by the governing standard [7]. Altering these
standards to ensure grid-friendly low-voltage-ride-through would eliminate the wide-spread PEV
load tripping. The over-voltages would become a nonissue [9].

Reference [9] shows that PEV load tripping could result in excessive voltage imbalance and
could result in individual phase voltages rising to unacceptable levels.

V1. Schematic & Results

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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To explain the phenomenon of Voltage Sag, a simulation model was designed of an Electric
Vehicle Charging Station. Figure 16 is a schematic for it. The parameters are as follows:

e Input Voltage: 240V AC

e  Frequency: 60Hz

e An AC-DC Bidirectional Rectifier which converts the AC to DC approximately to a low value.

e This DC Value is converted to the required DC Voltage level using a Bi-directional DC-DC
Converter.

e  The Type of charger that is being designed is a Level 2 Charger. The charger has an output
around 240V to charge the vehicles.

e A DVRucircuit to compensate for the Voltage Sag.

Figure 16. Schematic with Voltage Compensation.

The problem of Voltage Sag can have tremendous harmful effects on the performance of
different types of equipment and loads which are connected in the Electric Power System. These
effects have been discussed briefly in the section V. This section talks about the measures which can
be incorporated to mitigate Voltage Sag.

There are various devices which can be utilized in order to overcome the problem of Voltage
Sag. Some of these devices are as follows:

1) DSTATCOM: It can operate in two modes.

a) Current Control : DSTATCOM in this mode acts as an active filter, power factor corrector, load
balancer.
b) Voltage Control : DSTATCOM here can regulate a bus voltage against any distortion, sag or

swell or against unbalance or short duration interrupts.

2) DVR: It is a series compensated device which is used to protect a sensitive load from sags or

swells. Voltage at the load terminal can also be regulated.

A system is designed considering Cost in mind and to overcome the problem of Voltage Sag or
Swell. Thus, in this paper, a DVR is used to over-come the problem of Voltage Sag.

There are multiple reasons of Voltage Sags. One of the reasons being withdrawal of high current
than expected or rated. Considering the example of an Electric Vehicle Charging Station a Voltage
Sag is possible, which could be possible due to a large load which draws a very high current. To
overcome this, a DVR can be utilized.

DVR is a series compensated device which injects a voltage component in series with the supply
voltage to compensate the voltage sags and swells. A control response in the order of 3msec to ensure
a secure voltage supply under transient conditions. The various components that make up the DVR
system are Filter Circuit, a PWM inverter and a Storage Unit.

The schematic mentioned in Section VI has a DVR circuit connected in-order to compensate for
the Sag.

The above three waveforms display the conditions of voltage sag.

Voltage sag is a phenomenon which occurs due to a large number of reasons. One of these being,
large amount of current which is drawn from the circuit or from the grid in this case by a load. This
large withdrawal of current leads to voltage sag generation across the sensitive load. A grid

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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connected EV Charging Station interconnected with multiple loads like residential loads would lead
to a voltage sag affecting the residential loads when such high amount of current is drawn by any
Electric Vehicle. Similarly, Figure 17(a) talks about a Voltage Sag being generated after no disturbance
for some amount of time. In Figure 17(a) a Voltage Sag across the grid, is caused at t=0.1 sec. It has
been simulated as a fault condition being caused at that particular time due a load, which draws a
high amount of current. Voltage sags by up-to 50%, which affects the sensitive loads. This voltage is

Vokage 3308s e Gy

later compensated by the use of a DVR circuit.

e Vesrreast
o~ =

(a)

(b)

(©)
Figure 17. (a) Voltage Sag on the grid (b) Voltage Sag Compensation (c) Voltage across the Load.

Figure 17(b) is the waveform for voltage across the capacitor. When a Voltage Sag occurs at t=0.1
sec, this Voltage Sag is compensated by the DVR circuit. The sag in the bus voltage is detected and
with the help of the capacitor and the available energy storage backup or a battery backup, this
Voltage Sag is compensated for. The grid voltage is continuously monitored for a sag. To do this, the
grid voltage is compared with the reference voltage. If the Grid Voltage falls below a threshold value,
Voltage Sag compensation takes place with the help of the control system designed for the DVR.

Finally, Figure 17(c), shows the Voltage that is supplied to the load. The compensation through
the DVR makes sure that the voltage across the load remains constant, even across the most sensitive
loads. Thus, in this way, a proper sinusoidal voltage reaches the load. In this way, the entire operation
functions. It is therefore possible to protect other sensitive loads like aresidentialload in case this
is a system inter-connected with the grid.

VII. Conclusion

To conclude, in this paper, we tried to discuss briefly the Electric Vehicle charging station. Its
general schematic and average models helped in understanding it deeper. The various power quality
issues were mentioned, and the power quality issue of Voltage Sag was discussed in detail. We talked
about the various causes of Power Quality issues which are possible in an Electric Vehicle Charging
Station. The paper also discussed in brief, the effects this issue of Voltage Sag could have on various
converters and also the after effects of Voltage Sag. Finally, the results of a simulation model
performed, were shown and the use of a DVR as a compensation device was shown. The process of
voltage sag compensation was explained via graphical representation and it's the voltage sag
compensation for the simulation was achieved. Its results are shown.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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VIII. Future Scope

e  Solution to prevent immediate voltage rise after a sag is also extremely important.

e  Using a UPQC. UPQC has the characteristics of a DSTATCOM and a DVR. It can well perform
the functions of both. It can correct current and voltage both whereas others can correct them
individually.

e  Using Electric Vehicles connected to Grid as the energy storage device in place of or along with
other batteries for voltage compensation in case of faults caused.

e  Revising the standards to incorporate & overcome the after effects of a voltage sag could be a
savior.
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