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Abstract — Due to increased concerns for rising oil prices and environmental problems, various
solutions have been proposed for solving energy problems through tightening environmental
regulations such as those regarding CO, reduction. Among them, Electrical Vehicles (EVs) are
evaluated to be the most realistic and effective approach. Accordingly, research and development on
EVs and charging infrastructures are mainly proceeding in developed countries. Since EVs operate
using electric energy form a battery, they must be connected to the power system to charge the battery.
If many EVs are connected during a short time, power quality problems can occur such as voltage sag,
voltage unbalance and harmonics which are generated from power electronics devices. Therefore,
when EVs are charged, it is necessary to analyze the effect of power quality on the distribution system,
because EVs will gradually replace gasoline vehicles, and the number of EVs will be increased. In this
paper, a battery for EVs and a PWM converter are modeled using an ElectroMagnetic Transient
Program (EMTP). The voltage sag and unbalance are evaluated when EVs are connected to the
distribution system of the Korea Electric Power Corporation (KEPCO). The simulation results are

compared with IEEE standards.
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1. Introduction

The Kyoto protocol of 2005 made CO, reduction
compulsory for developed countries. The Republic of
Korea has invested in R&D and the commercialization of
EVs with aims for mass production in 2011, and for
comprising 10% of the world green car market share by
2015, which would guarantee that green cars would
comprise up to 10% of domestic compact vehicles by 2020
[1].

Since EVs are powered by batteries, charging is
necessary. In order to charge the battery, EVs should be
connected to the power system. However, EVs are
charged randomly depending on driver’s patterns,
driving purposes, the time of days, the day of the week,
the season, and so on. Consequently, various power
quality problems such as voltage sag, harmonics, and
voltage unbalance could occur in the power system.
Among the power quality problems, voltage sag is the
most frequent event. Hence, prior to the mass production
of EVs, it is necessary to analyze the power quality
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problems and to make arrangements through simulations
when EVs are connected to the power system.

Various studies have already been performed, including;
the analysis of harmonics due to the connection of EVs [2],
and of the impact of plug-in electric vehicle loading [3, 4],
the impact of transformers [5], the active and reactive
power demand [6-9], the power quality and voltage
unbalance [10], loss reduction using charging control
[11, 12], frequency control [13], and of EV chargers
characteristics [14]. In these studies, however, EVs were
not connected to an actual power system and numerical
power quality analysis was not performed clearly. In this
paper, voltage sag and unbalance occurs upon the
connection of EVs are analyzed based on actual traffic
volume and average driving time in distribution system of
KEPCO. Simulations are performed on various penetration
levels, and the results are compared with IEEE standards.

2. Connection of EV

EV charging can be divided into slow charging and rapid
charging [15]. Generally, slow charging systems for
households are operated at 230V on a single phase of the
LV level. In contrast, rapid charging systems are operated
at 350-400V on the three phase of MV level. This paper
considers a slow charging system only. The single line
diagram of a slow charging network is shown in Fig. 1.
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Fig. 1. Configuration of Slow Charging Network
2.1 Assumptions

In this paper, we make the following assumptions:

(D The number of EVs connected to the power system is
proportional to the load capacity.

(@ Charging is started promptly after driving is stopped.

(@ While EVs are charging, other components of the power
system do not affect power quality.

@ Characteristics of weekends and holidays are not
considered.

® A slow charging system will complete the battery
charging within 2 hours.

® All EVs are connected to phase A.

(D1 hour is assumed as 0.1 second in the simulation.

We assume that the number of EVs is proportional to the
load capacity because the load capacity is closely related to
residential density. EVs will be charged promptly after
driving is stopped. For this, we consider the actual traffic
volume and average driving time. The average driving time
in the Republic of Korea is 1 hour is applied in this paper
[1]. Since this paper focuses on the impact of the EV
charging, it is assumed that other components on the power
system do not affect power quality. And, we consider only
weekdays. EVs will be completely charged within 2 hours
by considering the average driving distance, fuel efficiency
and capacity of the charger. Next, in order to consider the
worst case, all EVs are connected to phase A. Finally, we
regard 1 hour as 0.1 second to reduce the simulation time.

2.2 Simulation system [16]

We model the distribution system in one part of Seoul,
Republic of Korea, as shown in Fig. 16 of the Appendix.
This system consists of “X S/S ~Y D/L” and “X S/S ~ Z
D/L”. The total length of this system is 1.5[km], and
consists of two-step-type poles and a neutral line. Electric
power is delivered to 13 loads in the upper portion and 11
loads in the bottom portion. The total active and reactive
loads are 28.6[MW] and 13.9[Mvar], respectively. In this
paper, only part 2 is considered. Because according to [1],
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actual traffic volume is surely required to estimate the
number of EVs. However, it is very hard to get an actual
traffic volume data in part 1. Because the part 2 only
covers one certain area. On the other hand, part 1 covers
two nearby areas. Therefore, if we consider part 1, it could
cause uncertainties on analysis. It means when we regard
part 1, it is obvious that certain amount of traffic volume
have intersection between neighboring areas. Thus,
uncertainties would occur. That is the main reason why we
only consider part 2 area. For more detailed explanation,
assume that the set A and B represents the actual traffic
volume of each areas in part 1. To calculate the traffic
volume of part 1 (A UB), we should know the number of
actual traffic volume of A, B and its intersection (ANB, i.e.
the number of EVs which drive from A to B and vice
versa). However, if we do not know the exact number of
traffic volume in intersection, the uncertainties would occur.
On the other hand, part 2 include only one area. Therefore,
there is no intersection and uncertainties. That is to say,
more accurate analysis can be performed by considering
only the part 2 area.

3. Case Study
3.1 Setting for the number of EVs

The number of EVs is an essential part of analyzing
voltage sag and unbalance. In this paper, it is estimated
according to the following process.

(@ Set the Penetration Level.

@ Calculate the number of EVs on each load (L,-L;;)
based on the load capacity.

(® Analyze the system connection time based on actual
traffic volume.

@ Estimate the number of EVs connected to the power
system at each time by considering the load capacity
and traffic volume.

The Republic of Korea established a scenario that EVs will
comprise up to 10% of the total compact vehicles (about 65,000)
by 2020 [1]. In 2012, the actual number of compact vehicles of
the X S/S ~ Z D/L area is 8961 [17]. Thus, it is expected that
there will be approximately 896 EVs in this area. The number
of EVs on each load process could be calculated using Egs. (1)
and (2).

Ry, = CCL—: x 100(%) ()
Sin = Rin X 5¢ (2)
where,
Ry, : Rate of load capacity of Ln

Cy, : Load capacity of Ln
C, : Total load capacity
St : The number of EVs which are connected to Ln
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Table 1. The number of EV's connected to each load

Table 2. Traffic volume and ratio of the simulation system

Location Load capacity (kW) Rate (%) EVs
Ll 1,189 8.574 77
L2 382 2.754 25
L3 843 6.079 54
L4 1,792 12.927 116
L5 565 4.074 37
L6 727 5.243 47
L7 1,194 8.610 77
L8 1,955 8.618 77
L9 1,282 9.245 83
L10 305 2.199 20
L1l 4,392 31.674 284

Total 13,866 100 896

School " Business  Total

- -
Commute Personal

@ o N
=4 14 e =4
= 2 o ©°

Number of EVs
&
=3
=4

0123 45%6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
Time(h)

0.0

Fig. 2. Charging start time of EVs

: Total number of EVs
:1~11

St

n

Based on these equations, the number of EVs connected
to the power system for a day is shown in Table 1.

In order to set the charging start time of EVs at each load,
the actual traffic volume of a simulation system [18] is
used and depicted in Table 2. The traffic volume is highest
during commute times (8h, 17h, and 18h) and noon.

According to the second assumption of section 2.1, EV
charging would start 1 hour later than the actual traffic
volume. Therefore, the number of EVs connected to the
system at each time can be calculated using Eq. (4).

Sin = Sin X Ry “4)
where,
SP: The number of EVs which are connected to Ln at
each time
Sin: The number of EVs connectedto Ln
R, : The rate of EVs at each time

Fig. 2 shows the charging start time of EVs in case of
the 10% penetration level. From the Tables 1 and 2, the
number of EVs connected to the system considering
actual traffic volume and load capacity in the X S/S ~ Z
D/L area is shown in Table 3. It should satisfy Eq. (5).
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Time | Commute | Personal | School | Business Total %;:;
0 672 437 159 710 1,979 0.89
1 255 172 11 339 776 0.35
2 135 63 1 179 378 0.17
3 114 19 2 110 245 0.11
4 103 32 0 35 170 0.07
5 732 197 4 75 1,009 0.45
6 2,230 465 29 299 3,023 1.36
7 4,974 1,645 224 545 7,388 332
8 6,713 5,495 1,041 1,121 14,370 | 6.47
9 3,988 5,772 1,003 1,780 12,543 | 5.65
10 1,696 6,386 1,027 2,202 11,811 5.32
11 1,079 8,624 966 2,556 13,225 | 5.95
12 1,230 9,764 682 3,346 15,022 | 6.76
13 1,913 10,100 901 3,775 11,689 | 7.51
14 1,754 9,360 666 3,247 15,027 | 6.76
15 2,298 9,652 558 3,081 15,589 | 7.02
16 3,791 9,845 658 3,149 17,443 | 7.85
17 4,886 9,031 596 3,711 18,224 | 8.20
18 5,740 7,469 764 4,405 18,378 | 8.27
19 3,004 5,361 826 4,564 13,755 | 6.19
20 1,563 3,981 492 3,845 9,881 445
21 1,096 2,688 515 2,928 7,227 3.25
22 886 1,560 352 2,134 4,932 222
23 846 806 15 1,263 2,930 1.32
Total 51,699 10,9424 | 11,492 49,398 222,012 100
11 23
$,=2.8,=2.5 (5)
n=1 h=0
where,

S, : Total EVs
S;, : The number of EVs which start charging at each
time

3.2 Model of EVs using EMTP/ATPDraw

In this paper, the driving gear of vehicles is neglected,
because we just focus on the case of EVs charging. The
harmonics filter, PWM AC/DC converter [19], and Li-ion

Li-ion

Battery

—

AN
WV

‘ol PWM
:_|AC/DC

Triangular|
Wave

i vde p:

AC System (Input)

PWM AC/DC .
Converter DC Link, Battery

Fig. 3. EV charging interface
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Table 3. The number of EVs connected to the power system considering time and load capacity (Penetration Level: 10%)

S Tl I L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 Total
0 1 0 1 2 0 1 1 1 1 0 4 12
1 1 0 0 1 0 0 1 1 1 0 3 8
2 0 0 0 1 0 0 0 0 1 0 1 3
3 0 0 0 1 0 0 0 0 0 0 1 2
4 0 0 0 0 0 0 0 0 0 0 1 1
5 0 0 0 0 0 0 0 0 0 0 1 1
6 0 0 0 1 0 0 1 1 0 0 1 4
7 1 0 1 2 0 1 1 1 1 0 4 12
8 3 1 2 4 0 2 3 3 6 0 9 33
9 5 2 4 7 0 3 5 5 5 1 18 58
10 4 1 3 7 2 3 4 4 3 1 16 49
11 4 1 3 6 2 2 4 4 4 1 15 48
12 5 1 3 7 2 3 5 5 5 1 17 53
13 5 2 4 8 2 3 5 5 6 1 19 61
14 6 2 4 9 2 4 6 6 6 1 21 67
15 5 2 ) 8 2 3 5 5 6 1 19 61
16 5 2 4 8 3 3 5 5 7 1 21 64
17 6 2 4 9 3 4 6 6 6 2 22 69
18 6 2 4 10 3 4 6 6 5 2 23 72
19 6 2 5 10 3 4 6 6 7 2 23 74
20 5 2 3 7 2 3 5 5 5 1 18 56
21 3 1 2 5 2 2 3 3 4 1 13 40
22 3 1 2 4 1 2 3 3 3 1 9 29
23 2 1 1 3 1 1 2 2 3 0 6 21
Total 77 25 54 116 37 47 77 77 83 20 284 896
ev_1 ev_2 ev_3 ev_4 ev_5 L1
erour|  “lerour| “lerour|  “GROUP “lerour
ev_1 ev 2 ev_3 ev_4 ev 5 Phase A
ev_6 ev 7 ev_8 ev_9 ev_10
ROUP "lr;noup rour|  “|GROUP ROUP| ,.;go_.” 4 ,_;;,__eu ’_:bz{h_.,,my ;Y"HMAQQ
ev_6 ev 7 ev_8 ev_8 ev_10
1h 7h 13h 19h
ev_11 ev_12 ev_13 ev_14 ev_15 | ¢, ev3 | (o ev | DoV 19 | >, Lev_23
rour| “Jroup] "lcRoup “lerour] TROUP
v_11 ev_12 ev_13 ev_14 ev_15 2h 8h 14h 20h
._Ko_.ev 1 .-a"fo-‘e' ] ’_obfv_.sv_ﬁ ’_;DYHBV_15
ev_16 ev_17 ev_18 ev_19 ev_20
ROUP rour| “lerour|  “lerouP ROUP| 3n %h 15h 21h
ev_16 —h\u 7 ev_18 ev_19 —Iiv_zu b b PToa®18 bl V-19 - Ploa®=13
ov_21 ov_ 22 ov_23 y;;Hev 1 wr:_.ev_fﬁ »_;;Levjo zzhHev_Q
ROUP| GROUP ROUP|
ev_21 ev_22 —hv_ZB sh 11h iTh 23h
__PYHev 1 ._“;Y._.ev_ 15 ’_‘b{H ev_22 ’_KHBV_E

Fig. 4. EV models (Penetration level: 10%)

battery for EVs [20] are modeled using EMTP/ATPDraw.
It is represented in Fig. 3.

If the penetration level is 10%, 23 models of EVs are
required, and a “Time Controlled Switch” is used to
connect to the power system. The name of the input node
of each EV model shown in Fig. 4 should correspond to the
name of a switch node. For example, according to the

Table 3, 9 EVs are connected to L11 of the system at 8 AM.

In order to simulate this case, the name of the switch
operated at 8 AM on LI11 should coincide with ev 9 as
shown in Figs. 4 and 5.
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Fig. 5. Switch setting for system connection on LI11
(Penetration level: 10%)

4. Simulation Results

4.1 Voltage sag

EVs could be regarded as a load and its charging point is
concentrated. Hence, if many EVs are connected to the
power system, voltage sag would occur. Voltage sag could
be the most frequent power quality problem. IEEE standard
1159-1995 [21] define voltage sag as in Fig. 6.
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Fig. 7. Single line diagram on the simulation system

A simple diagram of the modeled system and charging
interface is shown in Fig 7. In order to consider the voltage
drops and losses of distribution lines, we calculate the
complex power and voltage at node “n” as shown in Egs.
(6) and (7).

Sn=(Ss1+Zw pjLu X L)+ (Suz + Zyy p/L#2 X L%
(6)

Vo= Vst XN)+ (Zw pjrwr X Iy X N) (7N

where,
S, :Complex power at node n
Sy Complex power at node #1
Sy Complex power at node #2
Zivonrs - Line impedance of LV D/L #1
Zivon - Line impedance of LV D/L #2
I, :Current of node #1
I, : Current of node #2
V., :Voltage at node n
Vy : Voltage at node #1
N :Turn ratio of LV Transformer

In the equation (6), Zyy pL#1 X L% and Z p/L#2 X
1, terms indicate the line losses by LV D/L #1 and #2,
respectively. And the voltage drops on LV D/L #1 can be
calculated by the latter term of Eq. (7). As shown in Eq. (7),
Vi is varied according to the connection of EVs. Therefore
we measured the voltage 7, on L1~L11. Fig. 8 shows the
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Fig. 9. RMS value of voltage measured on LI1~L11

(Penetration level: 10%)

RMS voltage measured on L4 with the 10% of penetration
level. If EVs are not connected the voltage is 244.63V.
However, the voltage is rapidly reduced to 240.83V
(0.964p.u.) when EVs are connected.

Fig. 9 represents the RMS voltage measured at L1~L11
expressed as a per-unit system. Generally, most cases show
that voltage decreases expressly in commuting times and at
noon. In other words, more EVs are stopped and connected
to the system for charging at these times (i.e. 7~10 AM, 12
PM and 15~18 PM) than others. But voltage does not
exceed the voltage sag limit when the penetration Level is
10% as shown in Fig. 9.

For more specific analysis, the minimum values from
the results of Fig. 9 are depicted in Fig. 10. It is shown that
the voltage decrease when EVs were connected to the
power system and the decreasing rate was proportional to
the number of connected EVs.

In this area, if the penetration level of EVs is 10% the
voltage does not drop under the voltage sag limit defined
by the IEEE standard. Thus, we simulate three cases of
penetration levels and the results are shown in Fig. 11.

In Fig. 10, as the penetration level is increased by 5%
intervals from 10% to 20%, the maximum and average
decrements are 0.035 p.u. and 0.016 p.u., respectively. In
the case of the 10% and 15% penetration levels, voltage
does not drop under the voltage sag limit of IEEE standard.
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But, in the case of the 20% penetration level, the voltage
decreases under 0.9p.u. at 15h and from 17h to 19h.

4.2 Voltage unbalance

Due to the long charging time and single phase
connection, the slow charger for EVs leads to the voltage
unbalance in the power system. Voltage unbalance can
cause some power quality problems in the power system
such as reverse torque and heating of a rotating machine,
and irregular harmonics [22]. Therefore, it is necessary to
analyze the voltage unbalance. Generally, voltage unbalance

can be evaluated by using symmetrical transformations as
shown in Egs. (8~10).

Vo =35 Va+Vy+V,) 8)
Vy =3V + aVy + a?V;) ©)
Vy =2V, + a2V, + aVl) (10)

where,
a: 12£120° = —§+j
Vi : Zero sequence voltage

V, : Positive sequence voltage
V, : Negative sequence voltage

3
2

Voltage unbalance is also has a limitation according to
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the IEEE Standard [21]. u; was the negative sequence
unbalance factor represented by using the ratio of the
positive sequence to the negative sequence. And it is
limited to 2%. In this paper, to use the method applied in
previous study [22], symmetrical transformation is
performed through Egs. (8) and (9) by measuring the 3
phase instantaneous voltage at L1~L11. Based on the
calculated results, the negative sequence unbalance factor
is analyzed. Fig. 12 shows the voltage waveform of the
positive sequence, negative sequence, and u; measured at
L9 in the 10% penetration level.

ufzg—jx 100(%) (11)

In Fig. 12, the voltage unbalance occurred at L9 in the
most time, but it exceeded the limit (2%) at 12 and 16h
only. Therefore, in order to evaluate the voltage unbalance,
the values of u; calculated at L1 ~ L11 are represented in
Fig. 13.

In Fig. 13, it is shown that the voltage unbalance
exceeds the limit at L4, 1.9 and L11 which is connected
with many vehicles compared with other load points.

In contrast to the case of voltage sag, the voltage
unbalance exceeds the limit a total 8 times with a
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Fig. 16. One part of distribution system of KEPCO in Seoul

penetration level of 10%. Fig. 14 shows the maximum
values of u; at each time and Fig. 15 represents the
simulation results with 10%, 15%, and 20% penetration
levels.

Figs. 13 and 14 show that the voltage unbalance exceeds
the limit at most times. On average, u; is increased by
0.836% as the penetration level rises in 5% intervals from
10% to 20%.

5. Conclusion

The voltage sag and unbalance incurred by connecting
EVs to actual distribution system of KEPCO in one part of
Seoul, Republic of Korea were analyzed. EVs are
connected to the power system at varying times 11 points.
The number of EVs is estimated based on actual traffic
volume and average driving time. Actual traffic volume
data or the number of EVs should be investigated.
EMTP/ATPDraw is used and the results are compared with
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IEEE standards. While voltage sag exceeds the limit at
20% penetration level, the voltage unbalance exceeds the
limit at 10% penetration level. From the results of various
penetration levels, it is also shown that voltage unbalance
is more frequent than voltage sag. Accordingly, to maintain
the supply reliability in the distribution system and to
prepare the propagation of EVs, compensation devices and
algorithms for reducing the voltage sag and unbalance
should be applied.
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