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ABSTRACT

Besides the economic aspect behind the renewable energy sources (RESs) and the electric vehicles (EVs), burning
less fossil fuel is a significant response to the calls for the environment preservation. The RESs and EVs can optimize the
grid operation. However, the RESs are intermittent in nature, and the EVs have different operation modes. Their changing
pattern of operation is challenging and may initiate serious problems in the power grid. They necessitate enhancing the
flexibility of the grid to enable handling the dynamics. This paper investigates the problem of lines’ flow congestion as a
result of the arising dynamics. Then, the congestion is relieved through the action of the Phase Shifting Transformer (PST)
as used to control the active power flow. It is found that two PSTs are sufficient to enhance the flexibility of the grid to
enable securely facing operating conditions like EVs fleet connection-disconnection, power system components outage,
wind farm’s output drop or complete shutdown considering 11.08% penetration level, and various combinations of such
changing circumstances. MATLAB/SIMULINK is used to model a modified IEEE-14 bus system, the RESs, the EVs, and
the PSTs. The results revealed the successful interaction of the grid with the dynamics of the RESs and EVs, and

components outage.

Keywords: electric vehicles, grid flexibility, power flow control, phase shifting transformer, renewable energy sources.

INTRODUCTION

The energy crisis and the global heating call to
pay more attention to looking for alternatives to fossil
fuels. Along with, deregulation of the electricity sector has
encouraged the investment in power generation to aid the
competitiveness in the energy market. On the other hand,
the transportation sector is moving towards electrification
of the vehicles. As a direct response to these calls, there is
a global acceptance to integrate renewable energy sources
(RESs) such as the wind and solar, and electric vehicles
(EVs) to the power grids. By 2020, 2030, and 2050, China
has set a goal that foresees wind farm capacities of 200
GW, 400 GW, and 1000 GW respectively [1], [2]. This
escalating trend will facilitate supplying 17% of the
electricity requirements. It is also proposed that the
installed capacity of solar PV power generation units in
China reach 35 GW and more by 2015, and 50 GW by
2020 [3]. Concurrently, the Department of Energy (DOE)
of the US has examined feasibility of using wind power to
cover 10% of the electric demand in 2020, 20% in 2030,
and 35% in 2050 [4], [5]. Besides that the RESs reduce
consumption of the fossil fuel and emission of gasses,
their energy is also used in the transportation industry to
empower the EVs for further saving of fossil fuel and
reduction of gas emissions. The feasibility and economics
of the joint interface between the grid and the EVs are
investigated [6]. The EVs with their vehicle to grid (V2G)
facility [7], [8], [9] and the RESs can optimize operation
of power systems [10]. Integration of RESs and EVs in the
deregulated power market with advanced communication
and control systems [11] is shifting the previous century’s
power grid to a smart one. To this end, owing to being
environment friendly, and owing to the low operating
costs of the RESs and EVs, in a smart grid, it is

economically advantageous to utilize their outputs fully
and to commit them to the highest possible degree [12].

However, as the installed wind capacity grows
more than 10% of the demand in an area, its intermittency
becomes a major issue [13]. It increases the grid dynamics
and in consequence, severe challenges are expected to arise
if no flexibility is added to the present grid. While the
RESs and EVs provide attractive opportunities, some
challenges are imposed by the power grids. These
challenges compel the changes in the planning, operation
and control of the grids [14]. Hosting and relying on a large
amount of the RESs and EVs may not take place fruitfully
if the grid is not made flexible enough owing to the
occurrence of some technical problems.

A serious problem that may occur is congestion
of the transmission lines due to the RESs and EVs
dynamics. These dynamics may also make the power
system components outage more severe. Also, the
congestion management difficulties are augmented owing
to the nature of the RESs and EVs. When integrating these
RESs and EVs to a grid, some important questions that
arise are: Is the transmission network ready to host the
high penetration of RESs? Is it able to withstand the
dynamics of the EVs? What are the safety measures that
should be taken? And what is the system state without and
with these measures taken?

This paper is a direct reply to the
recommendations addressed in [15], and it answers the
above questions by examining effects of RESs’ and EVs’
dynamics on the transmission lines’ flow security. It
defines the network’s lines weaknesses and grid’s
rigidness. Then, to add a degree of flexibility to the grid to
mitigate the line’s overloads, some Phase Shifting
Transformers (PSTs) are located at the proper locations.
The paper considers a variety of single and cascaded
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operating conditions such as wind farms shutdown,
components outage, connection and disconnection of EVs,
and their combinations.

CHARACTERISTICS OF RESS AND EVs

The output of a wind power unit depends on the
wind speed [13], and that of a PV unit depends on solar
irradiance. Since wind speed and solar irradiance fluctuate,
the output power varies. Figure-1 shows a variation of the
output power of a wind turbine. The power curve of a 2.1
MW wind turbine is reproduced here from the actual data
of [16]. There are times when no wind blows, and the
energy drops to zero. On the other hand, when wind speed
goes beyond the rated value, wind turbines are shut down,
and their output power drops to zero. Such shutdown may
initiate major problems in the power grid.
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Figure-1. Power curve for a 2.1 MW wind turbine [16].

Figure-2 shows solar radiation’s curve in summer
[17]. The sun shines for about half of the daytime and
completely disappears for the rest of the time, and thus, the
PV output drops to zero. Also, within the daytime, the solar
irradiation may fluctuate owing to the clouds.
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Figure-2. Daily load curve, wind speed, and solar
radiation normalized to their maximum value in summer
[17].

Electrification of the transportation scheme is
expected to have significant impacts on the power grid

owing to the increase in power consumption on one hand
and the changing demand of the EVs on the other. It has
been estimated that the total charging load of the EVs in
the US can reach 18% of the US summer peak demand at
the EVs penetration level of 30% [18]. The generation
pattern is expected to change. The increasing demand and
its pattern are expected to alter the overall load shape of
power systems, and thus the transmission lines’ flows.
Charging of a bulky population of EVs has a noteworthy
impact on the power network. Wu [19] has studied the
effects of the EVs integration on distribution networks,
considering voltage levels up to 60 kV. It is also stated
that the congestion that is caused by the EVs can be
observed at the medium-voltage level [20], [21].

MITIGATION OF RESS’ AND EVS’ DYNAMICS

The combination of some wind farms results in a
more stabilized output [12] as can be seen in Figure-3. The
figure compares the normalized output of five equally sized
farms located in the N. Ireland region with the averaged
output of all farms. The variation is still high besides that,
the fitting degree of the combination may not always be
viable.
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Figure-3. Five wind farms’ variability (24 Hours) [12].

The EVs’ fleets can be aggregated and controlled
under the virtual power plant (VPP) concept model [22].
In such VPPs, a large number of EVs is grouped and
managed as a single distributed energy source [23]. The
aggregation takes place in different ways depending on the
control schemes and the objectives to realize the V2G
concept [24].

Wind forecast, and energy storage systems (ESS)
[13], as well as wind farms' aggregation, are useful tools to
mitigate the intermittency. However, the major difficulty
is that presently the available ESS options cannot
successfully be used at utility-scale capacities [25].
Currently, the ESS options are expensive and have limited
potential applications [25]. Owing to these limitations, a
suitable mix of implementation of the ESSs and
enhancement of the network’s flexibility is useful. The
intermittency of the RESs and the mobility and charging-
discharging nature of the EVs along with the frequent
components outage should be met by a counter action in
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the grid through its controls. Self-healing, flexible and
smart grids are needed to smooth introduction of RESs and
EVs and to meet the repeatedly occurring changes
securely and reliably [13], [15].

CASE STUDY AND METHODOLOGY

A modified IEEE-14 bus system, which is shown
in Figure-4 is considered in this study. The modified data
are in Table-1 and Table-2. The modification included
penetration of 75 MW rated wind farm, which represents
11.08 % of the demand, 30 MW EVs charging load, 20
MW rated PV unit, and 20 MW rated V2G power supply.
MATLAB/SIMULINK is used for modelling and
simulation. Load flow analysis is used to investigate
effects of the RESs’ and EVs’ dynamics and transmission
line outage on the lines’ flow security. The flow security is
judged by using transmission line loading index PIp [12].
The network weaknesses are determined, and some PSTs
are located to enhance the lines’ flow security. Then, the
simulation is run again with the PSTs action to check the
status of the security.
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Figure-4. A modified IEEE-14 bus system.

TRANSMISSION LINE LOADING INDEX

Transmission line active power loading security
can be estimated through usage of the index (Plp) [12].
The index is given by:

2n
L p
PQZE{;4J (1)

i=1 i—max

where i is the transmission line number, / total
number of transmission lines, P; actual active power flow
in line (i), P;. maximum allowed active power loading
of line (7), and n a real positive integer.

Value of the integer (n) should be increased up to
disappearance of the masking error. Value of the index Plp
in Equation. (1) with a large value of (n) is a large number
for the cases where at least an overloaded line exists.

SIMULATED SCENARIOS AND RESULTS

Besides the base case, i. e. the base operating
condition, simulation of five scenarios is considered.
These scenarios include three single cases and two
cascaded ones. The individual cases are 1. connection of
EVs fleet to charge, 2. shutdown of the wind farm, and 3.
Trip of PV unit (or unplug of V2G-EVs). The cascaded
cases include 4. drop of wind farm’s output power to 50%
during EVs charging, and 5. outage of the line (9-10)
during EVs charging. In the base case, all transmission
lines, transformers and generation units are connected
including wind farm and PV (or V2G-EVs). Two PSTs are
located at the congested paths which are Trans. (5-6) and
Trans. (4-9). The results in Figure-5 to Figure-9 show
active power flow in the congested transformers among
three main paths in base case and in the considered
operating condition pre and post the PST action. Besides,
Figure-10 shows values of the Plp in all of the considered
operating conditions pre and post the PSTs’ action.
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Figure -5. Connection of 30 MW rated EVs fleet to charge
at bus 9: active power flow of Trans. (5-6).
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EVs: active power flow of (a) Trans.(5-6), (b) Trans.(4-9).
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Outage of line (9-10) while charging the EVs

§ 35.5 T
e 40 T T T T T T T T T
g 35 - — Actual Flow | - z «— FEVscharging ——— »
2 P“'l rip or "f_GfE" ===Flow Limit =
§ 34.5¢ o DS st 1 E o <« Outage of line (9-10) —»
2 35+ B
g 34 1 5 e
'g E Base case No PST
5 33.5 I (Y S ] & action
: 2 30- PST at 4
3 B 1 i Trans. (5-6) PST at
S gsl e 1 2 tnaging Rt
= 32 = —— Actual Flow action i
£ £ 251 PST at lagging
7] 32t PV trip or V2G-EV | - ===Flow Limit a action
@ disconnection. =0 Trans. (5-6)
v PST at Trans. (5-6) £ 3KV
o 3L5 3KV lagging action “ lagging
g £ 20r action i
= w)
; 31 ! ! L \-./
0 2 4 6 o
; £
Time (5) s
F 15 1 L 1 L L L
Figure-7. Trip of the PV (or unplug of the V2G-EV): 0 2 Y ime © 6 8 10
active power flow of Trans. (5-6). (a)
Drop of wind farm’s output during EVs charging s 45 ‘ ‘ ' ' ‘ ‘ ' ‘ ‘
= «—  FVscharging —— M 5
40 T g «— Outage of line (9-10) —»
§ «—— FEVscharging ——— 5 E
=¥ * :
3 -« Drop of windfarms' output | oc'. 1
= 38f f I it i Einiinteily Attty
= Actual Flow £ PST at
5 ===Flow Limit PST at = 30! Traus. (5-6)
£ 371 e, 4 2 3KV PST at
5 5.6) E lagging Trans. (4-9)
_é 36| 3KV B ™ | PST at action 3KV
g lagging PST at = 251 Trans. (5-6) lagging
< action Trans. PST at £ No PST 3KV action
E 35t (5-6) Trans. 2 action lagging
= 6KV (5-6) < action
t N;LI:US: lagging 9KV 3 20k T
=0 34 action lagging 2 Base case
5 action =
@ 33L PST at ] a 150 i ' :1 6 I é 10
v Base case Trans. (5-6) Time (s)
2 3l 3kV i
= N
i lagging (b)
= action
. \ \ . . . .
My 2 4 6 8 10 12 Figure-9. Outage of the line (9-10) during EVs charging:
Time (s) active power flow of (a) Trans. (5-6), (b) Trans. (4-9).

(a)

9845


http://www.arpnjournals.com/

VOL. 10, NO. 21, NOVEMBER 2015

ISSN 1819-6608

ARPN Journal of Engineering and Applied Sciences

43
©2006-2015 Asian Research Publishing Network (ARPN). All rights reserved. @

www.arpnjournals.com

LOODEH9

1.O0EHIS ®Shutdown of Windfarm L
Z LOOE+T m50% drop of Windfarm's outputduring EVs charging |
E LOOE+06 ®50% of G10 outage during EVs charging L
E LIOE+05 = Outage of line (9-10) during EVs charging H
”-; LOOE+4 BTripof PVor disconnectionof VIG-EVs i
= BConnectionof EVs to charge
¢ LODE+3 H
=
-1
2 LOOEH2
=
g L With PST Action
= LIOE+00
2 Without PST Action
-2 LOOE-(1

LOOE-02

L.OOE-D3

Different operating conditions with and w/o PST action

Figure-10. Values of the PIp index for the considered
operating conditions pre and post the PSTs action.

ANALYSIS AND DISCUSSION OF RESULTS

In this study, a wind farm is assumed whether
working fully, its output drop to 50%, or completely shut
down. Vehicles of the EVs fleet are assumed to be
connected and disconnected altogether as one source or one
load. The study has focused on steady state active power
flow without considering the transition periods. Also,
among all of the lines and transformers of the system under
study, the results only showed power flow of the always
congested paths. In the base case operating condition, lines
loading index PIp = 0.448 revealing that the lines’ active
power flow is secured. In each of the five operating
scenarios, Trans. (5-6) is get congested as can be seen in
Figure-5 to Figure-9. Activation of the lagging action of a
PST connected to this transformer has reduced its active
power flow. PST’s action on Trans. (5-6) shifts the
excessive active power to Trans. (4-9) and Trans. (4-7).
Only one step of the PST is needed to relieve the
congestion of Trans. (5-6) in the operating scenarios 1 and
3. The worst operating scenario is shutdown of the wind
farm. With penetration level of 11.08%, shutdown of the
wind farm caused 38.7 % overloading on Trans. (5-6). This
represents a significant congestion that needs to be
relieved. Rather than in summer, in winter, the permissible
four hours’ emergency rating of circuit breakers should not
exceed 34% of its rated capacity [27]. In this case, four
steps of PST are activated to relieve the congestion of
Trans. (5-6) as can be seen in Figure-6 (a). While Trans. (5-
6) is still congested, when applying its PST’s second step
(6kV lagging), Trans. (4-9) started to get congested. Setting
the PST’s action of Trans. (4-9) to 3kV lagging relieves its
congestion. Final setting of the PSTs at Trans. (5-6) and
Trans. (4-9) is 12kV and 3kV respectively. This resulted in
decreasing value of Pip from 3.33 x 108 to 1.194 as a sign
of elimination of all overloads. In the cascaded cases, the
action is performed in sequence. Thus, the same action of
the PSTs is needed first to relieve the congestion as that of
case 1. During charging the EVs, a drop of 50% of wind
farm’s output in operating scenario 4 and outage of the line
(9-10) in operating scenario 5 caused congestion of Trans.

(5-6) again, and congestion of Trans. (4-9) respectively.
Outage of the line (9-10) during the EVs charging caused
drop of the active power flow of Trans. (5-6) that resulted
in resetting its PST’s lagging action to zero. Figure-10
depicts raise of the value of the PIp index in all considered
operating scenarios, and success of the PST’s setting to
drop the value of the PIp in all considered operating
scenarios. The results revealed the added flexibility to the
grid through usage of two PSTs. The results also showed
success of the PSTs in handling the dynamics of all
different single and cascaded operating scenarios.

CONCLUSIONS

This work has addressed importance of
enhancement of the flexibility of the grid to ensure its
continuous successful operation when the RES units output
intermits, the EVs are connected and disconnected, and
when the power system components trip. The paper first
investigated lines’ loading security problem as an impact of
RESs and EVs dynamics and components outage. It
identified the bottlenecks and then improved the lines’
loading security through enhancing the grid’s flexibility by
using a set of PSTs introduced to the weakest links. The
PST with its relatively slow response as compared to power
electronics based FACTS devices is reasonable to be used
to enhance the lines’ flow security against RESs’ and EVs’
dynamics. PSTs’ relatively small cost aids their wide usage
for such purpose. Since the transmission lines and
transformers can withstand emergency overloading
conditions for some minutes in case of severe violations,
and some hours in case of slight ones, the results revealed
that PSTs’ stepping action of 2 seconds interval is
sufficient for the purpose of real-time transmission lines
congestion relief. The study focused on steady state load
flow analysis. For during the dynamic changes periods, i. e.
instants of RESs and EVs transients within interval of
activation of a PST’s step, a support by a small RES unit
would enhance stability of the grid.

APPENDIX: DATA OF THE MODIFIED SYSTEM

Transmission lines and transformers impedance
data are not altered. They are typical as that in [26]. The
transformers’ three phase active power capacity is taken as
100 MW each. The modified data are as shown below.
Table-1 shows modified capacities of the fossil, RES units,
and EVs fleet. Table-2 shows modified ratings of loads and
synchronous condensers.

Table-1. Modified generation capacity.

Gen. No. Type Ratet(i\g:_l;aut}
1 Fossil 600
2 Fossil + PV/EVs 40+20+20
10 Fossil 100
11 Wind 75
13 Fossil 50

9846


http://www.arpnjournals.com/

VOL. 10, NO. 21, NOVEMBER 2015

ISSN 1819-6608

ARPN Journal of Engineering and Applied Sciences

43
©2006-2015 Asian Research Publishing Network (ARPN). All rights reserved. @

www.arpnjournals.com

Table-2. Modified load and compensation.

Synchronous
Bus P Q Condensers
No. MW) (MVAr) (Mvar)
Min Max
3 80 20 -20 40
4 70 30 -30 120
5 90 40 -30 130
6 55 20 -20 20
8 25 20 -20 20
9 62+30(EV) | 34+1(EV) = =
11 105 30 - -
12 40 30 - -
14 120 50 -50 90
Total 677 275 -170 420
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