-

View metadata, citation and similar papers at core.ac.uk brought to you byf’f CORE

provided by Queen's University Research Portal

Influences of Large-scale Smart Charging Stations on Small-
Signal Stability of Power Systems

Cai, H., Huang, J., Wang, H., Xie, Z., Chen, Q., & Littler, T. (2014). Influences of Large-scale Smart Charging
Stations on Small-Signal Stability of Power Systems. Proceedings of the CSEE, 34(16), 2561-2574. DOI:
10.13334/j.0258-8013.pcsee.2014.16.006

Published in:
Proceedings of the CSEE

Document Version:
Version created as part of publication process; publisher's layout; not normally made publicly available

Queen's University Belfast - Research Portal:
Link to publication record in Queen's University Belfast Research Portal

General rights

Copyright for the publications made accessible via the Queen's University Belfast Research Portal is retained by the author(s) and / or other
copyright owners and it is a condition of accessing these publications that users recognise and abide by the legal requirements associated
with these rights.

Take down policy

The Research Portal is Queen's institutional repository that provides access to Queen's research output. Every effort has been made to
ensure that content in the Research Portal does not infringe any person's rights, or applicable UK laws. If you discover content in the
Research Portal that you believe breaches copyright or violates any law, please contact openaccess@qub.ac.uk.

Download date:24. Feb. 2017


https://core.ac.uk/display/77603065?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://pure.qub.ac.uk/portal/en/publications/influences-of-largescale-smart-charging-stations-on-smallsignal-stability-of-power-systems(ed6ebf46-0e6b-4bc8-b997-b75cc5545074).html

H34% 16 S RN 5 N 1 N DR < - S Vol.34 No.16  Jun. 5, 2014
201446 A 5H Proceedings of the CSEE ©2014 Chin.Soc.for Elec.Eng. 2561

DOI: 10.13334/j.0258-8013.pcsee.2014.16.006

NEHS: 0258-8013 (2014) 16-2561-13

FESES: TM 71

AAER I EEREFER AT B N RS
N ETE RS20

s

HEE', EARME, TiEAE, W@, %EtFE 2 Tim LITTLER?

(1. BRIZHE G NE BFRARARIL, THE @7 T 210009;
2. MREHAFXERT, B N AREH4F BT SAH)

Influences of Large-scale Smart Charging Stations on Small-Signal
Stability of Power Systems
CAI Hui', HUANG Junhui', WANG Haigian', XIE Zhenjian', CHEN Qiyu?, Tim LITTLER?

(1. State Grid Jiangsu Economic Research Institute, Nanjing 210009, Jiangsu Province, China; 2. School of Electronics, Electrical

Engineering and Computer Science, Queen’s University Belfast, Belfast BT9 5AH, United Kingdom)

ABSTRACT: Large-scale smart charging stations can
effectively satisfy and control the charging demands of
(PEVs). But

simultaneously their penetrations inevitably induce new

tremendous  plug-in  electric  vehicles
challenges to the operation of power systems. In this paper,
damping torque analysis (DTA) was employed to examine the
effects of the integration of smart charging station on the
dynamic stability of the transmission system. While the
discussion has focused on the damping of power system
oscillations in the transmission system, and the smart charging
station in the distribution system can be considered as an
equivalent one with the proper control connecting to the
specified bus. A single-machine infinite-bus power system
with a smart charging station which denoted the equivalent of
several ones was used for analysis. From the results obtained
from DTA, it reveals that in the view of the damping ratio, the
optimal charging capacity is better to be considered in the
design of the smart charging station. Under the proposed
charging capacity, the power system can achieve the best
maintained dynamic stability, and the damping ratio can reach
the crest value. According to the established Phillips-Heffron
model in the previous analysis, the phase compensation method
was utilized to design the stabilizer via the active and reactive
power regulators of the smart charging station respectively.
With the help of the stabilizers, damping of the system
oscillation under certain operating conditions can be
significantly improved, and the power oscillation in the tie-line
can be suppressed more quickly. The results of the case study

verified the conclusions.

KEY WORDS: smart charging station; plug-in electric

vehicles (PEVs); power system oscillations; small-signal

stability; damping torque analysis (DTA); stabilizer design
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0 INTRODUCTION

The growing concern of carbon dioxide emission,
greenhouse effect and rapid depletion of fossil energy
drives the demand for the revolutionary changes in the
automobile industry. Much effort has been put into
developing a new high-efficient, environment-friendly
and safe transportation vehicle that can replace the
conventional ones. The utilization of plug-in electric
vehicles (PEVs) as the most suitable solution has been

promoted in many countries. China is expected to
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have 5 million EVs by 2020 according to its
Development Plan for Energy-saving and Renewable
Energy Vehicles. However, a prediction by State Grid
Corporation of China (SGCC) illustrates that the
number will be 5 to 10 million due to fast
development of EVs at present in China. As EV
related technologies have been making progress and
many national and local incentives have been created
for EVs purchases, the total number of EVs is likely
to be 30 million by 2030 [1-2].

With the significant increase of PEVs, the
corresponding parking lots termed as smart charging
stations in [3-5] will be established to charge the
tremendous PEVs. A typical city will contain several
SmartParks distributed throughout the city one to few
miles apart in the distribution system. The newly
established smart charging stations are preferred to be
connected to an additional bus of the transmission
Vehicle-to-grid  (V2G)

supplies the bidirectional communication between the

system[3-5]. technology
parked vehicles and connected grid. The vehicles
parked in the smart charging station can not only
simply absorb active power from the grid for charging,
but also participate in power regulation during
discharging mode. Reference [6] showed that most
personal vehicles in the U.S. were parked more than
95% of the day and generally followed a daily
schedule. The huge number of parked PEVs has the
assignable potential to impact the frequency stability,
voltage stability and rotor-angle stability of the
system[7-12].

charging stations is much lower than that of the

Nowadays, the capacity of smart

conventional power plants. Only frequency stability
and voltage stability of the distribution systems attract
much attention in recent years. However, if only half
of the 230 million gasoline-powered cars, sport utility
vehicles and light trucks in U.S. are converted to or
replaced with the electric vehicles, they would have
20 times the power capacity of all electricity in the
country [13]. The impacts of SmartParks to the
stability of the transmission systems cannot be
ignored any more. Power system oscillations, as one
section of the dynamic stability, occur inherently due

to the rotor inertia of synchronous generators such that

it takes time for them to respond to the sudden lack or
excess of active power in a power system. The
increased- amplitude or weak-damped power
oscillations via the tie-lines will lead to the wrong
activation of the automatic protection devices, the
splitting of the system or even the collapse. While the
time-varying of the load-flow condition in the power
system with high-penetrated smart charging stations is
the common reason for the appearance of power
oscillations, damping torque of the system needs to be
extremely concerned.

Under different operating conditions, smart
charging stations can vary from the adjustable load in
the charging mode to the regulable generator in the
discharging mode and vice versa with the voltage
control strategy[3-5]. It is significantly valuable to
examine how and why it may interact with the
conventional power generation, hence affecting power
system small-signal stability. In order to gain a good
understanding on and clear insight into this interaction
through theoretical analysis, a single-machine
infinite-bus power system is adopted in this paper. A
smart charging station is connected to the system and
theoretical damping torque analysis is carried out to
check how and why the smart charging station
interacts with the single generator so as to affect the
power oscillation. It is expected that the analytical
conclusions obtained in the paper can be used to guide
further work on a more complicated case of the
oscillations in multi-machine power systems.

The organization of this paper is as follows: in
Section 1, a comprehensive model of a single-machine
infinite-bus power system integrated with a smart
charging station is established. After that, damping
torque analysis (DTA)[14-16] is employed to examine
the effect of joint operation of a smart charging station
and a conventional synchronous machine on system
small-signal stability in Section 2. The result of the
damping torque analysis indicates that the smart
charging station does not contribute an extra mode of
electromechanical oscillation. It affects power system
small-signal stability by supplying either positive or
negative damping torque to the conventional power

plant varying with the system operating conditions.
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Analysis also reveals that from the view of damping
ratio, the optimal charging capacity is better to be
considered during the design of the smart charging
station. In Section 3, the phase compensation method
is utilized to design the stabilizer via the active and
reactive power regulators of the smart charging station
respectively. A single-machine infinite-bus power
system integrated with a smart charging station is
presented as an example in Section 4. Results of
numerical computation, non-linear simulations and
eigenvalue calculations at different system operating
conditions are given. These simulations and results
demonstrate and confirm the presented theoretical
analysis, and verify the effectiveness of the designed
stabilizer. Another 4-machine power system is
employed to manifest that the conclusions obtained in
the single-machine power system are also available in
the multi-machine power system. Conclusions are

summarized in Section 5.

1 A LINEARIZED MODEL OF SINGLE-
MACHINE INFINITE-BUS SYSTEM WITH
A SMART CHARGING STATION

The local

supporting the regional loads, can be used to charge a

electricity ~ generations, except

smart charging station under wusual conditions.
Comparing with thousand-million-kilowatt capacity of
outer power systems, the abundant active power
generation with ten-thousand-kilowatt capacity in a
regional system can be simplified as an equivalent
synchronous machine. The inertia of the equivalent
synchronous machine denotes the dynamic stability of
the regional system. Because every individual smart
charging station has the same dynamic behavior
during the transient procedure, the smart charging
stations can be regarded as an equivalent one with
higher active power and reactive power capacities. A
smart charging station usually is connected to the
transmission system through a step-up transformer,
which is seemed as a reactance in this paper.

In this paper, the research focuses on the power
oscillation which lasts for mostly ten to twenty
seconds. Uncertainties during EV charging such as the

alternations of charging strategies or vehicle numbers

have little effect on this analysis. EV charging demand
or discharging supply during this dynamic procedure
is considered as determinate power from the start time
and following seconds. For a simple analysis, a
constant power charging/discharging strategy is
utilized to estimate the optimal EV charging numbers
for smart charging station design.

Fig. 1 shows the configuration of a single-
machine infinite-bus power system, where a smart
charging station is connected at a busbar denoted by
subscript s. The linearized models of network equations

and synchronous machine are presented in [14, 17-18].

U‘ —_— )([S Us X Ub
@ | ~ N | <~ Alargi
—_— I— networ
| I Iy
Infinite busbar b
I
Xs

1 BHREABMBEANRINLTSAEW
Fig.1 Simplified model of the power system in a city

Where Usis the voltage at the high-voltage-level
busbar where the smart charging station locates; U,
U. are the voltages at infinite busbar and the
low-voltage-level busbar connected with the smart
charging station; I, I;, Iy are the line currents as
indicated in Fig. 1; X, X, Xs are line reactances as
indicated in Fig. 1

The control strategy of smart charging stations is
shown in Fig. 2. The objective control is to command the
currents corresponding to the fast change in demanded
active and reactive power. The equations of smart

charging stations according to Fig. 2 are obtained as:

R =(Kpp + Kyp / ) Bopyier = Fov)
_R+A
gsref U—
Uqcl = (KPI[/ +Kllq /S)([qsref _[qs)
Uqc = Uch + Uqcl (1)
0= (KPQ + KIQ ! ) Opgyrer — Orev)
_ 0+
dsref U
Udcl = (KPI‘, +Kll‘, /S)(Idsref _[ds)
Uge =Useo +Uper
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Fig. 2 Control strategy of a smart charging station
where Arranging from Equation (2),

Ppgy, Opey - the demanded active and reactive power
by the smart charging station

K

Kyp 1Q KHJ Ky
Kip + . Kpg + . ,KPL[+ . ,Kp1q+

q

a

re the Proportional-Integral controllers in the smart
charging station.

Linearized from Equation (1),

AUdc = KSp—U‘,CE' AEL; + Ksp—Udcb‘Aé‘

, “4)
AU, =Ky o AE) + Koy A8

While this paper focuses on the analysis of the
impact from the grid-connected smart charging station
to the system linearized

small-signal stability,

processes and expressions for coefficients are not

AU, =Ky oy AU, + KU,,CU,,C AU, + specifically listed.
Ky o AE) + Ky AS 2 Analysis of Damping Torque
©Ta de 2 . . TTL _
AU, =Ky o AU, +Ky o AU, + (2)  Contribution from Phillips-Heffron model
Ky & AE; + K, A The Phillips-Heffron model of the single-
where machine infinite-busbar power system with a smart
charging station can be obtained as Fig.3. From
APy = KPPUdCAUdc + Kppy CAUqL' + .
‘ Equations (2) and (3), the
Kopp AE! + K5 A . . .
pre, AF + KppsA0 model of the smart charging station and its
AQpey = Kapy, AU + KQPU,,C AU, + 3) control strategy can be obtained as Fig. 4.
Kopg; AE; + KopsAS From Fig.3 and Fig.4, we have:
AU =Ky, AU, + Ky AU + AT, = AT, + jATy, = Kpy, AU, +
Kuye AE, + Ky sAS Kpy AU, = (Kpy, Kopu,s + Koy, Kopu, s )AS (5)
ATct-ex = AT;l—ex + jAZit-ex = KPE;
_[KEquc Ksp-UqCE + KE‘IS - ﬁ(1<U‘UL,c Ksp—UdCS + I<ULU‘/C Ksp—UqCE + KU‘E)] (6)
- AS
(Tc;os + KEqu7 )+ KEquC Ksp-Uch; - ﬁ (KU|UdC Ksp-Uch; + KU‘U,,C Ksp—Uch"] + KU[E; )
AT, =AT, + JAT, =AT, , + AT, = generator. The contribution of electric torque is
(AT, + AT, )+ J(ATy, + AT, ) (7) comprised by two parts, i.e. AT¢.s, which relates to AS

Fig.3 and Fig.4 clearly show the dynamic
interaction between the smart charging station and the
conventional synchronous generator. Fig. 3 is very
similar to the conventional Phillips-Heffron model
based on which the DTA was proposed and developed.
It shows that the smart charging station interacts
closely with the generator by contributing the electric

torque to the electromechanical oscillation loop of the

and directly affects the oscillation loop, and ATetex
which relates to AE; and functions through the
excitation system, as indicated in Fig. 3. According to
DTA, the electric torque can be decomposed into two
components, i.e. the synchronizing torque and the
damping torque as shown in Equation (7). The
damping torque contributions AT g.sp, ATdrex and ATy

determine the influences on the damping of power
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Electromechanical oscillation loop of synchronous generator

-1 Aw AS
Ms+D

A
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v

3 HHRFTBEMEANBN TS X RS Phillips-Heffron 122!

Fig. 3 Phillips-Heffron model of the single-machine infinite-busbar system with a smart charging station
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Fig. 4 Linearized model of a smart charging station and its control
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system oscillation.

With certain output power of the synchronous
machine and absorbed or injected power of the smart
charging station, the bus voltages and currents of the
corresponding operation condition can be determined.
The damping torques ATyep, ATyrex and ATy are
dependent on the output power of the synchronous
machine and the absorbed or injected power of the
smart charging station.

From Equations (5)-(7), the conclusions can be
summarized as follows:

1) The proportional controls K, in the smart
charging station mainly induce the synchronous
torque into the oscillation loop, while for ATy, in
Equation (5), only its real part is related to Ad; and the
majority of damping torque is introduced by integral
controls Ki/s, because 1/s induces the image part in
AT, relating to Aw.

2) Because the signals AU, and AU, through
path a and path b in Fig. 3 are significantly attenuated
by lag loops before they form one part of the damping
torque through the excitation system[19], the damping
torque contribution from them can be neglected for
simplified analysis. ATy, represents the main
damping torque supplied by the smart charging station
in damping torque analysis, and ATy..x mainly
expresses the torque supplied by the excitation system
of the synchronous machine.

3)1In this paper, ‘—’ sign indicates the vehicles are
selling power to the grid, that is, they are in
discharging mode and ‘+’ sign indicates that they are
buying power from the gird, denoting that the vehicles
are in charging mode.

The optimal operation point when the system has

the biggest damping torque can be calculated as:

aAT;ﬁ — aAT;ll»Sp + aAT:it»eX — 0 & 62A2]:h < O ,
aIDPEV aPPEV aP;’EV
Fogy >0 ®)

When the output power of the synchronous
machine is fixed, the positive or negative damping
torque supplied by the excitation system of the
synchronous machine is only slightly changed. At the

optimal operation point, the total damping torque
ATy of the system and ATy, contributed from the
smart charging station both reach to their maximum
values.

When the active power in the tie-line is fixed, the
output power of the synchronous machine is changed
corresponding to the absorbed or injected power of the
smart charging station. Both damping torques
contributed by the smart charging station and the
excitation system need to be considered. The total
damping torque ATy of the system and ATy
contributed from the smart charging station reach to

their maximum values at different operation points.

3 DESIGN FOR THE STABILIZER
ATTACHED TO THE SMART CHARGING
STATION

Under the operation conditions that the total
damping torques supplied by the smart charging
station and the excitation system are not enough to
suppress the oscillations, the additional damping
torques need to be added. Compared with the
installation and coordinated parameter setting for
power system stabilizers (PSSs) in synchronous
machines, smart charging stations can be simply
utilized to suppress the grid’s active power oscillation
with little infrastructure cost. Only a centralized
stabilizer will be required at the smart charging station
to maintain system stability.

The stabilizer added via the active power (AP) or

reactive power (RP) control loop is shown in Fig. 5.

QPEV

5 BAERFEBIBIRTINIBIETEE T H R M
Fig. 5 Control strategy of the stabilizer added via AP and
RP control loop respectively

The forward path function which describes the
way from output signal of the stabilizer to the
additional damping torque into the electromechanical

oscillation loop can be obtained:
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PE], K
' __Pa
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()]
aA];SS
FPSS‘l (S) = OAu = PU, Ksp'Udcupssq + KPU[{C KSP'Uqcupssq + KPE:)
pssq
K: K K, K,y K K,y K
a
T, K K., K K K,, K +K,, K + K
(Toos + Kg g )+ Kg y Koy 1 — 1+ T Ky, Kpu, e, Ko, Ko, e, + Kue,)
a

where Fpgp, Or Fpsq is corresponding to the utilized
output signal of the stabilizer ugs, OF Upgsq.

K and K, , are

SP-UeUpssp 27 5p-Ugelt -U jcUpssq

o
obtained from the linearization of the control strategy
with the output signals of the stabilizer considered.

The active power P, in the tie-line is chosen for
the feedback signals of the stabilizers via the active
power regulator and the reactive power regulator.

From the linear system control theory, the active
power P, can be written as the function of the rotor
speed of the generator.

AR, =1, (s)Aw (10)

where
@, . .
1 (s)=(Kps + KPbE; KE;5)T is the reconstruction

function for Py,

While AR, = AR, — AR,y , Kps: Ko and K s are

related to the reconstruction of this feedback signal.
Considering Equations (9) and (10), the electric

torques contributed by the stabilizer via active and

reactive power regulators respectively are expressed

as:

(11)

AT (Auy,) = Fii, (5)7,(5) Gppyp () A@
AT (Au ) = Fri (97, () Gppyq ($)A@

where Gppyp(s) and Gpgeyq(s) are the transfer function
of the stabilizer via active and reactive power
regulators respectively.
The transfer function of the stabilizer is
1+sT, 1+57,
Y 14T 1+5T,

The stabilizers are designed to compensate the

(12)

Gppy =

lagging or leading angle of the forward path, in order
to supply maximum positive damping into the system.
The phase compensation method is used to design the

parameters of the stabilizers.

4 CASE STUDY

4.1 Case Description
Two example cases are employed in this section.
From Case A to Case D, a single-machine

infinite-busbar power system is used. The parameters

of the system are given in Appendix A 1) . Under
different capacities of the smart charging station,
computational results of the damping torque

contribution from the smart charging station and the

excitation system to the electromechanical
oscillation loop of the single synchronous generator
are obtained and confirmed by the eigenvalue of
system oscillation mode. The critical point in which
the system has the biggest damping torque is
highlighted. In Case E, a 4-machine power system is
presented. The parameters are given in Appendix A
2) . The eigenvalue related to the inter-area
oscillation mode is concerned under different
capacities of the smart charging station.
4.2 Case A: Utilizing Only Proportional Control
in the Smart Charging Station and Fixing Load-
flow in the Tie-line

With the load-flow in the tie-line fixed at 10MW,
the comparison is done when only proportional
control is utilized in the smart charging station under
its different charging or discharging power capacities.

The computational results of the example system are
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smart charging station. From Tab. 1, it can be
concluded that:
F 1 EZETTEGIEHIREE P ER LG FIIR TR RY
FEitE %
Tab.1 Computational results of the example system when

only P control is utilized in the smart charging station

Py Prgy/ ATy/  ATas/ ATge/  Frequency/ Damping
(10 MW) (10 MW)  pu pu pu Hz ratio/%
4.0 3.0 0.6340 0.0006 0.6334 1.83 3.19
35 2.5 0.7842 0.0004 0.783 8 1.82 3.47
3.0 2.0 0.4368 0.0002 0.4366 1.74 2.99
2.5 1.5 —-0.1877 —0.0003 -0.187 4 1.68 1.92
2.0 1.0 -0.5730 —0.0005 -0.5725 1.61 1.24
1.5 0.5 —0.1870 —0.0002 -0.186 8 1.68 1.92
1.0 0.0 0.4345 0.0003 0.4342 1.74 2.99
0.5 -0.5 0.7851 0.0005 0.784 6 1.82 3.47
0.0 -1.0 0.6348 0.0007 0.6341 1.83 3.19

1) The total damping torque contribution ATy is
approximately equal to the damping torque from the
excitation system ATy .x. The change of ATy is mainly
induced by AT4..x which is the impact from the
excitation system of the synchronous machine under
different output power. The smart charging station
only with the proportional control functions as an
adjustable load in charging mode or as a regulator
generator in discharging mode.

2) Integral control in the smart charging station
not only helps to reduce the steady-state error and
accelerates the smart charging station to the steady
operation point, but also supplies either positive or
negative damping torque into the system. It
demonstrates conclusion 1) obtained in Section 2.
4.3 Case B: Utilizing pi Control in the Smart
Charging Station and Fixing Output Power Of
The Synchronous Machine

The comparison of the damping torques is made
under different charging or discharging power
capacities of the smart charging station with the fixed
output power of the synchronous machine. The
computational results of the example system are
shown in Tab. 2, when active power supplied by the
synchronous machine is fixed at 10 MW. From Tab. 2,

it can be concluded that:

Tab.2 Computational results of the example system
when active power supplied by the synchronous
machine is fixed at 10 MW

P/ Prrv/ ATyl ATgsp/  ATgeex/ Frequency/ Damping
(10 MW) (10 MW) pu pu pu Hz ratio/%
1.0 30 00633 -0.3182 0.3815 1.69 2.38
1.0 25 01560 -0.2452 0.4021 1.72 2.51
1.0 20 03742 -0.0457 0.4199 1.74 2.88
1.0 1.5 08400 0.3798 0.4602 1.75 3.71
1.0 1.0 1.0677 0.5806 0.4871 1.76 4.10
1.0 05 08180 0.3699 0.4481 1.75 3.67
1.0 00 03523 -0.0582 0.4105 1.74 2.84
1.0 -0.5 0.1398 -0.2593 0.3991 1.72 2.48
1.0 -1.0  0.0227 -0.3370 0.3597 1.70 2.29

1) While the output of the synchronous machine

is constant, the damping torque from the excitation

system of the synchronous machine is nearly
unchanged. The signals AU, and AU, through path a
and path b only contribute slight changes to AT ex.
The variety of total damping torque contribution AT
is mainly induced from AT, which comes from the
smart charging station and directly affects the
oscillation loop. It demonstrates conclusion 2 )
obtained in Section 2.

2) The damping torque from the smart charging
station changes at its different charging or discharging
capacity, which is either positive or negative. The
smart charging station can help to improve the
damping with certain charging capacity which is
between the lower and upper threshold. In charging
mode, the smart charging station is preferred to
operate around 10 MW which is nearly the same as
10.4 MW calculated by Equation (8). The highest total
damping torque and damping torque from the smart
charging station are coincided at the same point. It
demonstrates conclusion 3) obtained in Section 2.
Under this operation point, the smart charging station
just consumes the electricity generated by the
equivalent synchronous machine. There is no active
power exchange in the tie-line. Beyond or below this
point, the damping ratio of the system will decrease
because of the increase load burden in the tie-line
either from the synchronous machine to the infinite

bus or vice versa. Considering each vehicle can draw
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1 3.5 kW active power [20] and always around 60%
personal vehicles in the parking lots need to be
charged[21], roughly 5000 personal vehicles are
optimal to be accepted in this equivalent smart
charging station.

3) During the discharging process, the damping
of the system intends to deteriorate with the increasing
power injected from the smart charging station to grid.
4.4 Case C: Utilizing PI Control IN The Smart
Charging Station and Fixing Load Flow In the
Tie-line

The comparison of the damping torques is made
under different charging or discharging power cap-
acities of the smart charging station with the fixed load
flow in the tie-line. The results are shown in Tab. 3.

x3 ERELK LIEREEE 10 MW BRIBERITES

Tab.3 Computational results of the example system
when load flow in the tie-line is fixed at 10 MW

P/ Ppgy/ ATyl ATgsy/  ATgex/ Frequency/ Damping

(10 MW) (10 MW) pu pu pu Hz ratio/%
4.0 3.0 03144 -0.2878 0.6022 1.72 2.80
35 25 05527 -02122 0.7649 1.72 3.24
3.0 2.0 03902 -0.0082 0.3984 1.72 2.94
2.5 1.5 01770 03152 —0.1382 1.73 2.53
2.0 1.0 0.0093 05294 —0.5201 1.73 222
1.5 05 01693 03122 -0.1429 1.73 2.52
1.0 0.0 03523 -0.0582 0.4105 1.74 2.84
0.5 -05 05062 -02091 0.7153 1.73 3.14
0.0 -1.0 02971 -02908 0.5879 1.73 2.75

From Tab. 3, it can be concluded that:

1) The total damping torque contribution ATy, is
simultaneously influenced by ATy, which relates to
Ad and directly affects the oscillation loop, and ATy ex
which relates to AE, and functions through the
excitation system.

2) The damping torque supplied from the smart
charging station and the excitation system of the
synchronous machine respectively is complementary
during the charging process. Compared with Tab. 1,
the positive damping torque supplied by the smart
charging station helps the system to improve the low
damping from 5 MW to 15 MW in charging mode of
the smart charging station. This conclusion can be
confirmed by the analysis from Equation (5) and (6).
When the charging power of the smart charging

station is between 0 MW and 30 MW, the product of
ATysp and ATy is negative.

3) The impact of the damping torque from the
synchronous machine also needs to be considered.
With this impact, the highest total damping torque and
damping torque from the smart charging station are
obtained at different points. In this case, the optimized
operation point reaches to 25 MW which is nearly the
same as 24.6 MW calculated by Equation (8). It
demonstrates conclusion 3) in Section 2. Under the
operating conditions that the absorbed power of the
smart charging station varies from 20MW to 25MW,
although the smart charging station supplies the
negative damping torque into the grid, the total
damping torque is still positive and keeps increasing
with the compensation of the damping torque from the
excitation system. The smart charging station at the
optimal operation point is also charged by the
electricity generated by the equivalent local
synchronous machine.

4 ) The damping of the system intends to
deteriorate with the increasing power injected from
the smart charging station to the grid during the
discharging process.

4.5 Case D: Stabilizer Design

While the operation condition for the smart
charging station varies stochastically, the stabilizer is
designed and attached to the smart charging station to
supply additional damping torques into the system.

The stabilizer via the active and reactive power
loops is designed respectively under the condition that
the equivalent synchronous machine supplies 20 MW
and the smart charging station consumes 10 MW
active power. A three-phase short-circuit fault happens
in Bus s at 0.5 s and lasts for 0.1 s.

The forward path is:

{Fpssp (s)=-6.8751+j6.829 3
Flo(8)=1.752 0+ j7.284 1

The parameters of the designed stabilizer
attached to active and reactive power regulators

respectively are shown in Tab. 4.

With the designed stabilizer, the eigenvalue of
the system with the smart charging station can be
obtained as shown in Tab. 5.
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x4 RERRITSY
Tab.4 Parameters of smart charging

station-based stabilizers

Stabilizer Parameters

Stabilizer via active power
T1=T5=0.019 5; T»=T4=0.5; Kw=16.570 4
regulator

Stabilizer via reactive power
T\=T5=0.081 0; 1»=14=0.5; Kw=12.628 9
regulator

%£5 £ Ppry=10MW, P=20MW TR T,
PNNFRTE 28 B R FFIEAR 3T bE
Tab.5 Eigenvalue of the oscillation mode without and
with stabilizers under Ppgy=10 MW, P=20 MW

Without the stabilizer —0.241 9+j10.864 4

With the stabilizer via active power regulator ~ —0.759 0+j10.816 9

With the stabilizer via reactive
—0.651 1+j10.847 1
power regulator

The effectiveness of the designed stabilizers is
verified by the time-domain simulation in Fig. 6 and
eigenvalue calculation in Tab. 5. From Tab. 5 and
Fig. 6, it can be seen that the designed stabilizer
attached to the smart charging station can not only help
to reduce the power fluctuations for PEV charging, but

also suppress the power oscillation in the tie-line.

1.4 Without stabilizer
g2~ 12 ; /
o= A r e
s 1.0 VIR A A S
=2 08
% TE) 0.6 Without stabilizer via Without stabilizer via
5= 0.4 regulator power active power regulator
2o regulator
&7 02

0.0

0 2 4 6 8 10
Time/s
6 £ Peey=10MW, P=20 MW iZfT TR T,

AR ERARERKEL LRGSR E
Fig. 6 Comparisons of tie-line power oscillation without
and with the stabilizer via active and reactive power
regulators under Ppgy=10 MW, P=20 MW

%6

4.6 Case E: Analysis in the 4-Machine Power
System

The power system integrated with the smart
charging station is shown in Fig. 7. Prony method is
employed to analyze the time-domain simulation of
the power flow in the tie-line Ls;[22]. The critical
inter-area electromechanical oscillation frequency
Seritical @nd its corresponding attenuation factor isical
are extracted. The eigenvalue of the critical oscillation
mode 1S Acritica=eritical 2 critical-

—>
56

1 | lOkm|7210km|8 |9 2 G2
W@Jl HO+®
Gl v Y

Le
3 4

|
| [PEV —OH |
L | @ G
v O }
] . |
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1 |

Smart charging station

7 BHREIABMEAN4N 2 XGRFEREE

Fig. 7 Four-machine power system integrated with the

smart charging station
With the load-flow in the tie-line L7 fixed at
70 MW, the comparison is done between the
proportional controlled smart charging station and the
Bus 7

respectively. The eigenvalue related to the inter-area

adjustable load/generator connected at

oscillation mode is concerned. From Tab. 6, only the

proportional controlled smart charging station

functions as the adjustable load during charging
period and as the regulable generator in discharging

mode in the view of the damping ratio.

7B RE T R UGS I SRR TP R (E A LBl R TR R BB IT HER

Tab. 6 Comparison of eigenvalue related to inter-area oscillation mode only utilizing the

proportional control of the smart charging station

Pg/(10 MW)  Ppey/(10 MW)  Frequency/Hz ~ Damping ratio/% Adjustable load/generator /(10MW) Frequency/Hz Damping ratio/%
9.0 3.0 04724 3.12 3.0 04724 3.12
8.5 2.5 04710 3.14 2.5 04710 3.14
8.0 2.0 0.469 3 3.15 2.0 0.469 3 3.15
7.5 1.5 0.467 2 3.16 1.5 0.467 2 3.16
7.0 1.0 0.4650 3.15 1.0 0.4650 3.15
6.5 0.5 0.462 4 3.13 0.5 0.462 4 3.13
6.0 0.0 04595 3.11 0.0 04595 3.11
5.5 -0.5 0.456 4 3.07 -0.5 0.456 4 3.07
5.0 -1.0 0.4530 3.01 -1.0 0.4530 3.01

=
:‘+” denotes the adjustable load absorbing active power from the grid; ‘-’ denotes the regulable generator injecting active power into the grid.
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Proportional control of the smart charging station
only supplies the synchronous torque and integral
control that introduces the damping torque into the
grid. Conclusion 1) obtained in the single-machine
infinite-busbar power system is also available in the
multi-machine power system.

Both proportional and integral controls are
utilized in the smart charging station. The comparison
is done under different charging or discharging power
capacities of the smart charging station when the
load-flow in the tie-line is fixed at 70 MW. The
eigenvalue related to the inter-area oscillation mode is
concerned. The results are shown in Tab. 7.

F7 EBRFTRINEFIEEPER LGRS
EHIRT R ERITEER
Tab.7 Comparison of eigenvalue related to the inter-area

oscillation mode utilizing PI control of

the smart charging station

Pg/(10 MW) Ppey/(10 MW)  Frequency/Hz Damping ratio/%
9.0 3.0 0473 4 2.52
8.5 25 04778 2.64
8.0 2.0 0.480 2 2.98
7.5 1.5 0.4753 2.56
7.0 1.0 04725 2.48
6.5 0.5 0.468 3 2.34
6.0 0.0 0.461 1 2.25
5.5 -0.5 0.4627 2.30
5.0 -1.0 04721 2.39

From Tab. 7, the optimal charging point with the
highest damping ratio in the single-machine power
system can be obtained by Equation (8) and verified
by the damping torque calculation; and it also exists in
the multi-machine power system. But because of the
complex interconnection of the synchronous machines
and the smart charging station, it is difficult to

calculate the optimal charging point in theory.
5 CONCLUSIONS

The paper investigates the impacts of a grid-
connected smart charging station on power system
small-signal stability based on a simple single-
machine infinite-bus power system integrated with a
smart charging station. Damping torque analysis
(DTA) is employed to examine the contribution from

the smart charging station to the electromechanical

oscillation loop of the generator in theoretical analysis.
The analysis has concluded that, the smart charging
station affects power system small-signal stability in
light of its interaction with the synchronous machine.
The proportional controls in the smart charging station
mainly induce the synchronous torque into the
oscillation loop and the majority of damping torque is
introduced by integral controls. The damping torque
supplied by the smart charging station is mainly
directly induced into the oscillation loop, and the
damping torque from the excitation system is almost
from the synchronous machine itself. The optimal
operation condition of the smart charging station is the
moment when the system has the highest damping
ratio. In this paper, such an optimal operation
condition is defined, indicating that the optimal
charging capacity is considered for smart charging
station design.

Results of the damping torque computation of a
single-machine power system integrated with a smart
charging station, confirmed by eigenvalue calculations
of system oscillation mode, are presented in the paper.
The conclusions obtained from the theoretical analysis
are demonstrated and verified by these results. Under
the optimal operation condition, the total damping
torque supplied from the smart charging station and
synchronous machine reaches its maximum value.
During the discharging process, the damping of the
system intends to deteriorate with the increasing
power injected from the smart charging station to the
grid. Another 4-machine power system is employed to
manifest that the conclusions obtained in the
single-machine power system are also available in the
multi-machine power system.

The stabilizer is designed and attached to the
active or reactive power regulator of the smart
charging station to supply additional positive damping
into the system. The phase compensation method is
used here. The effectiveness is confirmed by the
non-linear simulations and eigenvalue calculations in
the single-machine power system.

Although the configuration of the power system

with the grid-connected smart charging station and the
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function to describe the charging/discharging
behaviors of EVs adopted in this paper are very
simple, all the essential elements have been included
to serve the purpose of study, which can thoroughly
reveal the dynamic interaction between the equivalent
smart charging station and conventional generation in
the transmission system. The optimal charging
capacity is better to be considered during the capacity
design of the smart charging station. With the help of
the designed smart charging station-based stabilizer,
the small-signal stability can be effectively maintained.
Studies on the interactions among several smart
charging stations

to the dynamic stability in

distribution systems and the uncertainties and

diversities of EV charging/discharging behaviors will
be carried out for future researches.
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Appendix A The parameters of example systems
1) Single-machine infinite-busbar power system.

The parameters of the synchronous machine (the unit is in
pu):

M=50;T;,=50s; D=12; X,=08 ; X =04 ; X;=0.05 ;

@,=2x50n ;U =1.05;U,=1.05;K =20.0;7,=0.01s.

tref
The parameters of the network (The unit is in pu):
X,=02;X,=0.1; X=0.1;U,=1.0.
The parameters for the smart charging station(The unit is
in pu):
Kpp=20,K,=20,K,, =03,K, =03, K,,=15,K =15, K, =07,
K, =0.7.

2) Four-machine power system.
The parameters of the synchronous machine are:
T,=T,=117 ; T,=T,=11115 ; Tj,=T;,=T;,=T;,=8.0s ;

D= D, =5.0pu 5 X, =X,,=X,;=X,=02 ;
X,=X,=X,=X,=0.1889 ; X,=X},=X,,=X,,=0.0333 ;

D

mac2

D

mac3 ™ "~ mac4

Wy =0 =Wy, =0,,=100n ; U, =U,=1.03 ; U,=U,=1.01 ;
Uien =V =1.03; U, =U  , =1.01.

All the generators are equipped with the same AVR.
K,=50; T,=0.55s.

The parameters of the smart charging station are (in pu):
Ky =20,K,,=20,K,, =0.3,K, =03 ; K\(=15,K,,=15,K,, =0.7,K,, =0.7.

The parameters of the lines are (in pu):
X =X,,=X,,=X,,=0.01667 ; X, =X,=0.025 ; X,=0.105;
X,,=0.005 .

G1 is connected with the slack bus of the system. G3 and
G4 generate 70 MW active power respectively. The loads at
Bus 6 and Bus 8 are 100 MW and 200 MW accordingly.
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