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Abstract—This paper proposes a multi-control vehicle-to-gfirger with bi-directional power
capability. The proposed charger can perform vehibhttery charging and discharging
operations, as well as power grid support sucheastive power compensation, power factor
correction, and grid voltage regulation. The perfances of the charger controls were examined
under various power grid scenarios. Results redealat the vehicle-to-grid charger attained the
highest charger efficiency when operating at upidyver factor mode. Nevertheless, vehicle
charging at unity power factor introduced a sigmifit grid voltage drop which may violate the
grid voltage limits. This problem was solved by ngsithe voltage control, which injected
reactive power to the power grid for accurate \g@taegulation. This paper also proposed an
autonomous multi-control selection algorithm toelhgently switch between the multiple
charger controls in response to the power grid itimmd Results showed that the proposed
algorithm effectively instructed the charger to war efficient control modes if the grid voltage
was within the permissible voltage limits. Whenetlee grid voltage exceeded the limits, the

charger automatically switched to grid voltage colrfor power grid voltage regulation.

Keywords—AC-DC power converters, DC-DC power converters,cteie vehicles, power

conversion, reactive power control, voltage control

1. Introduction
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In the twenty-first century, fossil fuel depleti@and climate change have posed great
challenges for the energy security. According tp ¢lectrifying the transportation sector is one
of the main challenge in overcoming these issuesr@we past few years, the Electric Vehicle
(EV) industry has shown a healthy growth. Majorasibnes of EV market were reported in the
global EV outlook [2]. The global EV stock had read 1.26 million units by the year 2015 [3].
It is also noteworthy to mention that the EV shar&lorway had reached 23 percent and nearly
10 percent in the Netherland [2]. The global EVcktas projected to reach more than 100
million units on-road by the year 2050 with joinbnomitments between countries [4]. The
number of EV charging stations have increased denably since the electrification of the
transport sector received public attentions. Upl daty 2017, the registered public EV charging
station had reached 100,000 units globally [5]. SEheharging stations can provide the EV

charging service, either in a slow, medium or fastle.

The advancement of EV industry puts forward a stéthe-art concept denoted as the
Vehicle-to-Grid (V2G) technology. This technologgncbring mutual benefits to both the power
utility and EV owners. According to the research6ih and [7], the integration of renewable
energy into the electric grid can be greatly indlem V2G technology. From the perspective of
power utility, the V2G technology utilizes the adead charging facility to manage the vehicle
storage energy for grid frequency regulation [&mand response [9], energy reservation [10],
[11] and increase renewable energy generation [@@hsequently, these grid support services
can be realized without the need of additional stwents on the storage system. Meanwhile, EV

owners will be rewarded with incentives for prowigiservices to the power grid [13].

The design of control strategy for the V2G techgglas a popular topic in the recent
literature. The active research and developmernthén EV technologies have stimulated the
growth of EV industry. For instance, the authorqlid] designed a single-phase on-board EV
charger. This charger can charge the EV batteryadswl provide reactive power compensation
to the power grid based on the reactive power caminfilom the utility. A fuzzy battery charger
was proposed in [15] to charge the EV battery whperating at nearly unity power factor to
reduce losses. This proposed charger utilized ttra-gparse matrix rectifier to achieve the
losses reduction. The authors in [16] introduced BW fast charger with constant

current/constant voltage charging operation. Siiyildhe feature of power factor correction was



considered in this fast charger. Another EV fasargbr developed in [17] was capable of
regulating the power grid voltage utilizing reaetigower compensation. The proposed charger
controller automatically detected the grid voltalyep during EV fast charging and injected an

appropriate reactive power to regulate the gridag# to a pre-set voltage level.

Apart from the uni-directional chargers, many bedtional V2G chargers were
proposed in the literature. The authors in [18]spreed a bi-directional V2G charger which
charged the EV battery during power grid off-peakiqd; whilst discharged the EV battery for
grid support during on-peak period. The charger designed to operate in a wide range of
charging and discharging rates to achieve the leaeling and peak load shaving purposes. In
[19], a Vehicle-to-Home (V2H) converter was propbge utilize the EV battery as a power
source in an islanded home electricity network.a&tive-reactive power control was adopted in
the charger to provide a stable Home-to-Vehicle (HZharging and reactive power
compensation for grid support. The authors furttheveloped the V2H charger to provide the
frequency and voltage regulation during the tramsitbetween grid-connected and islanded
modes [20]. Another on-board V2G charger with bediional power flow capability was
introduced in [21]. This charger provides dual dil@enal active power exchange and power
factor correction to the power grid. Similarly,educed capacity V2G charger developed in [22]
was able to charge and discharge the EV batterlevgnoviding power factor correction to the
grid.

In literature [23], the focus was on the bi-direotl active power control design for V2G
charger. The reactive power capability of the V2@arger was used to support the power grid
[24], [25]. These considerations lead to the desifrreactive power control, power factor
control, and grid voltage control. The variety dfacger control options may complicate the
planning process for the realization of the V2CGhtestogy. Hence, it is necessary to develop a
V2G charger with a universal control strategy tbat combine all the charger capabilities and
react smartly to the power grid requirements.

In this paper, a multi-control V2G charger was msgd. The proposed charger had the
bi-directional power capability to perform EV baitecharging and discharging operations
(active power control), as well as the reactive @oeompensation, power factor correction, and

grid voltage regulation (reactive power controljon@prehensive analyses were executed to



examine the performance of the charger controleundmerous power grid scenarios. From the
results, the best practice for each charger cotdroleet specific application was recommended.
Subsequently, a control selection algorithm wasdhiced to the multi-control V2G charger to
automatically switch between the charger contralseld on the power grid conditions. Overall,
the main contributions of this paper are: (i) teida a multi-control V2G charger with the bi-
directional active and reactive power capabilitiessupport the power grid, (ii) to develop a
control selection algorithm for automatic switchibgtween the multiple charger controls
according to the power grid condition and requiretnand (iii) to perform comparative analyses

and technical assessments on the proposed chamgeols under various scenarios.

The rest of the paper is structured as followstiSed!| details the modeling of the V2G
framework. The configuration and mathematical miogebf the proposed multi-control V2G
charger are presented in Section Ill. Section Btdsses the technical comparisons and analyses
for all the V2G charger controls. The control sétatalgorithm for multi-control V2G charger

will be presented and analyzed in Section V. Sac#ibconcludes the paper.

2. Power Grid Modeling for V2G Integration

In this paper, a generic test network was modete@xamine the potentials of the
proposed V2G charger and control. Several fact@rewonsidered in the designed power grid,
which included the network practicality for V2G dipption, the sizing and placement of V2G
chargers, as well as the availability and mobibfythe grid-connected EVs. Since the power
utility may require V2G services at any time whegresteemed necessary, the continuity to have
available grid-connected EVs is essential to preaay interruption during V2G operation. Thus,
a township with both residential and commerciadbavas designed to ensure high availability

of grid-connected EVs and active EV mobility in tietwork.

Fig. 1 depicts the single-line diagram of the gentast network, which was modeled as
a radial-configured power grid. The 132 kV bus lkafhult level of 15.83 kA and was stepped
down to the distribution voltage level of 11 kV two 30 MVA transformers. The voltage level
of the 11 kV main bus was set to 11.3 kV usingtdpechanger of the transformers to cater for

the voltage drop issue in long cables. The busaedf the 11 kV main bus was closed to



increase the power grid reliability. The total péa&d demand of this test network was 23 MVA,
which was within the rated capacity of each tramafr (2 x 30 MVA).

<Fig. 1>

Single-line diagram of the generic test network.

The 11 kV switching bus received power from thetigasn network via two 6 km length
of 630 mm2 single-core armoured aluminium cablessupply the residential-commercial
township. As shown in Fig. 1, this township coreilsbf 17 substations that supplied residential
loads; 16 substations that powered commercial apeab nine substations that energized areas
with a mixture of residential and commercial loaflsere were a total of 42 substations across
six feeders. Each substation supplied the low geltlbads through an 11/0.4 kV step down
transformer with the rated capacity of 1 MVA. It svassumed that the residential loading was
100 kVA with a lagging power factor of 0.9; the amercial loading was 220 kVA with a
lagging power factor of 0.95; and the mix loadingswi70 kVA with a lagging power factor of
0.92. The complete description of the substatioantity and cable length of each feeder is
presented in Fig. 1.

The V2G charger can be stationed at any substptiovided that the maximum demand
including the EV loading is within the rated capgaf the substation transformer. In this paper,
the V2G chargers were connected at two substaeuls-1 and Sub-38) for the power system
study. This decision was made considering thertestork boundaries by selecting the nearest

and furthest substations from the switching bus.

3. Design of the Multi-control V2G Charger

Fig. 2 depicts the configuration of the proposedtirmontrol V2G charger, which was
designed to have the bi-directional active andtrea@ower capabilities. This charger consisted
of a three-phase full-bridge AC/DC converter, a ID{R-capacitor, and a bi-directional buck-
boost DC/DC converter. The V2G charger was condectehe power grid via a passive filter at
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the front-end while interacting with the EV battesy the back-end. Two controls were
developed for the V2G charger to achieve diffemmposes, which include active power control

and reactive power control. The control stratefpesctive power control are as follows:

<Fig. 2>

Fig. 2. Configuration of the proposed multi-coh@G charger.

» Charging (C-control)
Active power flowed from the power grid into the 8Zharger for EV battery charging. The
charging power relied on the battery type and setemode. In this research, slow charging
consumed 3.3 kW, medium charging was rated up t&VEpand fast charging required 40
kW [26].

» Discharging (D-control)
EV battery discharged energy and supplied intgotheer grid through the V2G charger for
active power support. The charger supported slogdiom, and fast discharging mode

depending on the command from the power utility.

EV charging and discharging operations can affeet dmount of energy stored in a
battery. It is crucial to ensure the applicatioranfEV in the V2G technology does not affect the
EV propulsion priority. Additionally, the EV batteiState of Charge (SOC) and State of Health
(SOH) shall also be considered carefully during®s application. Hence, battery SOC limits
will be set during the V2G operation to prevent Eharging when the EV’'s SOC is more than
the upper SOC limit; and to prevent the EV disclmygvhen the EV’'s SOC is lesser than the
lower SOC limit.

The V2G charger was also designed to supply reapiwer for power grid support. The
DC-link capacitor with appropriate control will aes a key element for the reactive power
support. During the operation, the capacitor was@dd and regulated to an appropriate voltage

level which then acted as a source of reactive poavbe injected into the power grid. Detailed



mathematical explanation will be presented in ®actill-A. The control strategies for the

reactive power control include:

» Direct reactive power (Q-control)
V2G charger absorbed/supplied reactive power frortiie power grid based on a direct
reactive power command from the power utility.

» Power factor (PF-control)
VV2G charger controlled the reactive power flow thiave a specific power factor. For this
case, the input command to the charger controlkes thie power factor reference from the
power utility.

» Grid voltage (V-control)
V2G charger injected or absorbed an accurate amouneactive power to regulate the

power grid voltage to a pre-set level, which watedained by the power utility.

Fig. 3 illustrates the four quadrant operationstlef V2G charger. In this paper, the
direction of power flow was defined to flow frometltharger into the power grid, as shown in
Fig. 2. Hence, the charger operations in Quadranidl Quadrant-1V were defined as EV battery
discharging, while operations in Quadrant-Il anda@ant-1ll were defined as EV battery
charging. On the other hand, the quadrant opesafimnQ-control depended on the direction of
reactive power. When reactive power flowed from Vi@rger into the power grid as presented
in Quadrant-1 and Quadrant-Il, it was indicatedhas capacitive operation. For Quadrant-11l and
Quadrant-1V, the V2G charger absorbed reactive poineem the power grid. Thus, it was
denoted as the inductive operation. Similar openatiwere applicable for V-control. When the
grid voltage dropped below a pre-set voltage lexadctive power was injected into the power
grid for grid voltage regulation, which was alsofided as the capacitive operation. This
operation dropped in Quadrant-I and Quadrant-llaMehile, when the power grid voltage was
more than a pre-set voltage level, V2G charger rblesb reactive power to reduce the grid
voltage, which was similar to the inductive opeati This operation fell in Quadrant-lll and
Quadrant-IV. For PF-control, the power factor wadired as a lagging power factor whenever
active power and reactive power were flowing in saene direction (Quadrant-I and Quadrant-
Il). In contrast, when active power flowed in tbpposite direction from reactive power, it was

indicated as a leading power factor (Quadrant-l @uadrant-1V).



<Fig. 3>

Fig. 3. Four quadrant operations of the V2G charge

3.1. Mathematical Analysis of the Controller

This sub-section presents the mathematical anabjtlse control strategies employed in
the proposed multi-control V2G charger. The EV ghag and discharging controls (C-control
and D-control) were implemented in the bi-directibbuck-boost DC/DC converter. Meanwhile,
the three-phase full bridge AC/DC converter wascirarge of conducting reactive power
compensation, power factor correction, and gridag# regulation using Q-control, PF-control,

and V-control, respectively.

The DC/DC converter as shown in Fig. 2 allowed ipéational power transfer between
the power grid and EV battery. This converter ofgetaas a buck converter during EV battery
charging; whilst operated as a boost converterndqui&V battery discharging. Assuming a
negligible converter loss, the governing equatiémsthe DC/DC converter during charging
operation is given as:

Vi =D Woe i 1)

Po =D Voo O 2

whereVpat IS the battery voltagd) is the duty ratioVpc.ink is the DC-link voltagePpar is the
battery powerand lpy is the battery current. Meanwhile, principle edquag for the DC/DC

converter during discharging operation is expressed

Voar = (1_ D) Vo (3)
=(1-D)w,

P DC-link I:I batt (4)

batt

As presented in (2) and (4), the duty rafy 6f the DC/DC converter can be utilized to
control the battery currentyfy), which in turn regulated the amount of batterwpp Ppar). A
regulated DC-link voltageMpc.ink) can further smoothen the control of the DC/DC vanter.
Thus, the DC-link voltageMpc.ink) Shall be one of the controlled parameters inctir@roller of
the AC/DC converter.



On the other hand, the active power flow betweenpitwer grid and V2G systeRg] as
shown in Fig. 2 can be represented by (5) [27]:

p =3B, s (5)
X
5=0.-3, (6)

wherekE; is the phase voltage at the AC terminal of the[XCtonverter in root mean squa¥g;
is the power grid phase voltage in root mean squéig the filter reactancej is the phase shift
angle between the grid voltage and charger com&terminal voltagede is the voltage angle

of Ep, anddy is the voltage angle of;.

In (5), the filter reactanceX] had a fixed value; whilst the phase voltadgsandV,) and
phase shift angled) were variables. According to [27], the variatwinphase shift angle) had
more significant effects on the active power floR)( Nevertheless, the active power flow
across the V2G chargdprd was solely used for EV battery charging and dasgimg, which was
already managed by the controller of the DC/DC eoter. As an alternative, the phase shift
angle ¢) can be utilized to control the DC-link voltag¥pt.ink) for several reasons: (i) to
achieve a stable power matching between the AC/Bx@earter and DC/DC converter, (ii) to
smoothen the charging and discharging controlshefRC/DC converter, and (iii) to provide
reactive power capability for power factor correnti reactive power compensation, and grid
voltage regulation. Therefore, the change in DR-lioltage Vpc.ink) during EV charging and
discharging operations will be compensated by vayhe phase shift anglé) (using the proper
control.

Another function of the AC/DC converter's conteolivas to employ the reactive power
control using Q-control, PF-control, and V-contrélor Q-control, the reactive power flow
between power grid and V2G syste@)(can be represented by (7) [27]:

3E(E" [Ep -V, cosé'] 0

Q=

The filter reactanceX) had a constant value; whilst the phase shiftei@@l had been
used in the DC-link voltage/fc.ing) control. Therefore, the difference in phase \g#& g, and

V) was utilized to control the amount of reactiveveo @Qs) [27].



The PF-control achieved power factor correctionayusting the reactive power flow
between the power grid and V2G chard@y)(Using the power triangle concept, the relatigmsh

between reactive power flo)() and power factor is described by (8):

Q. =P, [arjcos*(PF)] (8)

wherePF is the power factor. Considering (7) and (8), pever factor PF) can be rewritten as

(9):

PF = co{tan‘{ 3E, (E,-V, Cosb)ﬂ (9)
P.X
The filter reactanceX) had a fixed value and the phase shift angjemas used in the
DC-link voltage Wpcaink) control. The active power flow across the V2Grgea Ps) was
exclusively used for charging and discharging adsfrwhich was managed by the controller of
the DC/DC converter. Thus, the variation in phasiages E, andV,) can be used to control the

power factor PF) using the appropriate control.

The V-control was designed to utilize the reacipsver capability of V2G charger to
provide power grid voltage regulation. By rearrampi7), the grid phase voltag¥,f can be

written as (10):

_ 1 QX
Ve cosé'[E” 3E, J (10)

As presented before, the filter reactank® énd the phase shift anglé) (served other
purposes of the control. Therefore, the phase gefigg, andV,) difference was used here to
achieve the power grid voltage regulation. In otlverds, the phase voltage at the AC terminal
of the V2G chargerHE,) can be utilized to control the grid phase volt§gg by injecting the

appropriate amount of reactive pow€x)(into the power grid.

Generally, the AC/DC converter achieved all thectiea power controls, namely Q-
control, PF-control, and V-control, via the chamy@hase voltages &, andV,. WhenE, > V,,

reactive power was injected to the power grid fritve V2G charger; whek, < V,, reactive
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power was absorbed by the V2G charger from the pagnd; and wherg, = V,, no reactive

power was exchanged between grid and charger.

In brief, the proposed multi-control V2G chargealized the active and reactive power
control utilizing dedicated control strategies iempkented in the charger's converters. In the
DC/DC converter, the controller manipulated theydwattio ©) in order to control the battery
current (pat), Which in turn controlled the active power flowrass the chargeP§). Meanwhile,
the controller of the AC/DC converter was in chaof@sing the phase shift angld (o regulate
the DC-link voltage Voc.ink), as well as to utilize the converter's terminaltage &) for
achieving reactive power compensation, power factorection, and grid voltage regulation.
Adequate tuning of the Proportional-Integral (Rdptoller was crucial to realize the proposed

controls in the V2G charger. The equation of theditroller is expressed as (11):
ut) =K, err(t)+K, J.Ierr(t)dt (12)

whereu is the controller output; refers to timeK, is the proportional gairerr is the error

between the reference and input parametersKaisdthe integral gain.

In order to represent a grid-connected EV in tbevgr grid, a lithium-ion battery was
modeled using the electric circuit-based model .[Z28]e battery was modeled as a controlled
voltage source connected in series with an interegiktance. The controlled voltage source is
characterized as in (12):

Vban :Eo_RbanDbau_K¢|

l,t-01Q,, ™ (12)

K Qe ol FASP(-BO,t)
Qbau -l ba"t

where Ep is the battery constant voltag®.: is the battery internal resistanck; is the
polarization constaniCyy IS battery capacityty* is the filtered currentA is the exponential
zone amplitude, and is the exponential zone time constant inverse.

3.2. Mathematical Analysis of the Controller
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The controller design for the V2G charger is delived in this sub-section. Fig. 4
illustrates the control block diagram of the prog<C-control and D-control for the DC/DC
converter. This controller is designed to condwthlrharging and discharging operations using
C-control and D-control, respectively. Initiallyhda reference of battery currenfaf e) iS
measured and analyzed by a comparator to idemigfycontrol. The comparator sends a control
signal to Selector-1 and Selector-2 to pick thereyppate pulses for the converter gates
according to the chosen control. For C-control, ¢n®r between reference of battery current
(Inattre) @and measured battery currehdy) is determined and channeled to a Pl controller to
generate an informative gain. Subsequently, a Rifiskh Modulator (PWM) converts the gain
into a switching pulse for the top Insulated-GatpdoBar Transistor (IGBT)G; of the DC/DC
converter; whilst turns OFF the bottom IGB®;. Similar processes are applied for D-control
but the final step is implemented in a contrary ne&nwhere the generated PWM switching
pulse is delivered to the bottom IGB®; while turning OFF the top IGBTG;.

<Fig. 4>

Fig. 4. Control block diagram of the C-control dxatontrol for DC/DC converter.

Fig. 5 presents the control block diagram of theppsed V-control, Q-control, and PF-
control for the AC/DC converter. The AC/DC convertenducts reactive power control using
three different strategies, which are V-controlc@rol, and PF-control. Firstly, a control
selector evaluates the input command by the potildy @nd switches to the appropriate control
accordingly. As the main input parameter to thetidler, the grid voltage\() is measured and
converts into rotating frame components of diresdtage ¥4) and quadrature voltag®y) using
the Park’s transformation. For V-control, the ob&al direct voltage\(y) is compared with the
pre-set voltage referenc¥y(«). The computed error is sent to a Pl controllegémerate the
magnitude of the modulating signahgg). Meanwhile, Q-control utilizes the control proses
of V-control by substituting the pre-set voltagéerence Vq,e) based on the reactive power
information. The error between the reactive powewf(Qs) and pre-fixed reactive power

reference Q) is measured and feed to another Pl controllers P controller computes the

12



appropriate voltage reference required to achiéwe desired reactive power. Similarly, PF-
control further adopts the cascaded control conbgpteplacing the pre-fixed reactive power
reference Q) with the calculated reactive power based on theegp factor information derived
from (8).

<Fig. 5>

Fig. 5. Control block diagram of the V-control,&@ntrol and PF-control for AC/DC converter

As discussed in the previous sub-sections, the AC#@onverter is also in charge of
regulating the DC-link voltageV/tc.ink) to ensure stable operations of the V2G chargar this
control, the error between the DC-link voltaded.ing) and pre-fixed DC-link voltage reference
(Vbciinkrer) 1S monitored. A PI controller responds to theed&td error and generates a phase
shift angle §) to regulate the DC-link voltag®/gc.ink). For grid synchronization purposes, the
measured grid voltag&/) is channeled to a Phase-Locked Loop (PLL) toiolitee grid voltage
angle ¢v). The angle of the modulating signa) (is obtained by adding the grid voltage angle
(ov) with the phase shift angled)( As a result, a modulating signal with all thentrolled
information is acquired. The modulating signalasnpared with a carrier triangular waveform to
generate the switching pulses using the Sinuséldiae Width Modulation (SPWM) technique.
These pulses are sent to the IGBTs of the AC/DCveder to perform reactive power
compensation, power grid voltage regulation, andgydactor correction, as well as regulation

of DC-link voltage Vpc-iink)-

4. Comparative Analysis and Discussion

This section presents the simulation results tarexa the performance of the active
power control (C-control and D-control) and reaetpower control (Q-control, PF-control and
V-control) for the V2G charger using PSCAD/EMTDC fta@re. The investigation was
conducted in a V2G framework with multiple chargenverters to demonstrate a practical V2G
application. Fig. 6 shows the framework of V2G dag station used in this study, which

13



allowed up to a maximum connection of 15 EVs. AK/ chargers are off-board charger, with
the capability of providing fast charging to the .EMhe proposed framework comprised of an
AC/DC converter with 15 DC/DC converters conneatizda common DC-link bus. In this paper,
the rating of the V2G charger was sized to havécsemt capacity to support all the investigated
scenarios. Generally, the setting of the DC-linitage must be high enough for an excellent
dynamic control but low enough to prevent unneagssaitching losses. The regulated DC-link
voltage was determined to be 800 V while the DQ-liapacitance was selected as 10060

Table 1 presents all the parameter settings o¥#@ charger.

Table 1. Parameter setting of the V2G charger

<Table 1>

<Fig. 6>

Fig. 6. Framework of V2G charging station.

4.1. V2G Charging Scenario

Various simulation scenarios were introduced tongra the voltage drop issue due to
EV charging at Sub-38 as shown in Fig. 1, wherepttgecharge voltage of this substation was
384 V or 0.96 p.u. of 400 V. Table S1 presentsdbwtroller setting and description for each
charging scenario under different control modeserfzwconnected EV received fast charging
current of 100 A. Meanwhile, the reactive powertooinwas switched between Q-control, PF-
control, and V-control modes. Each scenario undeni@ur different stages with an increasing
number of grid-connected EVs. Fram O s tot = 1 s, no EV was connected; fram 1 s tot =
2 s, five EVs were connected; frdrs 2 s tot = 3 s, 10 EVs were connected; and from3 s to

t=4s, 15 EVs were connected.
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EV charging along with Q-control was conducted un@€1, CQ2, CQ3, and CQ4
modes. CQ1 and CQ2 modes worked in capacitive bperavhereas CQ3 and CQ4 modes
worked in inductive operation. Fig. 7 depicts tloenparative results of EV charging operation
using Q-control. The results in Fig. 7(a) show astant step decrease of active power in
conjunction with the increased number of conneé&¥d for all control modes. Each connected
EV received an approximately 40 kW of active poivem the power grid. Fig. 7(b) shows that
the V2G charger was capable of supplying and alspreactive power according to the pre-set
reactive power reference. For CQ1 mode, reactiveepavas injected into the power grid, which
prevented the expected grid voltage drop due tahiaeging of EVs. As depicted in Fig. 7(c),
the grid only experienced a slight voltage dro@d V for every connection of five EVs. For
CQ2 mode, the charger injected twice amount oftneapower to the power grid compared to
CQ1 mode. Instead of experiencing a voltage drbp, g¢rid voltage had increased at an
approximately 3 V for each EV charging stage. Intcast, V2G charger in CQ3 and CQ4 modes
absorbed reactive power from the power grid andleddo a serious power grid voltage drop
problem. Every successive connection of five EVssed an approximately 7 V and 11 V of
voltage drop for CQ3 and CQ4 modes, respectivdig grid voltage for both of these scenarios
had dropped below 376 V, which violated the peribissvoltage limit of -6% [29]. Fig. 7(d)
indicates that the proposed V2G charger was cadlvegulating the DC-link voltage to 800 V,
regardless of the connected EV numbers and comtooles. From all the simulation results of
EV charging with Q-control, it was noticeable tlaf charging in capacitive mode was able to
reduce the grid voltage drop issue due to chargfrigVs itself, and even can improve the grid
voltage. Meanwhile, EV charging in inductive moed ko a greater grid voltage drop problem.
The voltage drop in CQ3 and CQ4 modes had caused gpmamic response to the system,
where significant fluctuations can be observedhm power and voltage waveforms, especially

when 15 EVs were connected.

<Fig. 7>

Fig. 7. Simulation results of EV charging with @Qntrol: (a) active power, (b) reactive power,

(c) grid voltage and (d) DC-link voltage.
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Fig. 8 shows the simulation results of EV chargopgration using PF-control. This
scenario consisted of three different modes of CRIFF2, and CPF3, as described in Table S1.
Fig. 8(a) indicates that each EV received an apprately 40 kW of charging power in all
control modes. As shown in Fig. 8(b), in CPF1 matiere was no reactive power exchange
between the power grid and V2G charger as the ehamgs operated at unity power factor
during charging of EVs. The grid voltage dropped@3l®/V at every additional connection of five
EVs in this mode, which is illustrated in Fig. 8(€)n the other hand, reactive power was
supplied to the power grid from the V2G charge€CiaF2 mode, which reduced the grid voltage
drop impact. EV charging with a leading power faab 0.9 only caused a minor grid voltage
drop of 0.1 V for each EV connection. In CPF3 mobeth active and reactive power were
drawn from the power grid into V2G charger. Thimation led to a severe voltage drop at the
power grid and eventually caused poor dynamic systesponse. As shown in Fig. 8(d), each
PF-control mode was capable of maintaining the D&+oltage at 800 V. The results in Fig. 8
present that EV charging at unity power factot stiperienced noticeable grid voltage drop and
even violated the minimum voltage limit of poweidgwhen 15 EVs were connected. In the
meantime, EV charging at a leading power factor resluce the grid voltage drop issue; whilst

EV charging at a lagging power factor led to amesigrid voltage drop problem.

<Fig. 8>

Fig. 8. Simulation results of EV charging with Béntrol: (a) active power, (b) reactive power,

(c) grid voltage and (d) DC-link voltage.

EV charging operation using V-control was simulatetéivo control modes, which were
the CV1 and CV2 modes. In CV1 mode, V2G chargerggth EVs while regulating the power
grid voltage to the pre-charge voltage of 0.96.pMeanwhile, the power grid voltage was
regulated to 0.99 p.u. of 400 V during chargingEdfs in CV2 mode. Fig. 9 presents the
simulation results of EV charging with V-controin®lar to the other scenarios, V2G charger in
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both CV1 and CV2 modes was capable of supplyingW0of active power to charge each EV,

as shown in Fig. 9(a). More reactive power wasctejé into the power grid from V2G charger

when more EVs received charging. During EV chargiracesses, the controller of V2G charger
provided an appropriate amount of reactive poweaetulate the grid voltage based on the pre-
set voltage reference, as presented in Fig. 9(t)Ra 9(c). The grid voltage was successfully
regulated to pre-charge voltage of 0.96 p.u. in @sidde and to an improved voltage level of
0.99 p.u. in CV2 mode. Fig. 9(d) shows that theppsed V2G charger was capable of regulating
the DC-link voltage to 800 V in all situations. this V-control scenario, the controller had

effectively regulated the grid voltage to pre-fixedltage levels, which was achieved by the
accurate management of reactive power flow. In @2le, reactive power was injected to the
power grid when there was no EV connection (from0ts to t = 1 s) to regulate the grid voltage
to a higher level. This situation showed that tbetwl feature of grid voltage regulation can be

implemented even when the grid-connected EVs wetr@msented.

<Fig. 9>

Fig. 9. Simulation results of EV charging with @rtrol: (a) active power, (b) reactive power,

(c) grid voltage and (d) DC-link voltage.

In Fig. S1, the efficiency of V2G charger for eaobntrol mode was compared and
analyzed. The charger efficiency was calculatedguighe active power from the power grid as
the input power and the EV battery power as theutupower. It can be observed that the
charger efficiency was more than 90% in all theta@mmodes. CPF1 mode (EV charging at

unity power factor) marked the highest chargercedficy in every stage of charging operation.

Further investigation was conducted on the gridtagd throughout EV charging
operation, as shown in Fig. S2. The studies in QQR34, and CPF3 modes had experienced a
serious voltage drop issue due to the absorptioraiftive power during EV charging operation.
Hence, these control modes would not be practarainiplementation along with EV charging.
CPF1 control mode had the highest efficiency btroduced a significant voltage drop to the
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power grid, which caused violation on the grid agk limit during charging of 15 EVs. On the
other hand, the studies in control modes of CQ12,GTPF2, CV1, and CV2 did not violate the
minimum voltage limit of power grid in all operatial stages. The reason was because the V2G
charger was instructed to supply reactive power the power grid, which reduced the voltage
drop issue due to EV charging and even improvedjtitevoltage in some cases. Moreover, the
comparative analysis in Fig. S2 indicated that @vitl CV2 control modes had the least voltage
fluctuation across each charging stage. This shaiwet V2G charger using V- control was
capable of supplying reactive power to the powe g accurately regulate the grid voltage to

preferred levels.

4.2. V2G Discharging Scenario

The investigation on the voltage rise issue dulivgdischarging operation is presented
in this sub-section. The proposed V2G charger wasected at Sub-1 as shown in Fig. 1, where
the pre-charge voltage of this substation was 400a&le S2 presents the controller setting and
description for each discharging scenario unddemtint control modes. Each connected EV was
instructed to discharge at 100 A while the reactrosver control was switched between Q-
control, PF-control, and V-control modes. Similarthe charging scenario in Section IV(A),
each discharging scenario underwent four diffestages with increased grid-connected EVs.
Fromt=0stot=1s, no EV was connected; ftoml s tot = 2 s, five EVs were connected,;
fromt=2stot=3s, 10 EVs were connected; incht = 3 stot = 4 s, 15 EVs were

connected.

For Q-control, EV discharging operation was conddctnder four control modes of
DQ1, DQ2, DQ3, and DQ4. DQ1 and DQ2 modes operateadpacitive operation; while DQ3
and DQ4 modes worked in inductive operation. In. Hig(a), the active power increased for
every stage of operation due to more EVs were dighg battery energy. Each EV discharged
at 100 A and supplied an approximately 38 kW ofvacpower to the power grid. Fig. 10(b)
shows that reactive power was supplied and absdpelle V2G charger according to the pre-
set reactive power reference. For DQ1 and DQ2 madastive power was injected to the power

grid from the V2G charger, which had led to a digant grid voltage rise. For every connection
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of five EVs, the power grid experienced a voltage of around 4 V and 6 V for DQ1 and DQ2
modes, respectively. In contrast, charger operstiorDQ3 and DQ4 modes absorbed reactive
power from the power grid, which resulted in thelgoltage drop. Every successive connection
of five EVs caused a voltage drop of an approxitgade67 V for DQ3 mode and 2.67 V for
DQ4 mode. As depicted in Fig. 10(d), the propos@&\tharger was capable of regulating the
DC-link voltage to 800 V, regardless of the coneddEV numbers and control modes. From all
the simulation results of EV discharging along wihcontrol, it can be observed that EV
discharging in capacitive mode had led to an appanerease in the grid voltage. On the other
hand, the power grid experienced a slight voltags dluring the discharging event of EVs in
the inductive mode. The operations of all four cohimodes in this scenario did not defy the

power grid's permissible voltage limit of +10% a6 [29].

<Fig. 10>

Fig. 10. Simulation results of EV discharging w@@hcontrol: (a) active power, (b) reactive
power, (c) grid voltage and (d) DC-link voltage.

Fig. 11 shows the simulation results of EV dischaygusing PF-control under DPF1,
DPF2, and DPF3 modes. Fig. 11(a) shows that eachdBYibuted an approximately 38 kW of
discharging power to the power grid in all contraddes. Meanwhile, Fig. 11(b) shows that there
was no reactive power exchanged between the pavwkagd V2G charger in DPF1 mode as the
charger was operated at unity power factor. Asttated in Fig. 11(c), every EV connection in
this mode introduced a roughly 0.33 V of voltageerio the power grid due to EV discharging
power. On the other hand, the V2G charger absorbadtive power from the power grid in
DPF2 mode. Instead of causing voltage rise to tveep grid, this control mode had resulted in
slight grid voltage drop. During this control mo@ach EV connection had caused a grid voltage
drop of 0.12 V. In DPF3 mode, both active and rgagbower were supplied to the power grid
from the V2G charger. This had led to a notabld¢agd rise at the power grid, where each
additional EV had introduced approximately 0.83f\Woltage rise to the power grid. As shown
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in Fig. 11(d), each mode in PF-control was capablmaintaining the DC-link voltage at 800 V.
The overall results presented that EV discharging agging and unity power factor caused a
significant voltage rise to the power grid. Nevet#ss, EV discharging at a leading power factor

reduced the voltage rise impact and can even canlisge drop at the power grid.

<Fig. 11>

Fig. 11. Simulation results of EV discharging wRR-control: (a) active power, (b) reactive
power, (c) grid voltage and (d) DC-link voltage.

Fig. 12 depicts the simulation results of EV digdiag using V-control. This scenario
consisted of two different modes, which were DVH &V2 modes. As shown in Fig. 12(a),
each EV was capable of supplying 38 kW of activevgroto the power grid in both control
modes. In Fig. 12(b), reactive power for both contnodes showed a step decrease in every
stage of operation. The reason was because thageoftse due to each EV discharging was
prevented utilizing reactive power absorption bg ¥2G charger. Fig. 12(c) indicates that the
control over reactive power flow had successfuligulated the power grid to pre-charge voltage
of 1.00 p.u. in DV1 mode and to an improved grittage of 1.02 p.u. in DV2 mode. Meanwhile,
Fig. 12(d) shows that the proposed V2G charger cagsble of regulating the DC-link voltage
to 800 V. In the V-control scenario, the chargentodller showed an effective reactive power
management to achieve an accurate grid voltagdategu In DV2 mode, reactive power was
injected to the power grid frotn= 0 s tot = 1 s to improve the power grid voltage before BNy
interconnection. This showed that the grid volteggulation can be implemented using the V2G

charger even when the grid-connected EVs werevalable.

<Fig. 12>

Fig. 12. Simulation results of EV discharging witkcontrol: (a) active power, (b) reactive
power, (c) grid voltage and (d) DC-link voltage.
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Fig. S3 presents the efficiency of V2G charger é&ach control mode during EV
discharging. The charger efficiency was computdadgugV battery power as the input power
and the active power from the charger into the payviel as the output power. It can be noticed
that all control modes had the efficiency largaarnt®0%. In average, DPF1 control mode (EV

discharging at unity power factor) marked the hgjluharger efficiency.

Grid voltage analysis for all control modes durily discharging operation was
conducted, as shown in Fig. S4. Since EV dischgrgjperation provided active power support
to the power grid, voltage drop was not an issueafbdischarging scenarios. Moreover, the
voltage rise in DQ1, DQ2, DPF1, and DPF3 was nasicay severe problem to the power grid.
Hence, all V2G discharging scenarios were ableotopty with the power grid voltage standard,
which had the tolerable voltage limit of +10% a686-[29]. Overall, EV discharging operation
with V-control indicated the least voltage fluctioat across each evaluated stage. This showed
that V2G charger using V-control had an excelleahagement and control over reactive power
exchange delaytgay), recorded reactive poweQfecora), and reactive power margin for buffering
purposes Quurer). The PF-control (unity power factor) was selecésdthe initial control mode
for the V2G charger due to the highest power afficy. The charger worked in PF-control as
long as the grid voltage was within the pre-settag# limits. Whenever these grid voltage
conditions were not fulfilled, the charger contablanged from PF-control to V-control in order
to regulate the grid voltage ¥« Or Vyin for solving voltage rise or voltage drop probleon f

accurate grid voltage regulation.

As presented in Section IV(A) and IV(B), the actpewer flow for all scenarios had
negligible difference. This showed that the amaoainteactive power flowed in and out of the
charger had minimal impact to the active power. ll@mchmarking purposes, Table 2 shows the
efficiency of the proposed charger compared tawther V2G chargers presented in the literature.
The comparative analysis showed that the propokadger in this paper achieved the highest

efficiency percentile across all operation modes.
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Table 2. Comparison of V2G charger efficiency

<Table 2>

5. Multi-control Selection Algorithm

In the previous section, the results showed traptioposed V2G charger was capable of
conducting EV charging (C-control) and EV dischagy(D-control) while supporting the power
grid with reactive power compensation (Q-contrgipwer factor correction (PF-control) and
grid voltage regulation (V-control). In all the dosi modes, the unity power factor using PF-
control showed the best power efficiency in the V@targer. However, voltage drop was an
issue for this control operation during a largaals®f EV charging. Meanwhile, V-control was
capable of automatically determining the accurateunt of reactive power required to achieve
grid voltage regulation to desired voltage levalfscontrol also showed a minimal voltage
variance regardless of the numbers of grid-condee¥és. Hence, it can be summarized that the
proposed V2G charger shall conduct EV charging disgharging utilizing PF-control to
achieve unity power factor whenever the power gatfage was within the permissible voltage
limits. In the case of violation of grid voltageniis, VV-control shall be adopted to regulate the
power grid voltage to the permissible voltage Isrof +10% and -6%. In this section, a multi-
control selection algorithm was proposed to agbistV2G charger in autonomous switching

between PF-control and V-control according to thevgr grid voltage condition.

Fig. 13 presents the flowchart of the proposed ircolttrol selection algorithm. The
initialization of the algorithm was performed byfideng several parameters, such as the
minimum grid voltage limit Vmn), maximum grid voltage limit\(may), Voltage margin for
buffering purposeVuuter), time correspondingly. Subsequently, a delays@f, was imposed to
permit the control response settled to the stetatg.sThe reactive power during steady state was
recorded a®recora and was compared with the measured reactive perDuring this process,

a reactive power margirQGurer) Was introduced for buffering purpose to preverdccurate
detection of the system response. Whenever thatamof Qs > Qrecord + Qpufter OF Qs < Qrecord -
Quuifer Was met, it represented that the voltage riseottage drop issue had been improved. In

other words, V-control was no longer required. Efi@re, the charger control switched from V-
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control back to PF-control for higher charger efficy. The recorded reactive pow€dord)

was reset and the algorithm looped back for grithge monitoring.

<Fig. 13>
Fig. 13. Flowchart of the proposed multi-contrelestion algorithm.

Fig. 14 provides clearer insights on the interacti@tween the proposed V2G charger,
Distribution System Operator (DSO), and power ¢pida practical V2G application. The multi-
control selection algorithm as well as the bi-dil@tal active and reactive power control were
all implemented in the proposed V2G charger. Fpraper implementation, the DSO provided
the control commands to the V2G system after asgps$se power grid and EVs conditions.
Based on the DSO’s commands, the multi-controlcsiele algorithm was executed to determine
the appropriate control to be implemented by thargér's AC/DC controller for power grid
supports. V2G charger can provide reactive powenpamsation, power factor correction, and
grid voltage regulation in response to the needhef power grid. Meanwhile, each DC/DC
controller of the V2G charger received chargingdacharging instruction directly from the
DSO.

<Fig. 14>

Fig. 14. Interaction between the proposed V2GgdraDSO and power grid for a practical
V2G application.

The effectiveness of the proposed multi-controestbn algorithm in a practical V2G
application as shown in Fig. 14 was investigatdtke flesult findings in Section IV showed that
voltage drop was the main issue for the V2G impletaigon in this paper. Hence, EV charging

scenario at Sub-38 was the only case study comsider this section. Fig. 15 depicts the
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simulation results of the implementation of mubbirtrol selection algorithm in V2G charger. In
Stage-I, EV was not connected to the V2G chargbkerd was no active and reactive power
exchanged between the power grid and V2G chardper gfid voltage was 384 V while the DC-
link voltage was maintained at 800 V. In Stagesix, EVs were connected to the power grid via
V2G charger for fast charging purposes. During gasod, an approximately 240 kW of active
power was drawn from the power grid to the chardex.shown previously in Fig. 13, the
charger control was initially set to unity PF-caht(control setting = 0). As a result, reactive
power exchange between the power grid and chargsrracorded to be 0 kVAr. In this stage,
the grid voltage had dropped to 380 V while the IDR-voltage was maintained at 800 V. In the
following stage, the number of EV received fastrgireg increased to nine causing 360 kW of
active power to flow from the power grid to V2G opar. The grid voltage in Stage-Ill dropped
to 378 V and was still stayed within the pre-fixedltage limits. Hence, the charger control

remained operated in unity PF-control (controlisgtt 0).

<Fig. 15>

Fig. 15. Simulation results of the implementatodmulti-control selection algorithm in V2G
charger: (a) Active power, (b) Reactive power,&eid voltage, (d) DC-link voltage and (e)

Control setting

In Stage-IV, a total of 12 EVs were connected ® W2G charger for EV charging. As
shown in Fig 15(c), the grid voltage initially dimgd below the pre-set minimum grid voltage
limit and eventually prompted the multi-control esgtion algorithm to switch to V-control
(control setting = 1). The V2G charger successfsllpplied an approximately 35 kVAr of
reactive power to the grid for regulating the gwoltage to 376 V. Hence, the grid voltage
violation due to fast charging of 12 EVs was solMedStage-V, the number of connected EVs to
receive fast charging was further increased torlitsuwhere V2G charger absorbed 600 kW of
active power from the power grid to charge the slehbatteries. In order to maintain the power

grid voltage at 376 V, the supplied reactive pofwem the charger was increased to 125 kVAr.
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The V2G charger still operated in V-control (cohsetting = 1) since the condition to change to
other controls was not fulfilled. In Stage-VI, thember of EVs to receive fast charging dropped
to nine units. The active power drawn from the pogmd to V2G charger apparently reduced.
Consequently, the required reactive power for pagviel voltage regulation also decreased. This
situation had fulfilled the condition to switch tleharger control back to unity PF-control
(control setting = 0) as the grid voltage was digantly improved. Since the V-control was no
longer required, the charger can be set to opénasm efficient control mode which was the
unity PF-control. During this period, no reactivener flowed between the power grid and V2G
charger. The grid voltage was 378 V which was highan the minimum voltage limit. As
shown in Fig. 15(d), the DC-link voltage was maiméal at 800 V throughout all stages of
operation. The proposed multi-control selectionoathm successfully selected the practical
charger control between PF-control and V-controat¢bieve efficient charger operations while

complying with the power grid requirement.

6. Conclusion

This paper presented the design and developmeatnofilti-control V2G charger with
active and reactive power control for power grigpmarts. The proposed multi-control V2G
charger utilized active power control to perform ENarging (C-control) and EV discharging
(D-control); whilst utilized reactive power contrfdr power grid supports in terms of reactive
power compensation (Q-control), power factor cdroec (PF-control), and grid voltage
regulation (V-control). Extensive analyses weredwarted under various scenarios and control
modes to examine the performance of the chargdratenSimulation results showed that V2G
operations at unity power factor (CPF1 and DPF1yketh the highest charger efficiency.
Nonetheless, EV charging at unity power factor (OP#ong with CQ3, CQ4, and CPF3 control
modes introduced a significant voltage drop to gbever grid, which violated the permissible
grid voltage limit of -6%. This problem can be cs@me by implementing V-control in the V2G
charger (CV1 and CV2) to provide an appropriate @maof reactive power from the charger to
the power grid for accurate grid voltage regulati@m the other hand, EV discharging in all

control modes did not cause a serious voltageprigielem.
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This paper also proposed a multi-control selectfgorithm to assist V2G charger in
selecting the best charger control according tgpthweer grid condition. Results showed that the
proposed algorithm had effectively instructed V2targer to operate in efficient control modes
whenever the power grid voltage was within the pssible voltage limit of +10% and -6%. In
the case of grid voltage violation, V-control watopted by V2G charger to regulate the grid
voltage to acceptable levels. This proposed molitol V2G charger will be suitable to be
implemented at any EV charging station, especialign involves large scale of charging event
because it allows efficient EV charging as wellpasvents voltage violation issue. Overall, the

contributions of this paper were listed as follows:

1) A multi-control V2G charger with bi-directional ast and reactive power for grid support
was designed.

2) A multi-control selection algorithm for automatiwigching between the multiple charger

controls according to the power grid conditions wasgeloped.

3) Thorough comparative analyses and technical assessman the proposed charger controls
under various scenarios were performed. These sassass were used to recommend the

best practice of charger controls to meet spealfjectives.

Supplementary

Table S1. Simulation scenarios for EV charging apen

<Table S1>

Table S2. Simulation scenarios for EV dischargipgration

<Table S2>
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<Fig. S1>

Fig. S1. Charger efficiency for all control moaksing EV charging.

<Fig. S2>

Fig. S2. Grid voltage analysis during EV chargopgration.

<Fig. S3>

Fig. S3. Charger efficiency for all control moaksing EV discharging.

<Fig. S4>

Fig. S4. Grid voltage analysis during EV dischaggoperation.
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Table 1. Parameter setting of the V2G charger

Parameter Value
Grid voltage 400 V
Grid frequency 50 Hz
Filter inductance 0.1 mH
AC/DC converter's switching frequency 10 kHz
DC-link voltage 800V
DC-link capacitance 10000uF
DC/DC converter's switching frequency 10 kHz
Lithium-ion battery 360V, 66.2 Ah




Table 2. Comparison of V2G charger efficiency

Highest Efficiency (%)
Control Mode 9 < (4

[14] [15] [21] Proposed Charger
Q-control 92.00 N/A N/A 97.98
PF-control N/A 73.00 97.00 98.09
V-control N/A N/A N/A 97.90
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Highlights

» Design of multi-control V2G charger for power grid support

» Design of V2G charger with bi-directiona active and reactive power flow

» Deveop of control selection algorithm for multiple charger control switching
* Technical assessment on V2G charger under various power grid scenarios



