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ABSTRACT The massive integration of renewable energies into the grid using fast-response converters
without inertia generates issues such as inertia reduction, temporary voltage violations, and power quality
reduction. The system inertia reduction is a critical problem that could lead to grid frequency exceeding
the acceptable range, resulting in undesirable load-shedding or even large-scale blackouts. To overcome
these issues, the use of electric vehicle bidirectional chargers (EVBCs) implementing functionalities such
as distributed virtual inertia (VI), long-term frequency support, voltage support by reactive power, and
harmonics compensation, has been proposed as a possible solution. This article proposes a novel control
strategy to manage a hybrid energy storage system (HESS) composed of dc-link capacitors and battery,
through an isolated two-stage ac—dc converter (composed of a dual active bridge resonant type dc—dc
converter cascaded to a voltage source inverter), intended for off-board EVBCs. The HESS management
allows decoupling of the active power dynamic response since dc-link capacitors supply the fast dynamic
response for VI support whereas the battery supplies the slower dynamic response for long-term frequency
support, respectively. Hence, the VI support does not affect the battery lifetime. Simulations and experimental
results are presented for a 2.5 kW prototype to validate VI, frequency-voltage support along with harmonics
compensation.

INDEX TERMS Electric vehicles, off-board, bidirectional chargers, virtual inertia (VI), hybrid energy stor-
age system (HESS), frequency support, reactive support, harmonics compensation.

I. INTRODUCTION

Electric vehicles bidirectional chargers implementing vehicle-
to-grid (V2G) functionalities have been proposed as a possible
solution to compensate voltage and frequency variations in
distribution grids having a high integration of renewable ener-
gies [1], [2]. Most renewable energy systems are connected
to the grid through inertialess power electronics convert-
ers, leading to a decrease in the overall system inertia and
consequently to deviations of frequency beyond the accept-
able range, resulting in undesirable load-shedding or even
large-scale blackouts [3]. These frequency variations can be
quantified by two parameters: the time derivative of the

frequency, known as rate-of-change-of-frequency (RoCoF),
and the minimum value of the frequency during the transient
period, known as frequency nadir [3], [4], [5], [6], [7] which
are shown in Fig. 1. To overcome this problem, researchers
have proposed the concept of virtual inertia (VI) [4], [5],
[9] which consists of the integration of an energy storage
system (ESS) into the grid to emulate the synchronous genera-
tor behavior [10], [11] by grid-connected converters (GCCs),
commonly called grid forming converters (GFM) [12], [13],
[14], [15]. However, since GCCs with GFM control strategies
are controlled as a voltage source, the direct control of the
ac voltage without an inner current control loop may lead
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FIGURE 1. Transient response of grid frequency.

to difficulties in dealing with voltage drop faults, generating
overcurrents and stability problems, making these solutions
challenging to integrate into distribution grids [16].

Furthermore, most of the GFM strategies are intended for
generation systems that consider large ESSs. The situation is
quite different at the distribution level where the total cost is
an important constraint. As an alternative, the distributed vir-
tual inertia (DVI) concept was proposed in [9] and [17], which
is based on several small contributions from individual GCCs
through stored energy in dc bus capacitors. Since most GCCs
at the distribution level are current-controlled converters, also
known as grid following converters (GFL) [12], the GFL VI
approach appears more suitable to supply DVI in distribu-
tion grids. However, since stored energy in dc-link capacitors
is limited, the full frequency support including long-term
frequency support requires an ESS with higher energy density.

Batteries have higher energy density compared to capaci-
tors. Hence, since electric vehicles (EVs) remain plugged into
the grid most of the day [1], EV batteries along with their bidi-
rectional chargers (EVBCs) present a high potential to supply
both VI and long-term frequency support. However, according
to the state-of-the-art review, very few studies have been car-
ried out to integrate VI support in EVBCs [1], [2], [18], [19],
[20], [21], [22], [23], [24]. Moreover, the fast-dynamic re-
sponse of active power required for VI implementation would
decrease the battery lifetime [3]. To overcome this limitation,
in [25] a hybrid energy storage system (HESS) is proposed.
The dc-link capacitors supply the faster dynamic response
for VI support, whereas the battery supplies the slower dy-
namic response for long-term frequency support. Moreover,
the HESS is controlled through a nonisolated two-stage ac—dc
converter composed of a bidirectional boost dc—dc converter
cascaded to a voltage source inverter (VSI) implementing
a GFM control strategy. Nevertheless, since typical EVBCs
implement GFL control strategies and its power structure is
based on a dual active bridge (DAB) dc—dc for galvanic iso-
lation [26], [27], novel control strategies along with different
procedures to size the dc-link capacitors should be developed
to implement VI and long-term frequency support.

In this context, this article introduces a novel design and
control approach for an isolated two-stage ac—dc converter
intended for EVBCs, having the capability of managing
an HESS to supply both, VI (fast response) and long-term
frequency support (slow response). However, since dc-link
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capacitance could be increased to implement VI, the volume
of the ac—dc converter could be increased also. Hence, the
proposed control strategy is intended for off-board EVBCs
or for stationary batteries grid-connected where the reduced
volume is not a critical parameter [27].

Therefore, the main contributions of this work are as fol-
lows.

1) An enhanced GFL VI for practical implementation is
introduced. In the proposed method, the dc-link capac-
itor is sized considering the maximum allowed extra
power to deliver VI support, and the overshoot in es-
timated frequency by the phase-locked loop (PLL) is
minimized.

2) A novel control strategy to manage a HESS through an
isolated two-stage ac—dc converter is proposed, where
dc-link capacitors supply the fast-active power response
for VI, whereas EV battery covers the long-term fre-
quency support with slower dynamics. Moreover, re-
active power support and harmonics compensation are
also implemented to cover full V2G support.

The rest of this article is organized as follows: Section II
briefly explains the traditional GFL VI approach. Section III
presents the practical limitations to implementing VI in two-
stage ac—dc converters. Section IV presents the proposed
control strategy to manage the HESS for frequency and volt-
age support. Section V presents the design of a reduced-scale
2.5 kW prototype. Section VI presents the experimental re-
sults. Section VII compares the proposed strategy with other
works. Section VIII concludes this article.

Il. FUNDAMENTALS OF GFL VI

The GFL VI concept is based on the dynamics of the swing
equation which is given by (1), where j—t is the time derivative
operator, A fp, is the instantaneous frequency deviation, Ap
is the power difference between the generated power p, and
the load p; whereas H is the inertia constant [8]. All these
variables are in per-unit quantities

d
Pg— DI = Ap=2HEAfpu- (D

It can be easily followed that for a certain variation of
power, the inertia reduction in power systems leads to higher
RoCoF and higher peak deviation of frequency (lower nadir).
Hence, the concept of GLF VI [4], [5], [9] consists of the
integration of an ESS for adding an extra power psupport to
the system according to (2), where A f,’m is the instantaneous
frequency of the system

d
Pg — Pi + Psupport = AP + Psupport = 2HEAf//m ()
d /
Psupport = _2HV EAfpw (3)

Then, replacing (3) in (2), the frequency dynamics of the
system including the VI is given by the following:

d d
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FIGURE 3. Typical GFL VI control strategy.

This way, the effective inertia constant is increased to H' =
H + Hy, increasing the frequency stability.

The implementation of GFL VI approach in a VSI was
introduced in [9] according to the functional diagram pre-
sented in Fig. 2. Note that the GFL VI approach relates the
frequency deviation A fpr 1, measured by the PLL, with a volt-
age deviation AVpc in the dc-link voltage, according to a gain
K,,. Moreover, the control strategy considers the well-known
voltage and current control loops as presented in the block
diagram of Fig. 3

Hence, a frequency deviation A fpr) generates a fast re-
sponse of power through releasing/storing the energy in the
dc-link capacitor Cy. according to a “virtual inertia” (Hy)
coefficient given by (5), where H, is defined in (6), being
Cpc and Vit the capacitance and the rated voltage of the
dc-link, whereas P, is the nominal power

Hy = K,Hc (3)
CpcV

H~ = — 1t 6

c 3P, (6)

The gain K, in (5) is designed for the allowed maximum
frequency deviation A fiux and a maximum voltage variation
AVpc_max according to (7), where fj, and Vir are the base grid
frequency and the rated dc bus voltage, respectively

AVDC_max f b
Ky=——""—""—.
Afmax  Vief
Then, the dynamic response of dc-link voltage is related to

the fast power response APpc (inertia response) according to
the following:

(7

2Hy P,
APpc (s) ~ 220

sAfpLL (s). 3)
——
RoCoF

378

=
(=]

66.67%)
g 60
> S 50,
£ 50 «y 0%
=} CO
g 7w
<O 40 QB 1
£ /Q&CO 33.3%
g 30 259 1 Overs W
: R Overigng of_ Lol o7l
3 20 16.67%
> js 16.67% |
N r / 1 oco‘fﬂ/
< 10 Z |_—

T

00 05 1 15 2 25 3 35 4 45 5

H y: TInertia Constant(seconds)

FIGURE 4. Oversizing for GFL VI implementation vs coefficients Hy.

FIGURE 5. Frequency estimation dynamic by PLL.

lil. PRACTICAL LIMITATIONS TO IMPLEMENT GFL VI

A. POWER CONSTRAINTS FOR VI SUPPLY

For a correct design of the converter, the extra power APpc
for VI implementation must be considered as an overload.
For instance, Fig. 4 shows the relation between overloading
capability A ppc, RoCoF and different inertia values based on
(8) and considering a base frequency of 60 Hz. Note that for a
RoCoF of 2 Hz/s and an inertia contribution of Hy ~3.75 s, an
overloading capability of 25% is required. Moreover, consid-
ering Hy &5 s, as proposed in [9], for a RoCoF of 2 Hz/s,
33% of overloading capability is required. Whereas, for a
RoCoF of 4 Hz/s and a Hy =5 s, the required overload is
66%. Hence, GFL VI implementation supporting high values
of inertia and faster RoCoF constraints requires oversizing
the ac—dc converter, which will increase the size and price of
EVBCs.

B. FREQUENCY MEASUREMENT FROM PLL
To analyze the influence of the PLL dynamic in VI power
response, the block diagram of the frequency estimation of
a typical second-order PLL, as shown in Fig. 5, is considered.
Where fj is the grid frequency, while Kp and Kj are, respec-
tively, the proportional and integral gains of the PI controller.
Therefore, the closed loop G (s) transfer function (TFs) for
frequency estimation can be expressed by the following:

_Je | wpKps + wpK]

" fuia 82+ 0pKps + wpK;

Gy (s) €))

The controller gains are tuned following [28]. The Kp gain
is calculated to achieve the desired bandwidth (wpy) and the
integral gain is tuned at K; = Kp“%. Then, with the eval-
uation Gycy(s) for a unit ramp foia(s) = Siz, the RoCoF is
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calculated according to the following:

0.lwpy? 1
ROCOF (5) = sfpLi (s) = -t + 0. Dow —
§% + wpws + 0. 1wpyw” s

(10)

Then, the maximum value of estimated RoCoF by PLL is
1.07 Hz/s. This means, an overshoot of 7% that, according
to (8), increases the transient peak power supplied by the
converter (APpc). To overcome the above-mentioned issues,
an enhanced design procedure along with a novel control strat-
egy to implement VI, long-term frequency support, reactive
power support, and harmonics correction is introduced in the
following sections.

IV. PROPOSED CONTROL STRATEGY
The block diagram of the proposed control strategy along with
the scheme of the power stage are shown in Fig. 6. Note that
a two-stage ac—dc topology is adopted which is composed of
a three-phase VSI to interface with the grid, and a dual active
bridge series resonant dc—dc converter to interface EV battery.

In the proposed control strategy, different V2G function-
alities are implemented through managing an HESS. For this
purpose, six controllers are designed: the ac current controller,
the dc bus voltage controller, the dc current controller, the
VI controller, the PQ controllers (active power P and reactive
power Q controllers), and the droop controllers to compensate
for frequency and voltage variations. In addition, a compu-
tational block to calculate active and reactive power (PQ
block), a PLL, and transformation blocks complete the control
strategy.

The management of HESS allows to decouple the dynamics
responses of active power as shown in Fig. 7. Note that in front
of a frequency variation increment A fpy 1, the power delivered

by the converter (Py) is given by the following:
P, = P. + Py (11)
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FIGURE 7. Block diagram of the proposed HESS management.

where P. and Pgy are active powers supplied by the dc-
link capacitors and the EV battery, respectively. The power
P, has a faster dynamic response compared to Pgy, and it
is intended for VI support unlike Pgy which is focused on
long-term frequency support. For simplicity, no power losses
are considered. Moreover, in the proposed control strategy,
the controllers are classified according to timescale as fast,
medium, and slow response [24]. A fast response is required
for the inner ac current controller on the ac—dc stage, with a
timescale of around a few milliseconds. The medium response
is related to dc-link voltage, VI, and dc current control, with
a timescale of several milliseconds. Finally, the slow response
corresponds to the PQ and droop controller with a timescale
of several seconds. Since special care must be taken in choos-
ing the bandwidth of medium response controllers to ensure
system stability, the transfer functions, and controllers design
are explained as follows.

A. FAST RESPONSE CONTROL: THE AC CURRENT
CONTROLLER

For ac current, proportional + resonant controllers in the
stationary o8 frame are adopted. The TF from VSI voltage
to ac current is given by (12) where L, Ly, Cy, and R, are
respectively the VSI side inductance, grid side inductance,
filter capacitance, and damping resistance [29]

ig (5)

Gy = 22

Y g ()
RdCfS +1

© CrLiLys® + RyCy (Ly + L) s + (L1 + Lo) s

(12)

The transfer function of the PR controllers with selective
harmonic GPR(s) is defined in (13), where Kp, is the pro-
portional gain, Kr; (j=13,57,9) are the gains for resonant
components, the term & is the damping factor which defines
the bandwidth of the resonant components and the gain at each
resonance frequency

Krjs
52 4+ 2Ewps + wo?

Grr () =Kpc+ ) (13)
j=1
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B. MEDIUM RESPONSE CONTROL

1) DC-LINK VOLTAGE CONTROLLER

The dc-link voltage controller is designed to provide the
reference (I; f) for ac current controller according to the
following eqﬁation, where m is the modulation index

vpc (8) 1
iq ()
Moreover, since the reference for the dc-link voltage AV}

is provided by the VI controller, the dynamics of VI controller
should be slower to ensure the system stability.

Gyi (s) =

. 14
Cocs (14)

2) ENHANCED GFL VI CONTROLLER

As explained in Section III, the traditional GFL VI approach
generates an overshoot of 7% in the frequency estimation by
the PLL. To reduce the overshoot, the estimated frequency
fpLL is filtered by a first-order low-pass filter (LPF), as shown
in Fig. 6. The LPF must be tuned with a cutoff frequency
lower than the dc-link voltage dynamic response to ensure
stability. To evaluate the effectiveness on the resulting over-
shoot, the PLL response was evaluated with three different
configurations: a PLL tuned at 10 Hz bandwidth without LPF,
a PLL tuned at 60 Hz bandwidth without LPF, and a PLL
tuned at 60 Hz bandwidth with a LPF tuned at 10 Hz. The
transient responses are depicted in Fig. 8. Note that PLL with
LPF filter achieves an overshoot of just 0.4%. This value can
be obtained by evaluating the PLL TF G (s), given by (9),
including the LPF TF, leading to the following:

0.lopy” 1
ROCOF () = o e ( "o ) D)
s+ =

52 + wpws + 0. 1wpy? s
With cutoff frequency of wy, /6 for the LPF, following
the procedure detailed Section III-B, a maximum RoCoF of
1.004 Hz/s is calculated. Hence, the overshoot in the estimated
frequency has been considerably decreased, which leads lower
transient peak deviation for both dc bus voltage and supplied
power for VI.

3) BATTERY CURRENT CONTROLLER
The equivalent circuit to control battery current /, is shown in
Fig. 9(a), where L,,, C, are the inductance and capacitance for
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the dc filter and R, is the inductor series resistance, whereas
the averaged current source (iyz) is given by the following
[24]:

8nVpe

_ 1
w7 (F— 1) e

(ionf) = sin (@) .

In (16), ¢ is the phase-shift angle, n is the turns-ratio of
HF transformer, Vpc is the dc-link voltage, Z is the tank
impedance, and F is the ratio between the switching fre-
quency wy and the resonance frequency w,. The parameters
Z, F, and w, are defined in (17), where Ly and C, are the
inductance and capacitance of the resonant circuit [24]

Ly Wy
 F=— o = .
Cs Wy LyCy

A7)

Then, according to Fig. 9(a), the simplified TF for battery
current (I,) is given by the following equation, where w; ¢ is
the cutoff frequency of the L,, C, filter

I, (s) N U)LC2
<i0hf> (S) S2 =+ f—Zs + a)LC2

i =

(18)

The block diagram of the proposed dc current controller is
shown in Fig. 9(b). The LPF is tuned at @, considering two
decades lower than wy¢ to attenuate the resonance peak of
Gi(s). With this consideration, the loop-gain TF (7;) can be
approximated according to (19), where that G;,(s) is consid-
ered as unity since w. < wrc. Then, the zero w; is tuned to
eliminate the pole. Thus, the closed-loop TF Gicr(s) is given
by (20)

s+ % We
GiOL ZPI(S)LPF(S)Gw (S) =kp T m (19)
c
Gi k
GicL = or = L (20)
1+GioL (s+kpoc)

C. SLOW RESPONSE CONTROLLERS

Instantaneous values of active power p and reactive power g
are computed in the synchronous dq frame according to the
following equations:

21

p = = (vaia + vgiq)

NSRS
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TABLE 1. Parameters of the EVBC 2.5kW Prototype

TABLE 2. Bandwidths for the Controllers

Parameter Variable Value Fast Medium Slow
Rated Power P, + AP, 2.5 kW+500W Frequency Battery
Grid frequency ok Ao 60 Hz + 0.2 Hz AC Current | PLL |Bus DC|' "y b Curent | T &Q
DC Link voltage Vier £ AV pcmas 425V +25V 800 Hz  [60Hz| 30Hz | 10 Hz 5 Hz 1 Hz
Grid voltage Vit AV, 179 £ 17 Vp phase-n
Max. Considered RoCoF | RoCoFqx 3Hz/s TABLE 3. Controller Gains of the EVBC 2.5kW Prototype
Battery voltage vy 400 V
DAB switching frequency] finc 100 kHz
VSI switching frequency foac 48 kHz Controller Gains
LCL filter Ly, Ly, C; Ry | 900 puH, 250 pH, 15 puF,2 Q AC Current | K,=5.3, K;=2668, K,5=889, K,s=533, K,7=381, K,0=296
Tank impedance C, L, 10.2 nF, 300 uH Battery Current Kop=1, K =31.416
Transformer turns ratio n 1 PLL Kppi=1, Kipi=37.7
Battery filter L, C,R, 300pH, 16uF, 0.2 Q DC-Link voltage K,,=0.6489, K;,=4.8036
DC Link Capacitance Che 2.9mF Inertia Ky=125
Droop K;7=2000, K,5=23.53
P-Q Controller K,=0.0234
3, . .
q= 3 (Udlq — Uqld). 22)

Since vy is tracked by PLL synchronization, v, ~ 0 and
vg & V,,, where V,, is the amplitude of grid voltages. There-
fore, TFs for p and ¢ are given by the following:

P q 3
Gpg(5) = —(s)=—(s) = V. (23)
ig ig 2
Then, integral controllers with gains K, K, are adopted (see

Fig. 6) and the closed loop TFs Gy, Gycr are given by the
following:

1.5V,K, 1.5V,.K,

Gper () = Gyer, (5) = = '
peL. (8) qeL (8) s+ 1.5V,K, s+ 1.5V,K,

(24)

Finally, droop controllers are tuned through gains K;p and
K40, according to the following equations:

P* = Pret + Kap A frrL
Q" = Orer + Kap (Vd* - vd) .

(25)
(26)

V. SYSTEM DESIGN
To validate the proposed control strategy, a 2.5 kW EVBC
based on the parameters listed in Table 1 was evaluated.

For practical implementation, A Vpcmax 1S limited to ensure
lineal modulation [9], whereas the dc-link capacitance is sized
considering the maximum allowed extra power APpax to VI
support. Therefore, APpc, given by (8), must be limited to
A Pnax, according to the following equation:

2Hy P,
b

Then, from (6), (7), and (27), the maximum allowable dc
capacitance is calculated by the following:

fbAPmax

KoV ROCOF iy

Since RoCoF .« is a priori known value defined by grid
codes, the gain K,,, given by (7), is calculated as K,, = 17.65
from parameters of Table 1. Then, replacing values in (28),
Cpc <3.13 mF is calculated. With this consideration, Cpc =
2.9 mF is adopted. Then, according to (5) and (6), an inertia of

AP (s5) =

RoCoFax < APpax. 27

Cpc < (28)
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Hy =1.85 is obtained; thus, according to Fig. 4, the converter
can provide VI in front of frequency variations up to 3 Hz/s
without exceeding its limits.

On the other side, according to constraints detailed in
Section IV, the chosen controller’s bandwidths are listed in
Table 2.

Note in Table 2 that the controllers are classified accord-
ing to the dynamic response. The ac current controller is the
fastest, whereas the active and reactive controllers (P&Q) are
the slowest. Moreover, among the medium dynamic responses
controllers, the PLL is tuned considering a bandwidth equal
to the grid frequency [9] whereas, the DC-Link voltage con-
troller has a bandwidth higher than the battery current and the
LPF cascaded to the PLL, which allows to ensure the stability
system [30].

Hence, considering the bandwidths of Table 2, the con-
troller parameters are listed in Table 3. The PLL, dc-link
voltage, and ac-current controller’s parameters are tuned fol-
lowing the methodology of a grid connected converter [29].
The battery current and P&Q controllers’ parameters are cal-
culated according the first-order systems given by (20) and
(24), respectively, and the desired bandwidth given in Table 3.
Finally, the droop gains K;p and K¢ are calculated consider-
ing power deviations of APr =400 W and AQ,.r =400 VAR
for frequency and voltage variations of 0.2 Hz and 17 V,
respectively [31].

The bode plot of the loop gain for current controller 7;(s),
given by (19), is shown in Fig. 10. Note that the crossover
frequency (f.) is much lower than the cutoff frequency (frc)
of the L,C, filter. Hence, the resonance peak of G;(s), given
by (18), is attenuated in —53 db.

VI. EXPERIMENTAL RESULTS

A 2.5 kW EVBC prototype was built as shown in Fig. 11,
according to Table 1. The ac source Chroma 61702 was
employed for testing grid frequency and voltage variations.
Whereas the bidirectional dc power source Keysight RP7900
was employed to emulate the EV battery. The complete con-
trol strategy is implemented on a TMS320F28379D dual-core
digital signal processor.
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FIGURE 11. 2.5 kW EVBC prototype.
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A. HARMONIC COMPENSATION

To test this functionality, the converter was connected to an
ac grid with THDv = 3.19%. The corresponding voltage
harmonic spectrum is presented in Fig. 12(a). The test was
performed considering a load of 1.6 kW (64% of the rated
power). The resulting ac is presented in Fig. 12(b). Note that
the main harmonics components of grid voltage have been
suppressed and the obtained THDi is only 1.46%.

B. ENHANCED VI RESPONSE

The dynamic response of the estimated frequency for a fre-
quency step of 0.2 Hz is shown in Fig. 13. Two cases are
analyzed to estimate the grid frequency: using only a PLL and
using a PLL cascaded to a first-order LPF. The bandwidth of
the PLL is 60 Hz, whereas for the LPF is 10 Hz respectively.
Note that, filtering the estimated frequency by a LPF allows
to decrease considerably the overshoot which validates the
analytic and simulation results of the proposed method shown
in Fig. 8.
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The VI response was validated for “grid to vehicle” (G2V)
mode, at 1.1 kW. For this test, the droop controllers were
disabled. The results waveforms are shown in Figs. 14 and
15, respectively.

For a step-up frequency variation of +0.2 Hz, the measured
RoCoF was 5.1 Hz/s. As frequency increases, dc voltage ref-
erence is increased proportionally to gain Ky; from 425 to
450 V. The dc-link capacitor current achieves a transient peak
value of 3.6 A, increasing the grid currents in 3 A. The fast
dynamic response of active power for VI support achieves a
transient peak of 786 W, according to (8), returning to the
steady state of —1.1 kW after 80 ms. Note that the current con-
sumed by the battery remains almost constant in 2.56 A but
presents a little variation caused by dc-link voltage change.
The obtained results are coherent with the estimations, where
VI support is supplied by the dc-link capacitors, maintaining
the battery current almost constant.
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C. HESS RESPONSE IN FRONT OF FREQUENCY STEPS
The full control strategy was verified by step frequency event
of £0.2 Hz in Figs. 16 and 17, respectively.

Note in Fig. 16 that initially the EVBC extracts 1.1 kW
from the grid, working in G2V mode. The measured fre-
quency by PLL is 60 Hz, the grid current peak value is 4.09 A,
dc-link voltage takes its nominal value of 425 V, whereas the
battery current is 2.56 A. Then, a frequency step of +0.2 Hz is
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applied. The VI response is validated by the transient demand
of 780 W since the dc-link voltage increases from 425 to
450 V. Whereas the slower dynamic response for long-term
frequency support is validated by the smooth variation from
—1.1to —1.5 kW. Note that the current of DC-Link capacitors
achieves its steady state 80 ms after the frequency event,
whereas the battery current achieves its steady state after al-
most 18, which means 12.5 times slower than the VI controller
response.

Next, a step of —0.2 Hz is applied, as shown in Fig. 17. The
VI response is validated by the power transient of 760 W to
decrease the dc-link voltage from 450 to 425 V. The slower
dynamic response of active power is validated by the smooth
variation of 400 W after 1 s. The results confirm that VI
support is provided by dc-link capacitors whereas long-term
frequency support with a slower dynamic is provided by
batteries.

D. VOLTAGE SUPPORT BY REACTIVE POWER

Main results of the voltage support in front a grid volt-
age amplitude reduction are presented in Fig. 18. Amplitude
decreases linearly from 179 to 162 V (17 V) in 100 ms,
producing a small decrease in the dc-link voltage, whereas the
grid current increases from 4.09 to 4.53 A (peak).

According to the voltage droop controller, since reactive
power increases from O to +400 VAR, the grid current in-
creases from 4.53 to 4.81 A (peak) after almost 673 ms.
Note that the battery current remains constant at 2.56 A. In
contrast, the dc-link capacitor current is slightly increased to
supply reactive power support, validating the proposed control
strategy to manage the HESS.

VIl. DISCUSSION

The proposed control strategy is briefly compared with sim-
ilar studies implementing VI and with experimental results,
which are shown in Table 4. Four comparison parameters
were considered: Validated V2G functionalities, control strat-
egy, power stage configuration, and adopted energy storage
devices.

For the first parameter, validated V2G functionalities, note
that, only for the proposed converter the full V2G function-
alities, including VI, long-term frequency support, voltage
support by reactive power compensation, and harmonics
compensation have been validated.
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TABLE 4. Comparison With Other Studies

Parameter | Proposed work GFL works | GFM works |Mixed GFM and
P [91.[30] [25] GFL work [32]
VI, long-term
frequency
Vil vag Il | VLo VLo
Functionalities upp Y Y quency quency
reactive power, support support
harmonic
compensation
GFM for VI and
Control GFL GFL GFM GFL for long-
Strategy term frequency
support
Two independent
VSI cascaded to VSI cascaded | two-stage AC-
. to a non- DC converter
an isolated and .
Power Stage e isolated composed of a
. bidirectional | VSIonly S
configuration bidirectional | VSI cascaded to
DAB DC-DC .
converter Boost a non-isolated
Converter bidirectional
Boost Converter
HESS: HESS: HESS:
Energy Storage| DC-Link DC-Link DC-Link B
. . . . Supercapacitor +
Devices Capacitors + | Capacitors | Capacitors + Batte
Battery Battery 2

The second compared parameter was the control strategy.
Since the proposed control strategy implements the GFL
strategy then, it can be easily implemented in distribution
grids because GFM inverters without an inner current control
loop may lead to difficulties in dealing with voltage drop
faults, generating over-currents and stability problems, mak-
ing these solutions challenging to integrate into distribution
grids [16].

The third compared parameter was the adopted power
stage for ac—dc converter. The proposed converter uses a
two-stage composed of VSI cascaded to an isolated and
bidirectional DAB dc—dc converter. The proposed converter
allows to obtain higher efficiency and reduced volume since
the DAB converter operates on ZVS mode with higher switch-
ing frequency compared to structures used in other studies.
Moreover, the proposed ac—dc structure can be used in off-
board EV battery chargers since galvanic isolation is required,
unlike other studies. On the other side, the proposed structure
has more adaptability to interface to the battery with lower
voltage, since the HF turns—ratio relationship can be modified
according to the battery voltage, unlike the bidirectional boost
converter which is limited in gain.

Finally, the fourth compared parameter was adopted en-
ergy storage devices. The use of an HESS is also proposed
in [25] and [32] A similar idea of this work is proposed
[25] but implementing a GFM control strategy and a non-
isolated ac—dc converter. However, since the dc-link voltage
is changed according to grid frequency variation, but it is
defined by the battery, there is not a real power decoupling
in the fast dynamic, which will reduce the battery lifetime. A
different approach is implemented in [32] where two indepen-
dent nonisolated ac—dc converters are used. The first ac—dc
implements VI support by a GFM control strategy, whereas
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the second ac—dc implements the long-term frequency sup-
port by a GFL control strategy. Since two independent ac—dc
converters are used, the price is considerably increased,
unlike the proposed structure which implements full V2G
functionalities in a unique ac—dc converter.

VIiil. CONCLUSION

This work presents a novel control strategy that allows the op-
eration of a two-stage ac—dc as a fully controllable HESS able
to supply voltage and frequency support while ensuring high-
quality in grid current. The proposed strategy ensures that
the fast dynamic response of active power is supplied by the
dc-link capacitors. Whereas the battery provides long-term-
frequency support with a slower dynamic response. Hence,
the VI implementation has no negative impact on the battery
lifetime. Additional contributions are the practical consider-
ations to GFL VI implementation and the minimization of
the overshoot in frequency estimation by PLL. The proposed
strategy can be implemented in existing ac—dc converters with
only a firmware upgrade, being ideal for off-board EVBCs
but also for stationary batteries in case frequency support is
required to work permanently. Future works will be focused
on implementing the full V2G functionalities but considering
unbalanced grid voltages and weak grids.
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