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ABSTRACT The installation of ultra-fast dc charging infrastructures is rapidly increasing worldwide in
response to the exponential growing trend of electric vehicle (EV) market. Due to their discontinuous
and unpredictable high power absorption, ultra-fast dc chargers pose a challenge for the power system
stability. However, their negative impact on the grid operation can be mitigated by making them bidirectional,
leveraging the energy stored in EV batteries or in the installed separate storage. Therefore, the power system
can exploit this amount of energy to deal with unexpected grid large power imbalances. Moreover, ultra-fast
dc chargers can contribute to power system stability by embedding virtual synchronous machine (VSM)
algorithms into their ac/dc stage, i.e., the active front-end (AFE) converter unit. The charging station is thus
enabled to provide grid services normally in charge of traditional synchronous generators, such as inertial
behavior and short circuit current injection during faults to trigger line protections. However, the provision of
inertial active power involves a non-negligible reactive power contribution due to the active-reactive power
coupling, thus increasing the output current of the converter. Nevertheless, the power coupling also affects
the grid support during faults. Indeed, when the AFE injects a short circuit current into the grid, a fluctuating
active power can propagate from the grid to the EVs, resulting in a potential cause of degradation for the
EV batteries. Therefore, this article proposes a feedforward-based decoupling solution to guarantee the
complete active-reactive power dynamic decoupling while the AFE of an ultra-fast dc charger is providing
grid support. Moreover, the proposed method ensures a full-decoupled dynamic response also in case of
power references variation during the normal EV charging operation. The proposed decoupling algorithm is
experimentally validated on a down-scaled 15 kVA two-level three-phase inverter, emulating the AFE of the
ultra-fast dc charger.

INDEX TERMS Active front-ends (AFEs), electric vehicles (EVs), grid services, grid support, power decou-
pling, power system stability, ultra-fast dc chargers, virtual synchronous machines (VSMs).

I. INTRODUCTION

In recent years, governmental targeted policies are boost-
ing the worldwide installation of public charging stations
to keep pace with electric vehicle (EV) market. The global
number of charging points increased by 40% between 2022
and 2023 and an exponential growing trend is still ex-
pected in the coming years. Indeed, public charging needs to
increase sixfold by 2035 to reach the expected EV deploy-
ment levels [1]. Among the EV charging systems, on-board

ac chargers have limited power ratings (<22 kW), being
suitable for overnight charging. On the other hand, high-
power off-board dc chargers have higher power ratings, in
the range of 50-150 kW. These chargers directly deliver
dc current to the battery pack through a galvanic insulated
power converter installed outside the EV. The newest gener-
ations of ultra-fast dc chargers rated at 350 kW and above
[2], [3] will guarantee an EV refueling time similar to that
of gasoline cars, thus enabling faster and longer journeys
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FIGURE 1. Simplified schemes of different bidirectional ultra-fast charging configurations with single bidirectional AFE unit. (a) The installed local
storage is interfaced with a bidirectional dc/dc, while the dc/dc modules dedicated to EVs charging are kept unidirectional to reduce hardware
requirements. (b) Bidirectional dc/dc converters supply EV batteries are connected to the distributed dc stage by means of bidirectional dc/dc modules,

thus enabling the vehicle to grid (V2G) feature.

with EVs and encouraging mass-market consumers switch to
electric [4].

Ultra-fast dc chargers are high-power loads, whose dis-
continuous and unpredictable operation poses a challenge for
the power system stability. However, EV batteries and local
storage installed inside the fast-charging stations can repre-
sent an energy reserve for the power system useful to deal
with unexpected large imbalances between the power demand
and generation [5], [6]. Therefore, most of the stability is-
sues can be addressed by placing at the disposal of electrical
system this amount of stored energy. As shown in the ultra-
fast charger design options of Fig. 1, the reverse power flow
can be enabled by interfacing the installed local storage [see
Fig. 1(a)] or the EVs [see Fig. 1(b)] with bidirectional dc/dcs
and making bidirectional the ac/dc power converter stage [i.e.,
the active front-end (AFE)] as well [4], [5], [7]. Further-
more, the bidirectional power converters’ design combined
with available stored energy opens up the possibility to make
grid-connected ultra-fast chargers able to contribute to power
system stability by providing ancillary services [8], [9], such
as primary frequency regulation [10], [11], [12], voltage reg-
ulation [11], [12], [13], [14], inertial behavior [10], [11], [12],
[13], grid support during faults [13], harmonic compensation
[12], [13] and islanding capabilities [10].

Indeed, recent papers [10], [11], [12], [13] demonstrated
that a charging station can fulfill both the charging process
and the provision of grid services by embedding the virtual
synchronous machine (VSM) algorithm into the bidirectional
AFE control. The VSM concept is a valid solution to make
grid-tied inverters behave as conventional synchronous gener-
ators (SGs) and ensuring immediate support to the grid also
during fast transient events, such as frequency variations or
voltage dips and swells. Although the VSM models proposed
in the literature [15], [16] were mainly developed for renew-
able generation systems (i.e., photovoltaic and wind power
plants), a VSM algorithm can be exploited in ultra-fast charg-
ers as an add-on feature to minimize their impact on the grid.
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For example, in case of grid frequency variation, the AFE can
inject/absorb active power by emulating the inertial behavior
of SGs, thus limiting the grid frequency deviation. Instead,
during voltage dips, it can provide reactive short circuit cur-
rent to trigger the line protections, thus assisting the power
system in faulty branches isolation and recovery of normal
operating conditions [8], [9], [17]. While the VSM integration
into ultra-fast chargers control makes them more grid friendly,
the provision of ancillary services can represent an additional
remuneration source for charging station operators, which is
achieved by exploiting the installed hardware, after mutual
agreement with the power system operator [5], [18], [19],
[20]. The charging operation is the core functionality of the in-
frastructure, while ancillary services are just add-on features,
which should impact as little as possible on the hardware
design.

The provision of ancillary services through ultra-fast charg-
ing stations inherently involves the engagement of new stake-
holders for grid support, such as station operators, EV owners,
as well as the distribution system operators (DSOs). Indeed,
ultra-fast dc chargers are normally connected to the low-
voltage (LV) grid (see Fig. 1), thus taking advantage of the
wide availability and reliability of LV industrial power elec-
tronics. Therefore, according to recent European directives
[21], [22] and studies in the literature regarding distribution
systems and distributed generation [23], [24], the DSOs will
have to assist the transmission system operator in procuring
ancillary services to ensure grid safe operation, by enabling
also LV users, such as fast-charging hubs, to participate in
ancillary services markets.

Nevertheless, the control algorithms designed for grid-
forming power converters (i.e., VSMs) assume that the active
power depends linearly only on the load angle (P-§), while
the reactive power only depends on the voltage amplitude
(Q-V) [25]. This assumption is based on a purely inductive
transmission line and a small load angle. However, in many
cases (e.g., low voltage networks and microgrids), the grid
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and VSM resistances and the load angle are not negligible.
Consequently, the active and reactive power are coupled (i.e.,
when the active power varies, the reactive power changes as
well) [26]. The main consequences are the dynamic perfor-
mance degradation, steady-state errors and the risk of system
instability. Therefore, the capability in providing dynamic
ancillary services, such as inertial contribution or fault cur-
rent generation, is affected as well. Indeed, a larger amount
of current is needed when providing grid transient support.
Moreover, an additive fluctuating power flow can affect the
charging operation, with subsequent negative impact on the
EV batteries lifetime [14], [27]. Consequently, the implemen-
tation of decoupling solutions should be considered to limit
the current injection and avoid interference with the charging
process.

To solve the coupling issue, many power decoupling solu-
tions are available in the literature for power converters with
grid-forming capabilities, such as VSM-embedded grid-tied
inverters [28], [29], [30], [31], [32], [33], [34], [35], [36],
[371, [38], [39], [40], [41]. The virtual impedance method
[28], [29], [30], [31] is one of the most adopted solution
available in the literature. However, its decoupling capability
is limited, as demonstrated in [30]. Furthermore, this method
only addresses the coupling due to the line resistance, while
the small load angle assumption error is not considered [26].
Moreover, such solution guarantees the decoupling only at
steady-state, as also happens for the virtual power [31], [32]
and feedforward-based algorithms [33], [34], [35]. More re-
cent papers discussed the dynamic power coupling in VSM
controls [36], [37], [38], [39], [40], [41]. The VSM model
proposed in [36] aims to reduce the impact of reactive power
variations on the active power control, while the reverse cou-
pling is not investigated. Moreover, a partial compensation is
achieved, since the line is assumed purely inductive and only
the large load angle deviation is counterbalanced. Instead,
in [37], the excitation control loop is embedded with a point of
common coupling voltage estimator to compensate for the line
voltage drop and make reactive power immune to active power
loop. Other recent publications have embedded feedforward
terms in VSMs active loop [38], [39] to improve the VSM
dynamic response. Nevertheless, these methods mainly deal
with power reference tracking performance and oscillation
suppression, with the power coupling phenomena discussed
in the background. A VSM model with simplified virtual
steady-state impedance combined with a current reference
modification is proposed in [40] to limit the power coupling.
While ensuring both active and reactive power decoupling,
this solution is designed for a specific VSM model, where the
virtual admittance is algebraically implemented. An enhanced
feedforward-based method is presented in [41], where a full
active—reactive decoupling is achieved and the immunity to
grid impedance deviation is guaranteed by a power coupling
observer. However, the inaccurate load angle estimation re-
duces the algorithm performance. Furthermore, all the above
methods face the power coupling issues with the goal of
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improving the dynamic response and the power converters sta-
bility, without evaluating the effects on the ancillary services,
such as inertial support or fault current injection.

Motivated by the absence of discussion about this topic in
the literature, this article proposes a straightforward decou-
pling solution, based on the implementation of feedforward
terms in the VSM model employed for the AFE unit of
bidirectional chargers. Such solution guarantees the complete
active—reactive power dynamic decoupling while providing
grid support, with the following advantages.

1) Feedforward terms are embedded in the VSM excitation
control loop to limit the reactive power injection during
grid frequency deviations. Therefore, the current stress
on the AFE for the inertial support is minimized and a
larger amount of the rated current can be allocated to the
EV recharging operation.

2) The addition of decoupling terms in the VSM swing
equation cancels the active power fluctuations, that can
propagate from the ac side to the dc stage in case of
grid support during faults, thus affecting the charging
process and reducing the EV battery lifetime.

Furthermore, the designed algorithm ensures a full-
decoupled dynamic response in case of power references
variation while EVs are recharging. The proposed method
has been integrated in the VSM model presented in [42].
This method has a high degree of generality, as it can be
implemented in any VSM with excitation control loop and
mechanical emulation block [15], [16]. This article is an ex-
tension of [43], where the effectiveness of the solution was
demonstrated in limiting the reactive current during inertial
support. In particular, the following new contributions have
been added.

1) Analytical description of the VSM linearized electrical
model used to derive the feedforward terms of the pro-
posed power decoupling solution.

2) Sensitivity analysis of the algorithm to the grid
impedance estimation.

3) Further experimental tests to validate the solution dur-
ing voltage dips/swells and in case of P—Q references
variations.

The rest of this article is organized as follows. Section II
provides the VSM model with the description of its func-
tional blocks. Then, the linearized electrical model used to
investigate the P—Q coupling issue in VSMs is obtained in
Section III. Furthermore, the feedforward terms to be em-
bedded in VSM active—reactive loops are derived and the
operation of the proposed decoupling method is explained.
Next, the sensitivity of the algorithm to the grid parameters
is analyzed in Section I'V. Section V is dedicated to the exper-
imental results and the validation of the method in performing
the decoupling during inertial support and grid faults. More-
over, the power coupling suppression during EV charging
transients is investigated. Finally, Section VI concludes this
article.
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FIGURE 2. Control scheme of the VSM with the proposed feedforward power decoupling method (marked in red). The VSM algorithm provides the
references to the AFE current control, while the dc/dcs regulate the dc bus voltage and the power flow between the mains, EV batteries and local storage.

Il. VSM MODEL
The considered ultra-fast dc charging system is described in
the block diagram of Fig. 2. The ac/dc stage is a VSM driven,
current-controlled inverter connected to the grid through an
LCL filter. The VSM provides the current references to the
AFE controller, thus injecting the desired active and reac-
tive powers P,—Q, into the mains. Meanwhile, the desired
power flow between the grid, EV batteries and local storage
is managed by the dc/dcs control, which also performs the dc
bus voltage vy, regulation. The VSM model consists of the
following functional blocks.

1) Virtual Power Calculation: This block computes the
VSM virtual powers P, and Q, by multiplying the vir-
tual current i, and the measured voltage v. across the
filter capacitor Cy.

2) Mechanical Emulation: It emulates the mechanical be-
havior of the VSM, by embedding the swing equation
of the conventional SGs [25].

da’

P, =2H—
dt

where P} is the active power reference, H is the inertia

constant and w? is the virtual rotor speed. Furthermore,

any of the damping solutions in the literature must be

integrated into the block to suppress the low frequency

oscillations [44].

3) Excitation Control: This function receives as inputs
the reactive power reference Q) and the virtual re-
active power Q,. The virtual excitation flux A0 is
then regulated to provide the desired reactive power
exchange with the grid. Different design options are
available in the literature for this block, such as the

Py - ey

110

I‘VSM electrical model \|

FIGURE 3. Single phase electrical circuit of VSM interfaced to the grid.

excitation winding model of a real SG, a simple droop-
based proportional gain regulator, a purely integral or
proportional-integral controller [45].
Electrical Equations: The resistive and inductive be-
havior of the VSM stator are emulated through the
implementation of a virtual resistance R, and induc-
tance L,. The model inputs are v, the resulting virtual
rotor speed w, and excitation flux A, and the virtual
rotor position 6,.
P—Q Decoupling Blocks: The P-decoupling and Q-
decoupling blocks are the proposed additive functions
to be embedded into the original VSM model, thus
performing the power decoupling feature. Indeed, these
blocks compute the feedforward terms @, gec-Ae, dec tO
be added, respectively, to the virtual rotor speed a)(r) and
excitation flux /\2. The two algorithms are alternately
enabled/disabled by the external command ggec. An ex-
haustive explanation of the two blocks will be provided
in Section III.
The single phase equivalent circuit of the VSM interfacing
the mains is reported in Fig. 3. The internal current controller
is considered as ideal, with a unity gain transfer function,

4)

5)
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FIGURE 4. Steady state equivalent circuit in the (d,q) reference frame
rotating at o,. C; is neglected and an equivalent Ly eq = Lg + Lyg is
considered.

FIGURE 5. Vector diagram of the VSM excitation flux 1., the VSM
electromotive force jo,)e, the measured voltage v and grid voltage e, in
the adopted (d,q) reference frame rotating at «,. § is the load angle.

since its response is several order of magnitude faster than the
VSM. Therefore, the inverter output current #; is considered
equal to the reference i, in the discussion, as well as the
inverter output powers P; and Q; can be assumed equal to the
virtual powers P, and Q,,. The proposed VSM does not embed
active—reactive droop controllers. However, this model can be
enabled to perform primary frequency and voltage regulation
by implementing two external proportional regulators, thus
generating the droop references P; and Q7 to be added to Py
and Q7 [46]

wf—w
pPi="" 2
g b 2)
V-V,
Q) =——F— (3)
bq

where o} and VC* are the grid speed and voltage amplitude
references, respectively, b, and b, are the droop coefficients.

1il. PROPOSED DECOUPLING ALGORITHM

The steady-state equivalent circuit in the (d,q) reference frame
rotating at w, is obtained by neglecting the current and flux
derivative terms (see Fig. 4). A, is aligned to the d-axis in
the proposed model (see Fig. 5) and the VSM is considered
operating under the nominal conditions, with w, >~ A, ~ 1 pu.
The grid inductance L, and the grid-side LCL filter inductance
Ly, can be collected in the equivalent series inductance Lg eq.
The steady-state VSM and grid electrical equations in the
(d,q) reference frame are (4)—(7)

Ve, d = a)eriv,q - Rviv,d 4)
Ue,qg = wrhe — wrLyly g — Rviv,q )
egq = WrLgeqigq — Relgq + Ve a (6)
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egq = —WrLgeqiga — Rglgq + Ve g )

where e, is the grid voltage and R, is the grid resistance, which
also includes the inherent resistance of the LCL filter grid-side
inductor.

The grid current i, can be considered equal to i, by neglect-
ing the LCL filter capacitance Cy [47]. Therefore, the resulting
equivalent electrical equation in g-axis is obtained combining
(5) and (7):

€oq = Wrhe — a)rLtotiv,d - Rtotiv,q ()

where the system total inductance Ly is the sum of L, and
Lyg e, as the total resistance Ry is the sum of R, and R,.

A. EXCITATION FLUX FEEDFORWARD
The g-axis electrical model described in (8) is linearized
around the system operating point as

AegCoss — egSind A8 = Awhe + Ahew, — AwyLioly g
— Lot Aly g — RtotAiv,q )

where e, is the grid voltage amplitude and § is the load angle.
In case of small speed variations around the operating point
with low reactive current injection into the grid, Aw,Liotiy, g
is negligible. The term siné6 Ad depends both on load angle
(sind) and its deviation (AS§), thus resulting much smaller than
the other terms related to w, and A.. In case of stable grid
voltage amplitude (Ae, ~ 0), the g-axis linearized equation is
simplified as

Awrhe + Ahewr — @rLiot Aly g — Riot Aly 4 = 0 (10)

The link between the virtual speed, the excitation flux and the
VSM currents variations is thus demonstrated. Moreover, the
role of the virtual and real impedance is highlighted in the
power coupling issue.

Since A, is aligned with the d-axis, v, is mainly oriented on
the g-axis (see Fig. 5). Therefore, the active power depends
on the 7, 4 current component (i.e., P, & v¢ 4 - iy,4) and the
reactive power on i, 4 (i.e., Qy X vc 4 - Iy ). In case of Py-iy 4
variation during inertial support, undesired Q,-i, 4 are in-
jected into the grid according to (10). However, a feedforward
term A, gec can be added to the excitation flux, thus limiting
the i, 4 deviation and consequently the reactive power injec-
tion. The feedforward term is derived from (10) by forcing
Aiy g 2 0 and considering w, >~ A, > 1 pu.

Y

The term A, gec compensates for the power coupling due to
the total system resistance, the speed variation, consequently,
to the load angle transient deviation.

)\e,dec = —-Aw, + RtotAiv,q-

B. SPEED FEEDFORWARD

Similarly to the previous section, the Q,—i, 4 injection in case
of grid support during faults generates undesired P,—i, 4 varia-
tions. However, e, widely changes with voltage dips or swells.
Therefore, the main assumptions of (10) are no longer valid
and the relation cannot be used to compute a P-decoupling
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term. Nevertheless, an equivalent speed feedforward can be
obtained by linearizing and simplifying the g-axis VSM elec-
trical (5)

Avey = Awphe + Ahow, — 0, LyAiy g — RyAiy 4. (12)

The decoupling term is obtained by forcing Ai, , ~ 0 and
considering w, >~ A, >~ 1 pu.

Wy, dec = Avc,q — Ak + LvAiv,d (13)

where Av. , compensates for the grid voltage variation, while
the other terms limit the P-Q coupling inside the VSM.

C. DECOUPLING FEATURE SELECTION

Both ;. gec and A, gec compensate for the P-Q coupling by
limiting the mutual i, 4 — i, 4 coupling and their dependence
on virtual speed, excitation flux, and grid voltage on the
g-axis. Therefore, the two decoupling algorithms cannot be
enabled simultaneously without interfering with each other
and leading to VSM instability. The desired decoupling fea-
ture is selected through the external command ggec.

1) Q-decoupling: It is enabled by setting gqec = 1. It limits
the Q, deviation during active power transients, such as
the provision of inertial support, or variations in the EVs
power charging request. An extra term A, gec is added to
the excitation flux A? obtained from the reactive con-
troller;

2) P-decoupling: 1t is enabled when ggec = 0. It almost
cancels the P, fluctuations in case of reactive power
transients, i.e., when a grid fault occurs, or in case of
Q3 variations. The feedforward w; gec is added to the
Y, which is computed with (1).

A full explanation regarding the implementation of the pro-

posed decoupling algorithm is provided in the Appendix.

IV. SENSITIVITY TO GRID IMPEDANCE ESTIMATION

While the P-decoupling feedforward . e is not affected by
the grid impedance, the Q-decoupling term A, goc depends on
the correct estimation of the grid resistance R,. Therefore,
a proper online R, computation is needed to obtain the full
compensation of the reactive power coupling. To this purpose,
several techniques are available in the literature to perform
the grid impedance estimation, thus real-time updating the
Q-decoupling algorithm [48]. The excess reactive current
Aiy, g,err due to the incorrect R estimation can be derived from
(10) and it is expressed as follows:

R —R
g,est (14)

Aiv,d,err =
where Ry e is the estimated grid resistance.

This undesired current depends on the grid parameters,
the grid resistance estimation error, the VSM inductance and
the amount of active current A, 4. Since Py & v, 4 - iy,4 and
Oy X Ve 4 - Iy 4, the Tatio between the extra reactive power
AQy err and the active power variation AP, can be derived
from (14) and expressed as a function of the short circuit ratio
(SCR), the X/R ratio, the virtual inductance L, and the relative
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FIGURE 6. Extra reactive power AQ, ¢ injected into the grid when an

active power variation AP, occurs and Q-decoupling algorithm is not
performed. The x-axis is in logarithmic scale.

estimation error €g, = (Rgest — Rg)/Ryg

AQy err
AP,

- K (15)

(X)+ L, SCR /1 + (X2

The uncompensated reactive power is proportional to AP,,
linear dependent on €R,> while it reduces if the VSM is in-
terfaced to a low impedance grid (high SCR) with prevailing
inductive behavior (high X/R). Consequently, particular care
must be taken in case of ultra-weak and resistive grids.

When an active power variation occurs and the Q-
decoupling is not enabled, the amount of drawn reactive power
can be computed by (15), by setting Ry e = 0 and conse-
quently, eg, = —1

‘ AQu,err

1

0-dec OFF (%) 4 L, - SCR/1 + (%)

The variation of [AQy err/ APy|_gec opp» @ @ function of the
X/R ratio for different SCR, is shown in Fig. 6. The VSM in-
ductance L, is defined by the user and is set to a typical value
of 0.1 pu. In case of a weak and prevailing resistive grid with
SCR = 10 and X/R = 0.1, the amount of undesired reactive
power due to the coupling issue is almost equal to the ac-
tive power variation, with AQ, ¢rr = —0.9 - AP,. Meanwhile,
the power coupling effect is negligible when SCR is higher
than 100 or X/R is higher than 10.

AP, (16)

V. EXPERIMENTAL RESULTS

The proposed feedforward decoupling algorithm has been
experimentally validated on a 15 kVA two-level three-phase
inverter controlled by a dSPACE 1005 platform with 10 kHz
of switching fiy and sampling f; frequencies. The system
configuration used for tests is outlined in the block diagram of
Fig. 7, while a picture of the experimental setup is presented
in Fig. 8. The inverter is connected through an LCL filter to
a 50 kVA grid emulator able to provide a 50 Hz 120 V ¢
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FIGURE 8. Picture of the experimental setup.

TABLE 1. Main Data of the Experimental Setup

Base Values Inverter VSM LCL Filter & Grid
Ss 15kVA S, I5kVA Ly O0lpu L 0.059 pu
Vp, 170V I 59 A Ry 0.02pu Ct 0.020 pu
f, SOHz Vg 380V H 4s Li 0013 pu
Z, 29Q few 10kHz < 0.1-1s Lg 0.033 pu
L, 92mH f; 10kHz R, 0.124 pu

C, L.1mF

phase voltage. A constant dc-source supplies the dc stage and
emulates the local storage and the EV batteries connected to
an ultra-fast charging system. A three-phase inductor and a
three-phase resistor are placed between the power converter
and the grid emulator as grid impedance. The grid equiva-
lent inductance is Lgeq = Lyg + Ly = 0.046 p- u-, the SCR is
7.58 and X/R is 0.37. The VSM damping solution proposed
in [49] is adopted to suppress the VSM speed oscillations.
Meanwhile, the excitation control is implemented as in [42].
Therefore, the reactive power control behaves as a first order
system with a tunable excitation time constant t,. The inverter
nominal data, the LCL filter and grid parameters, as well as the
VSM parameters are reported in Table 1.
Five following experimental tests are performed to experi-
mentally validate the proposed decoupling method.
1) Test 1: The VSM inertial response is evaluated during
the charging process. The inverter is absorbing an ac-
tive power P, = P; = —0.25 pu from the grid to store
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energy into the dc-source when a triangular frequency
variation in the range 49.5-50.5 Hz with a period of 2 s
is imposed by the grid emulator. The inverter should
provide an extra active power according to the VSM
tuning and the frequency deviation. Instead, the desired
inverter reactive power Q; is null. The effectiveness
of the proposed decoupling algorithm to cancel the
reactive power injection without affecting the inertial
behavior is demonstrated.

2) Test 2: A grid frequency drop is imposed by the grid
emulator to simulate a major power imbalance during
the charging operation (P; = P, = —0.5 pu). Again, the
power Q-decoupling performance are analyzed in case
of a severe grid perturbation.

3) Test 3: A 10 % voltage dip is applied by the grid emula-
tor, while the inverter is in idle mode (P; = Q) = 0). A
reactive fault current injection is expected. Meanwhile,
the P-coupling algorithm limits the power fluctuations,
that may propagate at the dc stage, thus causing unde-
sired fast charging/discharging of the EV batteries.

4) Test 4: The benefits of the proposed P-Q decoupling
solution are evaluated during the VSM normal dynam-
ical operation. The response of the VSM to different
reference steps of active-reactive power is investigated
with and without enabling the decoupling algorithm.

5) Test 5: The sensitivity of the Q-decoupling algorithm
to the grid resistance estimation is studied when a step
variation in P is applied and the reactive power loop is
disabled. The Q; steady-state error is shown for different
values of relative estimation error €R,-

A. INERTIAL RESPONSE

A linear variation of the grid frequency is imposed to evaluate
the VSM behavior during inertial support. The excitation con-
troller is tuned to provide a slow response (7, = 1 s) with the
aim of highlighting the benefits of the proposed decoupling
solution. The expected active power injection is proportional
to the virtual frequency derivative A f,./ At as follows:

2H Af,

APiertial = E At

=0.16 p-u- (17)

This amount of power is added to the charging power
(—0.25 pu) that the inverter was already transferring to the
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FIGURE 9. Results of Test 1 (inertial behavior). From top to bottom: virtual
frequency f,, inverter active power P; and virtual active power reference
P?, inverter reactive power Q; and reactive power reference Q}, excitation
flux \e, output current peak ;.

dc-source. In case of field applications in ultra-fast dc charg-
ing systems, APinertial 18 provided or absorbed by the locally
installed off-board storage, or directly by the EV batteries,
according to the ultra-fast charger hardware configuration (see
Fig. 1). Initially, the power decoupling is not performed and a
maximum reactive power of 0.25 pu is provided. As shown in
Fig. 9, at time t = 0 s, the Q-decoupling algorithm is enabled
and the reactive power is almost canceled without affecting
the active power injection. Indeed, the Q-decoupling algo-
rithm provides the AA, = A, gec Needed to instantaneously
compensate for the reactive coupling issue. Furthermore, the
peak of the current injected into the grid is reduced by 9.8%
(0.61 pu vs. 0.55 pu). Therefore, a larger current capability
is available for the charging operation, when the AFE is per-
forming grid support.

B. GRID FREQUENCY DROP

In Test 2 (see Fig. 10) a severe grid frequency drop due to a
large power imbalance is emulated. This curve profile can be
obtained in case of a major generator disconnection from the
mains. The grid frequency drops to a nadir of 48.39 Hz and
then settles to a final value of 49.50 Hz. Meanwhile, the in-
verter is providing 0.5 pu of active power to the dc-source. The
imposed frequency variation is deliberately severe, with low
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FIGURE 10. Results of Test 2 (inertial behavior). From top to bottom:
virtual frequency f,, inverter active power P; and virtual active power
reference P!, inverter reactive power Q; and virtual reactive power
reference Q?, excitation flux A..

nadir, high initial derivative and low frequency after fault, to
highlight the effectiveness of the Q-decoupling algorithm. The
test is performed with and without the proposed feedforward
decoupling. The reactive controller is tuned to achieve 7, =
1 s in both cases. The obtained results confirm the outcomes
of Test 1. Indeed, the proposed decoupling method does not
affect the inertial behavior, while limiting the reactive power
and the injected current to perform the inertial support.

C. VOLTAGE DIP

A voltage dip of 10% is applied to evaluate the P-decoupling
algorithm performance in case of a short circuit in the mains
(see Fig. 11). The fault condition occurs when the inverter
is not providing active and reactive power (P} = Q) = 0).
Therefore, the power transfer from the dc-source to the grid
during the test will be exclusively due to power coupling issue.
The excitation time constant 7, is reduced to 0.1s, thus speed-
ing up the reactive control response. At r = 0 s, the voltage
dip occurs. If the P-decoupling algorithm is not enabled, an
undesired amount of active power is injected into the grid,
with a peak value of 0.32 pu. Furthermore, the power fluctu-
ations propagate through the inverter to the dc side. Indeed, a
non negligible fluctuating current iy, is absorbed from the dc
stage. This fast peak current would be drawn in first instance
from the dc-link capacitors, according to their energy capabil-
ity. Then, without an installed local storage, this current would
be absorbed from the EVs connected to the charging system,
with possible negative consequences on the batteries life-
time. Instead, when the P-decoupling algorithm is activated,
the active power injection into the grid is almost canceled.
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Meanwhile, the dc side operation is no more influenced by
the provision of grid support during faults. Moreover, the
desired fault current profile can be easily achieved when the
P-decoupling algorithm is enabled. Indeed, the behavior of the
fault current Aig,yye can be expressed as follows:

Algyuie = (18)
where AVy;, is the voltage dip amplitude during the fault
condition (0.1 pu in the proposed test).

Therefore, the VSM inductance and the excitation con-
troller time constant can be tuned to satisfy the needed support
requirements in case of faults. The current injection amplitude
is regulated by L,, while the duration of the event by z,.
Att =1 s, the grid voltage returns to nominal condition (1
pu) and again the benefits of the proposed P-decoupling algo-
rithms are observed. Indeed, the active power and dc current
fluctuations are almost eliminated.

D. DYNAMICAL OPERATION
The dynamical performance of the VSM embedded with the
proposed decoupling solution is verified by assessing the
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response to different steps of active and reactive power ref-
erences (see Fig. 12). The desired decoupling algorithm is
enabled according to the power reference variation. In detail,
the P-decoupling algorithm is enabled by setting gqec = 0
before a Q} change. Instead, the Q-decoupling algorithm is
activated by setting g4oc = 1 before a P variation. When a
decoupling algorithm is activated, the other one is automati-
cally excluded to avoid interference. The excitation flux time
constant 7, is set to 0.1 s to achieve a similar response time
for the VSM active and reactive control loops. Initially, the
inverter operates with zero power references (i.e., P, = Q) =
0). Then, a P step variation of 0.5 pu is requested at t =0
s. After 1s, also the reactive power reference is step-changed
to —0.5 pu. Finally, active and reactive power inversions are
performed, respectively, at t =2 s and + = 3 s. Even in case
of stressful test conditions, such as step power inversions,
the proposed P-decoupling and Q-decoupling algorithms fully
compensate for the power coupling issues, both in case of P}
and O} changes. Indeed, the Q; fluctuations are suppressed
when P; deviates and vice versa. Moreover, the power re-
sponses become more damped, while maintaining the same
rise time.
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FIGURE 13. Results of Test 5: effect of a wrong grid resistance estimation.
From top to bottom: inverter active power P, inverter reactive power Q;.

E. SENSITIVITY TO GRID RESISTANCE ESTIMATION

The influence of R, estimation on the Q-decoupling algo-
rithm effectiveness is investigated with this test. The reactive
controller is disabled by setting to zero its integral gain. There-
fore, the excitation flux variations will be due to the computed
feedforward A, gec. A step of 0.75 pu in the active power is
applied and the reactive response is analyzed in case of differ-
ent values of estimated grid resistance, i.e. Rq e €qual to 0%
,50% ,75% , 100% , and 125% of R, (see Fig. 13). The AQ;
deviations measured at the end of the transient response are
then compared with the expected theoretical values AQ, err

116

TABLE 2. Comparison of the Results of Test 5 With the Theoretical Values
Obtained in Section IV

Rg,est/Rg (%) er, (%) AQ; (pu) AQuerr (pu)
0 -100 -0.52 -0.64
50 -50 -0.24 -0.32
75 -25 -0.14 -0.16
100 +0 +0.00 +0.00
125 +25 +0.12 +0.16

obtained by means of (15). The results are reported in Table 2.
It can be observed that the measured values are consistent
with the theoretical ones. A larger deviation between mea-
surements and expected values is observed in case of high
estimation errors (i.€., Rg et = 0). The difference in results can
be explained by the fact that AQ, ¢ is obtained by applying
small-signal analysis, where a mild variation around an oper-
ating point is expected. Instead, in this test, a large variation of
active power is imposed (AP; = 0.75 pu). Moreover, in case
of inaccurate R, estimation, the significant Q; deviation from
the initial steady-state condition further affects the gap. How-
ever, the outcomes of Test 5 confirm the effectiveness of the
proposed Q-decoupling algorithm. Indeed, with a proper R,
estimation, the reactive power injection is canceled (AQ; = 0
puw), even in case of large active power variations.
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VI. CONCLUSION Gdec(k)
This article proposes a full (active and reactive) power de-
coupling solution for VSM controls to compensate for power Qaeott) £ Qdecttd)
coupling issues in case of fast grid transient events, such as CHECK STEADY-STATE

frequency variations or voltage dips and swells. By enabling
the Q-decoupling feature, feedforward terms are added to
the output of the VSM excitation controller. Therefore, the
reactive power injection is canceled when providing inertial
support. Instead, by enabling the P-decoupling algorithm,
feedforward terms are integrated in the VSM swing equation.
Consequently, the active power fluctuations are limited when
the AFE injects short circuit current into the grid during faults.
Nevertheless, the designed algorithm ensures a full-decoupled
dynamic response of the VSM also in case of power references
variation.

This method results well suitable for VSMs embedded into
the AFE control of ultra-fast dc charging systems. Indeed, in
these applications the current effort for the grid support has
to be minimized, since the largest possible power capability
has to be allocated for the EV charging operation. The feature
selection (P-decoupling or Q-decoupling) can be executed by
setting the external command g4... When an active or reactive
power reference variation is requested by the user, the required
feature can be pre-selected, thus performing the correct power
decoupling. Instead, grid perturbations cannot be predicted
in advance. Therefore, particular care must be taken in the
feature selection when the EV charger is in steady-state. The
choice can be based on the agreements with the power system
operator regarding which ancillary services have to be pro-
vided. Otherwise, the EV charger hardware can be considered.

The Q-decoupling algorithm limits the AFE current stress
during inertial support. Therefore, a larger amount of the rated
current can be used for the charging process and the AFE has
not to be current oversized to emulate the inertial behavior.

The P-decoupling algorithm cancels the ac and dc power
fluctuations when the AFE injects reactive current into the
grid during voltage dips and swells. Since this power would
be absorbed in first instance from the dc-link capacitors, their
oversizing in terms of energy is thus prevented.

With installed local storage [see Fig. 1(a)], the mains and
EVs are power decoupled by hardware. Indeed, the local
storage can take charge of absorbing or providing the re-
quested fluctuating power during grid faults. Instead, in case
of ultra-fast charging configurations without local storage
[see Fig. 1(b)], these uncontrolled power fluctuations could
propagate to EV batteries and cause fast charging/discharging
events, resulting in a potential risk for the batteries lifetime.

Therefore, the authors suggest to keep enabled the Q-
decoupling algorithm when the dc charger is in steady-state
in the presence of installed local storage. Otherwise, the
P-decoupling algorithm is preferred. Experimental tests are
performed on a 15 kVA two-level three-phase inverter, emulat-
ing the AFE of a dc charging infrastructure. The experimental
results validate the proposed decoupling method, confirm-
ing that VSM controls implemented in ultra-fast charging
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FIGURE 14. Flowchart of the proposed power decoupling algorithm
executed at sampling period k. T; is the sampling time.

applications are a promising solution to guarantee the stability
of the electric power system.

APPENDIX

The proposed decoupling solution is outlined in the flowchart
of Fig. 14. The decoupling feature selection (P-decoupling or
Q-decoupling) can be real-time performed every sampling pe-
riod Ty = % by modifying gge. and updating the VSM initial
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condition values iy ;, V¢,i, Ae,i» @ri, Which are used to compute
the small-signal deviation terms Aiy 4, Aiy 4, Ave g, AL, and
Aw,. Indeed, , gec and A, gec Will be determined by lineariz-
ing the VSM model around the new steady state condition.
Furthermore, the values 10-!? are forced equal to A-w, when
the corresponding decoupling algorithm is disabled, thus in-
tegrating the feedforward residuals into the outputs of the
VSM electromechanical blocks and ensuring continuity in the
excitation flux and virtual speed computation. Furthermore,
the system initial values are updated and the decoupling al-
gorithms are reinitialized even if a steady-state condition is
observed for a defined period (0.1 s).
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