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Multi-Functional V2G Interface With Improved 
Dynamic Response for Shunt Compensation
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Abstract—This paper proposes a multi-functional vehicle 
-to-grid (M-V2G) interface based on the new fundamental active  
current (FAC) extraction method for shunt compensation (SC) 
with enhanced dynamic response. The M-V2G operates in four 
modes, namely (A) active power injection (API), (B) API and 
SC, (C) API and partial SC, and (D) SC. The proposed FAC ex-
traction method involves processing the d-axis current of non-lin-
ear load through the cascaded band-stop filter. The resulting 
signal comprises a dc and an ac component with six times the 
fundamental frequency. For balanced currents, FAC is derived as 
the value of this signal sampled at the absolute peak value of its 
derivative. For unbalanced load currents, FAC extraction consid-
ers (i) the average of six consecutive samples, or (ii) inclusion of an 
additional BSF with a center frequency corresponding to the 6th 
harmonic is included. The second option provides a faster dynam-
ic response. M-V2G interface is controlled based on the FAC and 
commanded API. The proposed technique ensures accurate FAC 
estimation without complex computations, as evident from the 
pseudo-code and experimental studies. Further, the experimental 
results confirm its effectiveness, feasibility, and practical viability. 
The M-V2G interface with the proposed FAC estimation scheme 
increases power quality and VA utilization of the V2G interface. 

Index Terms—Battery, electric vehicles, multi-functional con-
trol, shunt compensation, vehicle-to-grid (V2G).

I. Introduction

ELECTRIC vehicles (EVs) have emerged as a cleaner  
alternative to internal combustion (IC) based vehicles. On 

the other hand, for the utility, the rising number of EVs poses 
challenges of increased energy demand, network congestion, 
and power quality (PQ) issues [1]-[3]. The grid-interfaced EV 
charger requires an ac-dc converter at the grid side. Using a  
diode-based ac-dc converter at the input stage of an EV charger  
may be economical. However, the diode rectifier injects har- 
monic currents into the grid. The impact of EV charging  
stations on grid PQ is discussed in [4]-[5]. Further, the increasing  
usage of power converters in industrial, domestic, and commercial  
sectors deteriorates the PQ by harmonic current injection into 
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the grid. The PQ issue is further compounded by the ever-in-
creasing nonlinear loads [6]. The harmonic currents in the grid 
are responsible for the increased line losses, line congestion, 
mal-operation of control and protective equipment, and re-
duced power transfer capability [7]. PQ issues are prone to in-
crease upon the installation of EV charging stations on a larger 
scale. Hence, mitigating the PQ issues at the charging station 
is necessary. [2] and [8] suggest the installation of a distributed 
static compensator (DSTATCOM) and shunt active power fil-
ter (SAPF) at the charging station to nullify current harmonics. 
In EV chargers, using pulse width modulated (PWM) rectifiers 
in place of diode-based rectifiers is beneficial with respect to 
the PQ concerns as it offers a unity power factor and reduces 
total harmonic distortion (THD) at the grid end. Moreover, 
the EV charger can facilitate bi-directional power flow with 
PWM rectifiers, provided that the bi-directional dc-dc con-
verter is employed. This enables EV chargers to perform vehi-
cle-to-grid (V2G) operations to offer ancillary services to the 
grid. The V2G operation refers to the power flow from the EV 
to the grid, while the grid-to-vehicle (G2V) operation refers to 
charging the EV battery from the grid.

EV chargers can operate in V2G mode and perform active 
power injection (API) to meet the active power demand of 
load (APDL) [9]. Such operation may not always result in 
complete utilization of the interface’s VA capacity. Moreover, 
the issue of PQ degradation due to other nonlinear loads at the 
station premises needs to be addressed. The IGBT-based ac-dc 
interface of the EV charger holds a power structure similar to 
that of SAPF. This enables the utilization of the V2G interface 
to mitigate the harmonic currents drawn by the other loads at  
the station premises. The implementation, however, necessitates 
additional control loops. The multi-functional control of V2G 
ensures the implementation of requisite shunt compensation 
(SC) and/or traditional charging or API operations. Hence, 
for increased VA utilization and addressing current related PQ  
issues, a multifunctional-V2G (M-V2G) interface can be controlled 
to perform API and SC, which can compensate for the harmonic  
currents and reactive power demand of load (RPDL). For  
providing SC through the V2G interface, estimation of the  
fundamental active component (FAC) of load current is es-
sential. This paper introduces a new FAC extractor (FACE) that 
offers computational simplicity, fast dynamic response, and 
accurate FAC estimation, even under unbalanced load condi-
tions. The proposed M-V2G interface operates in four distinct 
modes, namely, (A) API, (B) API and SC, (C) API with partial 
SC, and (D) SC only. The proposed technique enhances VA 
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utilization and PQ, even when the battery is unavailable for 
V2G operations.

V2G operation supports the grid by providing active power 
support. Several studies demonstrate how effectively V2G 
operations can be managed to maintain a better voltage pro-
file in the distribution network [10]. Earlier work focused on 
traditional V2G operation, which could only support the grid 
through API [9], [11]. The interface is redundant when an 
EV is unavailable. Authors in [12] have investigated the V2G 
operation involving reactive power compensation. However, 
harmonic current mitigation with the V2G interface has not 
been explored. Control of V2G for SC with Lyapunov function 
is reported by Çelik [13]. However, SC with multi-functional 
control involving simultaneous API and SC has not been explored. 

[14]-[15] have presented a V2G interface with simultaneous 
API and SC. However, with SC, the VA rating of the interface 
may be exceeded, leading to operational constraints. Thus, an 
advanced M-V2G interface is needed to dynamically allocate 
VA capacity between API and SC while preventing overload-
ing. Furthermore, the impact of different operating modes on 
PQ enhancement and system utilization remains underexplored 
in existing studies. The operating modes reported for V2G 
interfaces in various references are given in Table I. When 
the V2G interface supplies only active power to the load, the 
%THD of the supply current tends to increase [16].

For the implementation of SC, estimation of the FAC of 
load current is mandatorily needed. FACE based on general-
ized integrators, second-order filters, self-tuning filters, etc., 
are reported in the literature [7], [17]-[19]. These methods 
extract the input signal’s fundamental component using second 
or higher-order transfer functions. While effective in isolating 
the fundamental component, these methods inherently exhibit 
slower dynamic responses due to the filtering stages involved. 
The transient response of such systems is further limited by the 
need for sufficient filtering to ensure accuracy. Moreover, these 
methods require precise tuning of multiple control parameters, 
which adds to the complexity. The computational burden of 
these techniques also poses challenges for real-time applica-
tions, especially when higher-order or multiple filtering stages 
are involved, requiring additional processing resources. 

Least mean square (LMS) based FAC extraction techniques 
are also widely reported in the literature [17], [20]-[21]. LMS 
algorithms employ adaptive filtering structures, providing 

flexibility in harmonic order selection. However, LMS-based 
techniques require intensive computational resources and their 
dynamic and steady-state performance highly depends on the 
learning rate, μ. A higher μ leads to a faster dynamic response 
but introduces oscillations in steady-state conditions [22]-
[23]. Conversely, a lower μ ensures accurate estimation at the 
cost of sluggish dynamic response [22]-[23]. LMS algorithms 
with variable learning rates (VLR), as reported in [24]-[27], 
mitigate this issue but increase the computational burden. Ad-
ditionally, improper selection of μ may lead to instability [26]-
[27]. This factor limits the practical usability of LMS for high-
speed FACE in M-V2G applications. 

[28]-[29] have explored artificial neural network (AN-
N)-based techniques for FAC extraction. ANN-based ap-
proaches require pre-training on large datasets corresponding 
to load profiles. However, their accuracy is compromised 
when the operating conditions deviate from the training dataset 
[29]. Furthermore, ANN implementations demand significant 
memory and processing power, making them less viable for 
real-time V2G control. Their reliance on extensive pre-training 
also reduces adaptability in dynamic grid conditions. 

[2] and [30] introduced the moving window min-max 
(MWM) technique for FAC extraction. The MWM technique 
is simpler to implement, as it does not involve explicit filtering 
mechanisms and exhibits a faster dynamic response (approxi-
mately half a cycle). However, in intermediate calculations, the 
maximum and minimum values of the d-axis load current must 
be determined. Since no filtering is applied, accuracy is com-
promised when the sensed signals contain noise. In practical 
scenarios, this increases susceptibility to distortions, which can 
reduce the effectiveness of SC operation. Alternately, a com-
putationally simple FACE with a faster dynamic response is 
required to facilitate seamless transitions between the operating 
modes of the M-V2G interface.  

This paper presents an M-V2G interface with improved 
dynamic response for SC. As reported in [16], four operating 
modes of M-V2G, namely (A) API, (B) API and SC, (C) API 
and partial SC, and (D) SC, are considered in this paper. The 
improved dynamic response for SC is obtained with the pro-
posed FACE unit. The proposed FACE is simpler to implement 
and provides an accurate estimation of FAC. The key idea 
behind the proposed algorithm is that for a signal containing dc 
and ac quantity, the dc quantity can be determined by sampling 

TABLE I
Comparative Analysis of M-V2G Interface

Operating Modes [9] [11] [12] [13] [14] [15] Proposed

API ✓ ✓ ✓ ✗ ✗ ✗ ✓

API and HCM ✗ ✗ ✗ ✗ ✓ ✓ ✓

API and RPC ✗ ✗ ✓ ✗ ✓ ✓ ✓

API and Partial SC ✗ ✗ # ✗ ✗ ✗ ✓

SC Only ✗ ✗ ✓ ✓ ✗ ✗ ✓

HCM and RPC indicate harmonic current mitigation and reactive power compensation. # indicates RPC only
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the signal at the peak of its derivate. This idea can be imple-
mented for FAC extraction using d-axis load current, wherein 
the signal comprises both ac and dc quantities. The dc quantity 
represents the FAC of load current. The proposed FACE unit 
samples the d-axis load current, iLd, at the absolute peak value 
of diLd  ⁄ dt. Before this, iLd has been processed through cascad-
ed band-stop filters (CBSFs). This filtering stage is required to 
eliminate higher-order harmonics so that only the lowest-order 
harmonic is present. The dynamic response of a second-order 
band-stop filter is faster when tuned to attenuate higher-order 
harmonics at their respective center frequencies than when set 
for the fundamental frequency. Hence, the overall dynamic 
response is not significantly impacted by the involvement of a 
cascaded band-stop filtering stage. Further, the obtained signal 
at the output of CBSFs is sampled at the absolute peak of its 
derivative. This sampled value represents the FAC of load cur-
rent, iFAC, which should be drawn from the grid to ensure SC. 
The mathematical basis of the proposed FACE is discussed in 
detail in further sections. Further frequency and time domain 
analysis are provided to validate fast dynamic response and ac-
curacy for FAC extraction. The FACE method is computation-
ally efficient, ensuring fast dynamic response and ripple-free 
steady-state operation. Unlike LMS-based approaches, it does 
not require iterative adaptation or learning rate tuning. Com-
pared to ANN-based techniques, it eliminates the dependency 
on pre-trained models, making it more suitable for real-time 
operation. Further, the performance analysis of the M-V2G 
interface, based on the experimental studies, with the proposed 
FACE unit under four modes reveals its feasibility and practi-
cability. With the merits of accurate and fast FAC extraction, 
computational simplicity, and ease of implementation, the 
FACE unit stands out as a key contribution. Furthermore, the 
proposed M-V2G control strategy ensures that even when API 
is not feasible due to battery unavailability, the voltage source 
inverter (VSI) can still be utilized for SC, improving overall 
system efficiency. This multi-functional operation enhances 
PQ at the point of common coupling (PCC) and maximizes the 
utilization of the V2G interface.

To summarize, the key contributions of this work are: (i) 
M-V2G operation enabling increased VA utilization, even in 
the absence of a battery for API operation, (ii) a novel FACE 
algorithm with fast dynamic response for the implementation 
of SC using the M-V2G interface, (iii) frequency response 
analysis and step response analysis conducted to validate effec-

tive filtering and rapid dynamic response, and (iv) experimen-
tal validation of the four operating modes, demonstrating the 
feasibility and practical implementation of the proposed FACE-
based control for the V2G interface.

II. Operation of Multi-Functional V2G Interface
The EV charger employs ac-dc and dc-dc converters to 

charge EV batteries from the grid. The charging process of 
EV batteries from the grid refers to G2V operation. EVs can 
provide auxiliary services to the grid, such as grid support 
through API. Such operation of an EV charger wherein power 
flows from the EV battery to the grid is referred to as the V2G 
operation. For EVs to facilitate V2G operations, the employed 
converters in the interface should be bidirectional. Fig. 1 shows 
the power circuit of the M-V2G interface, comprising a battery 
interfaced with the grid through a bidirectional dc-dc convert-
er and VSI. VSI is interfaced with the grid through coupling 
inductors, La-Lb-Lc. In Fig. 1, vGa-vGb-vGc are grid voltages at 
the PCC with frequency ω and phase angle θ, iGa-iGb-iGc are 
grid currents, iLa-iLb-iLc are load currents, iVa-iVb-iVc are currents 
supplied by the V2G interface, Cdc is the dc-link capacitor, vdc 
is the dc-link voltage, and vB-iB are battery voltage and battery 
current. For the traditional V2G operation, EVs are required. 
The V2G interface is redundant in case (i) batteries are not 
available for the V2G operations and (ii) the state of charge 
(SOC) of the battery is not adequate. Also, in case the available 
battery has a lower capacity than the rating of the V2G inter-
face, the interface will not be utilized to its maximum rating. 
This work proposes multi-functional control of the V2G inter-
face with a fast dynamic response for SC. 

The block diagram depiction of multi-functional control of 
the V2G interface is mentioned in Fig. 2. The phase-locked 
loop (PLL) algorithm processes vGa-vGb-vGc and computes phase 
angle, θ. Based on estimated θ, unit vector templates (UVTs), 
uGa-uGb-uGc, are computed. The proposed FACE unit utilizes iLa-
iLb-iLc and θ for the computation of FAC of load current denoted 
as iFAC. With the two-stage system, as shown in Fig. 1, the dc-
dc converter will feed power at the dc-link for API. For G2V 
operation, ac-dc conversion is required. It is accomplished 
by regulating the dc-link voltage. When dc-dc draws power 
from dc-link for charging the battery pack, vdc starts decreas-
ing. On the contrary, when the dc-dc converter injects power 
into the dc-link from the battery pack, vdc starts rising. The dc-
link voltage control loop regulates vdc by drawing power from 
the grid when required for the battery charging and injecting 
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Fig. 1. Power circuit of M-V2G interface.

Fig. 2. Control circuit of M-V2G interface.
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power to the grid during API operation. vdc is compared with a 
reference voltage, vdcR and the resulting dc-link voltage error, 
edc, is processed by the proportional-integral (PI) controller for 
computing the peak value of active current to be injected into 
the grid for regulation of vdc, denoted as idc. It is to be noted that 
idc represents active power consumed by the VSI on account 
of losses and active power demanded or injected by the dc-dc 
converter. Neglecting the losses compared to the active power 
being exchanged at the dc-link, idcR can be represented as IAPI. 
IAPI represented as the peak value of FAC of injected currents at 
PCC. The corresponding product of IAPI and uGa-uGb-uGc, denot-
ed as idcRa-idcRb-idcRc, represents the instantaneous values of ac-
tive current to be injected into the grid for regulation of vdc. The 
dc-link voltage control loop facilitates ac-dc conversion during 
battery charging and dc-ac conversion during API operation. 
Based on the active operating mode, IAPI, iLa-iLb-iLc, and iFAC, ref-
erence grid currents, denoted as iGaR-iGbR-iGcR, are determined. 
Based on iGaR-iGbR-iGcR and iGa-iGb-iGc, hysteresis current control-
ler generates gate pulses for the VSI of M-V2G interface.

The multi-functional operation of the V2G interface refers to 
the implementation of SC alongside traditional API operation. 
The power interface between the grid and the vehicle is de-
signed based on the charging requirement of the battery. How-
ever, when implementing V2G operation, the batteries may not 
be discharged at full capacity, or sometimes lower capacity bat-
teries are available for V2G operation. In such a scenario, the 
power interface may not be operated at its rated capacity. To 
increase the utilization of the V2G interface, SC can be imple-
mented for the other loads at the station premise alongside API. 
This not only increases VA utilization of the V2G interface but 
also helps in improving the PQ. The four operating modes of 
the proposed M-V2G interface are (A) API only, (B) API and 
SC, (C) API with partial SC, and (D) SC only. For each mode, 
Table II shows the functionality, reference current for the V2G 
interface, iVxR(t), currents for SC, iSCx(t), and reference grid cur-
rents, iGxR(t), through (1)-(7). Mode-A implements traditional 
V2G with API only. Hence, iVxR(t) is the product of reference 
API, IAPI, and respective UVT, uGx(t), which are obtained using 
PLL. x in subscript denotes phase a, b, or c.

Although the traditional API operation assists the grid in 

supplying active power to the load, it does not resolve the har-
monic current injection issue due to other nonlinear loads at 
the station. To increase VA utilization of the V2G interface and 
improve the PQ at the PCC, Mode-B implements M-V2G op-
eration with concurrent API and SC. iSCx(t) is computed as per 
(6). iVxR(t) is the sum of iSCx(t) and [IAPIuGx(t)]. It is to be noted 
that the V2G interface is designed based on the charging re-
quirements. In case of an increase in load at the PCC, the V2G 
interface might run at overload. When the peak current capac-
ity of VSI, IRM, is exceeded, Mode-C is used, where iVxR(t) can 
be computed as per (3) and iSCx(t) is scaled by the scaling factor 
K. K is defined in (4), where zx is the absolute peak of iSCx(t) 
computed over a cycle. API in Mode-C is as per IAPI, and only 
SC is scaled. A similar approach is reported in [16] and [31] for 
the multi-functional control of battery and solar photovoltaic 
systems. Mode-D is activated when no battery is available. 
Only SC takes place in Mode-D, and the V2G interface only 
provides iSCx(t). The Mode-D operation of the V2G interface 
increases the utilization of the V2G interface by implementing 
SC even when the batteries are not available for the API op-
eration. Thus, Modes A, B, and C require the grid to partially 
support the APDL. Modes B and D fully provide the required 
SC, whereas Mode-C performs partial SC as per the available 
VA ratings. In Modes A and C, the grid provides for the cur-
rent harmonics and RPDL fully and partially, respectively. In 
Modes B, C, and D, the FACE unit needs to compute iFAC for 
implementing SC. 

Mode A to C can be implemented when the battery is fully 
charged. API and API with full or partial shunt compensation 
can be implemented with the battery fully charged. With API, 
the battery gets discharged. Even Mode-D can be activated in 
such a scenario, provided API is not to be carried out. Ideally, 
the battery will not discharge with Mode-D, and the V2G interface 
will be utilized for SC. On the other hand, when the battery is 
fully depleted, Mode A to C cannot be activated. In such a sce-
nario, only Mode-D can be activated. No API will take place. 
However, SC will be carried out to enhance PQ and improve 
the overall utilization of the charging infrastructure. For Modes 
B, C, and D, computation of iFAC is required to perform SC. 

TABLE II
Operation and Reference Current for Each Mode

Current Mode
Operation Reference Current for V2G Interface 

iVxR (t)API SC

iVxR(t)

A ✓ ✗ iVxR(t) = IAPI  uGx(t) (1)

B ✓ ✓ iVxR(t) = IAPI  uGx(t) + iSCx(t) (2)

C ✓ ∆
iVxR(t) = IAPI uGx(t) + K iSCx(t)

K=(IRM  - IAPI) ⁄ max{za , zb , zc } 
(3)
(4)

D ✗ ✓ iVxR(t) = iSCx(t) (5)

iSCx(t) B, C, D - - iSCx(t) = iLx(t) - iFAC(t) uGx(t) (6)

iGxR(t) A, B, C, D - - iGxR(t) = iLx(t) - iVxR(t) (7)

✓ - ✗ - ∆ correspondingly indicates that the functionality can be, cannot be, or is partially implemented.
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III. Proposed FACE Unit
The d-axis load current for non-linear loads comprises a dc 

and several ac components. For a signal comprising an ac and 
a dc quantity, the sampling of the signal at the absolute peak 
of its derivative represents the dc component. This logic does 
not right away apply to the extraction of FAC as multiple ac 
signals are present in the d-axis load current. CBSFs processes 
the d-axis load current to remove all ac components other than 
the lowest order harmonic in order to get around the problem 
before sampling or computing the derivative. The FAC of load 
current can now be computed by sampling the obtained signal 
at the peak of its derivative. 

Table III shows the procedure for the proposed FACE unit, 
with p as the differential operator. Based on the input samples, 
the d-axis load current, iLd, is determined as per (8). To remove 
high-frequency noise, iLd is low pass filtered with a cut-off 
frequency, δ, of 1000 Hz. As shown in (9), where l is the order 
of harmonic and φl is the phase-shift angle of lth harmonic, iLd 
comprises of iFAC as the dc component and multiple ac com-
ponents representing the harmonics. If there was only one ac 
component in iLd, then iFAC could be determined as the sample 
of iLd at the absolute peak of its derivative. To apply this idea, 
the 12th, 18th, and 24th harmonic present in iLd are filtered out by 
processing it through CBSF having a center frequency, δb, of 
12ω, 18ω, and 24ω, respectively. The step response analysis 
of the band stop filter (BSF) reveals a faster dynamic response 
with higher δb. As shown by (10)-(11), in addition, iFAC to the 
output of CBSF, iy, comprises the 6th harmonic and 2nd plus 6th 
harmonic for balanced and unbalanced currents, respectively. 
Here, Ml is the peak magnitude of the lth harmonic. 

The proposed idea necessitates the determination of the 

peak of | piy |, which is given by (12)-(13) for balanced and 
unbalanced cases. With J defined by (14), when the conditions 
specified in (15) are satisfied, iFAC is updated as per (16). For 
the balanced case, iFAC(n) = iy(n-1), which can be estimated 
by sampling iy at the peak of | piy(n) |. At the peak of | piy(n) |, 
p2iy(n), given by (17), is equated to zero, and the roots (i.e. θ)  
are determined. Since M6 > 0, p2iy(n) = 0 holds true when  
sin［(6θ(n)+φ6］= 0, which leads to ［6θ(n)+φ6］= π or 2π. At θ, 
given by (18), iy(n) = iFAC(n). This proves the proposed idea.

For an unbalanced case, as two ac quantities present in iy. 
Hence, iFAC cannot be estimated by sampling iy at the peak 
of | piy |. The use of BSF to eliminate the 2nd harmonic can 
resolve the issue, but the response time for BSF is higher for  
the 2nd order harmonic. Alternately, if 6th harmonic is elimi-
nated using BSF, then similar approach as given by (14)-(16) 
is followed. TR, the maximum time for computing the new 
value of iFAC upon change in load, is given by (19), where tL-
tCBSF-th correspondingly indicate the response time of LPF, 
response time of BSFs involved, and maximum time between 
the instants of load change and next peak of | piy(n) |. The step 
response for CBSF under balanced and unbalanced load con-
ditions are shown in Figs. 3 and 4, respectively. Based on the 
step response analysis using MATLAB’s stepinfo function, TR 
for balanced and unbalanced cases is determined as 4.3 ms and 
9.6 ms, respectively. Hence, for instant change in load, the new 
value of FAC will be estimated within 9.6 ms. Further, bode 
plots for CBSF utilized for balanced and unbalanced conditions 
are shown in Figs. 5 and 6, respectively. It is to be observed 
from bode plots that the higher order harmonics are attenuated 
as magnitude/attenuation at their frequencies is very close to 
zero. 

p2 iy(n) = -36M6(n) sin［6θ(n)+φ6］            (17)

TABLE III
Pseudo-Code for the Proposed FACE

Operation Mathematical Operation

Initialize sampling instant n as 1

Sample iLa - iLb - iLc and obtain uGa(n) - uGb(n) - uGc(n) from the PLL.

Compute  
iLd

iLd (n) = (2⁄3)×∑x=a,b,c iLx(n) ux(n)
         =iFAC(n)+∑l=2,6,12,18,24 Ml(n) sin［lθ(n)+φl］

(8)
(9)

Compute  
iy

For a balanced system,
iy(n) = iFAC(n) + M6(n) sin［6θ(n)+φ6］

For an unbalanced system,
iy(n) = iFAC(n) + ∑l=2,6 Ml(n) sin (lθ(n)+φl) 

(10)

(11)

Compute 
| piy |

For a balanced system, 
| piy (n) | = | 6M6(n) cos［6θ(n)+φ6］|
For an unbalanced system, 
| piy (n) | = | ∑l=2,6 lM6(n) cos［lθ(n)+φl］|

(12)

(13)

Update  
iFAC

J(n) = | piy (n) | 
Condition: J(n-1) ≥ J(n) & J(n-1) ≥ J(n-2) 
iFAC(n) = iy(n-1) 

(14)
(15) 
(16)

Repeat the process with n = n + 1.

Fig. 3. Step response of CBSF implemented for balanced loading conditions.

Fig. 4. Step response of CBSF implemented for unbalanced loading conditions.
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θ =［(π - φ6) ⁄ 6］or［(2π - φ6) ⁄ 6］             (18)

TR = tL + tCBSF + th                                (19)

Another approach is proposed for the estimation of iFAC un-
der unbalanced conditions. For the unbalanced case, as per (11) 
and (13), there would be two ac quantities present in iy(n) and  
| piy(n) |. Now, iFAC cannot be estimated by sampling iy at the 
peak of | piy |. As presented earlier, the use of BSF to eliminate 
either the 2nd or 6th harmonic can resolve the issue. The elim-
ination of the 2nd harmonic would incur increased response 
time compared to proceeding with the elimination of the 6th 

harmonic component. However, one more filtering stage 
would be required. Another approach is presented wherein an 
additional filter for removing either the 2nd or 6th harmonic is 
not required. For unbalanced load currents, iy and piy are shown 
in Fig. 7. iy sampled at the peak of | piy | over a 10 ms duration 
(i.e. time period of 2nd harmonic) are given by R1-R6. These six 
consecutive samples are stored in an array based on first-in-
last-out, and as per (20), the average of six samples represents 
iFAC as given in (21). As shown in Fig. 7, the average of R1-R6 
is 7.001 A, which is equal to iFAC. This approach of computing 
iFAC based on averaging the values of iy sampled at the peak of 
| piy | over a 10 ms duration has a larger response time than the 

previous approach. Further, FAC estimated with the proposed 
FACE unit will be utilized by the overall control algorithm to 
implement various operating modes of the M-V2G interface. 
The proposed FACE offers accurate estimation and a fast dy-
namic response and is easier to implement.

For j = 5:1, A( j+1) = A( j ) & A(1) = iy(n)           (20)

iFAC =  A(k)                                  (21)

IV. Results and Discussions
Experimental studies are performed to validate the perfor-

mance of the M-V2G interface controlled with the proposed 
FACE unit. The experimental setup is shown in Fig. 8. The 
V2G interface comprises a 3-phase grid-tied VSI employing 
IGBTs SKM100GB12T4. vGx is 70.7 V, and nominal grid 
frequency is 50 Hz.  The value of Lx is 10 mH. The value of 
Cdc is 1500 μF. The control algorithm, comprising overall 
multi-functional control comprising the proposed FACE unit, is 

Fig. 5. Bode plot of CBSF implemented for balanced loading conditions.

Fig. 7. iy and piy for unbalanced loading.

Fig. 8. Experimental prototype model of M-V2G controlled with the proposed 
FACE.

Fig. 9. Performance analysis of M-V2G interface with the proposed FACE. vGa-
iGa-iLa-iva for mode transition from Mode A-D.

Fig. 6. Bode plot of CBSF implemented for unbalanced loading conditions.
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implemented in dSPACE MicroLab Box 1202. For feedback, 
LV25-P/SP2 voltage sensors and LA55-P/SP1 current sensors 
are used. Load comprises of parallel connection of 3-phase 
uncontrolled rectifier with a load resistance of RDBR and 3-phase 
RL load. The list of parameters used in experimental studies 
are given in Table IV. Programmable dc power supply emu-
lates EV battery and bi-directional dc-dc converter.

Figs. 9 and 10 show the performance analysis of the M-V2G 
interface with the proposed FACE for phase-a. Figs. 9 and 10 
exhibit performance during transitions from Modes A-D and 
B-C, respectively. The peak magnitudes (PMs) and THD of 
iGa-iLa-iVa are indicated in Table V for each mode. With Load-I, 
for Modes A and D, iLa is non-sinusoidal with PM and THD 
of 3.1-3.1 A and 19.6%-20.3%. In Fig. 9, during Mode-A, the 
M-V2G interface performs API with IAPI of 2.0 A. Hence, iVa is 
sinusoidal with %THD<5. iGa caters to RPDL, current harmon-
ics of load, and the remaining APDL. It is now equal to (iLa-
iVa), and it provides RPDL fully and APDL partially. Hence, the 
THD of iGa exceeds 5%. Now, if the battery is unavailable, the 

Fig. 10. Performance analysis of M-V2G interface with the proposed FACE. 
vGa-iGa-iLa-iva for mode transition from Mode B-C.

TABLE IV
List of Parameters Used in Experimental Study

TABLE V
Measured Peak Values and %THD of iGa-iLa-iVa for the Four Operat-

ing Modes 

TABLE VI
Power Analysis for the Four Operating Modes

Parameter Value

Supply 3-phase, 122.47 V ac voltage

Nominal supply frequency 50 Hz

IGBT part no. SKM100GB12T4

La - Lb - Lc 10 mH

Cdc 1500 μH

Controller dSPACE MicroLab Box 1202

Voltage sensors LV25-P/SP2

Current sensors LA55-P/SP1

Load Configurations

Load (Ω) Load Parameters (Ω)

I II III IV V VI

Impedance/phase of 
the 3-phase R-L load

Z1 = 50 + jω0.2
Z2 = 32 + jω0.03

RDBR 50 25 50 50 25 25

ZLIN

-- -- Z1 Z1 Z1 Z1

-- -- Z1 Z1 Z1 Z1

-- -- Z1 Z2 Z1 Z2

system shifts to Mode-D and M-V2G interface performs SC as 
per the proposed FACE unit to deliver iSCa. Hence, iVa is highly 
distorted. But, iGa is sinusoidal and in-phase with vGa as it needs 
to cater to APDL only. Thus, with Mode-D, the system is not 
redundant when the battery is unavailable and performs PQ 
enhancement.

Fig. 10 shows the M-V2G operation for Mode B-C. In 
Mode-B, the M-V2G interface performs API to partially meet 
the APDL and SC. Load-III is present in Mode-B. As a result 
of SC implemented by the M-V2G interface, iVa is non sinu-
soidal and iGa is sinusoidal with %THD<5. Mode-C is initiated 
with Load-V and IRM - IAPI  as 4.0-1.0A, and K = 0.645. K<1 
indicates partial SC. Hence, 64.5% of iSCa is supplied by the 
M-V2G interface and the remaining is catered by the grid. 
With partial SC as per IRM limit, M-V2G interface ensures that 
the THD of iGa is less than that of iLa. The proposed FACE unit 
facilitates seamless operation and transitions between M-V2G 
functionalities. Such M-V2G operation increases VA utilization 
while adhering to VA ratings. 

The active and reactive power supplied by the grid, PG - QG, 
supplied by the M-V2G interface, PV - QV, and consumed by 
the load, PL - QL, are given in Table VI. In Mode-A, PV partial-
ly meets the APDL and does not perform SC. Hence, the grid 
caters to the remaining APDL. As SC is absent, QL = QG. Also, 
the harmonic currents are fed from the grid. In Mode-B, as the 
M-V2G interface performs SC and API, QV = QL, QG = 0, and 

Mode
Peak Value %THD

iGa iLa iVa iGa iLa iVa

Mode-A 2.1 3.1 2.0 38.0 19.6 4.6

Mode-B 3.2 4.3 3.0 4.0 15.0 30.0

Mode-C 5.8 6.9 3.4 6.7 13.3 25.0

Mode-D 3.5 3.1 2.3 3.5 20.3 61.0

Mode Load
Grid Load M-V2G Interface

PG
(W)

QG
(VAr)

PL
(W)

QL
(VAr)

PV
(W)

QV
(VAr)

A I 214 136 472 147 258 11

B III 467 -2 567 285 100 287

C V 812 179 912 508 100 329

D I 505 0 465 146 -40 146
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APDL is met by the grid and M-V2G interface. Hence, PL = PG 

+ PV. In Mode-C, partial SC is implemented by the interface to 
avoid its overloading, QL = QG + QV. Also, the M-V2G interface 
now partially caters to APDL. With the unavailability of a bat-
tery, the operation shifts to Mode-D, wherein SC is performed 
by the V2G interface. Hence, QG = 0 and QL = QV. Now, as 
APDL is met by the grid, PL = PG. 

Figs. 11 and 12 show the steady-state and dynamic response 
for i1 - i4 for balanced and unbalanced loads with time to reach 
the new steady state indicated individually. i1 - i4 respectively 
denote the FAC computed with the proposed method, syn-
chronous reference frame theory (SRFT) with filter cut-off 
frequency, δ,  of 50 Hz, SRFT with δ = 10 Hz, and LMS algo-
rithm with μ = 0.01, reported in [20]. The comparison of the 
FAC extraction with these four methods is given in Table VII, 
while the estimated values are mentioned in Table VIII. With 
the change from Load-I to Load-II, i1 has the fastest dynamic 
response, and i3 has a sluggish response. With larger δ, i2 has 
a faster response as compared to i3. However, as observed 
from Fig. 12, with the unbalanced loading (Load IV to VI), the 
higher δ cannot fully attenuate the 2nd harmonics, and hence 
ripples are observed in the steady state. However, this is not 
the case with the proposed method; no ripples are observed in 
the steady-state, even for unbalanced loading. LMS algorithm 
exhibits a slower dynamic response for the given μ and consid-
ered loads. The optimal selection of a variable μ can improve 
the response, but the computational complexity will signifi-
cantly increase. The experimental studies validate the fast, 
dynamic and accurate steady-state response of the proposed 
FACE.

V. Conclusion
This paper proposes an M-V2G interface with a new FACE 

unit for improved dynamic response for SC. The reported 
M-V2G operation performs (A) API only, (B) API and SC, (C) 
API and partial SC, and (D) SC only. FACE is mandatorily 
needed for Modes B, C, and D. A new FACE unit is proposed, 
which offers the benefits of computation simplicity, ease of 
implementation, fast dynamic response, and ripple-free steady-
state response. The merits of the proposed scheme are evident 
from the presented comparative analysis. Also, the fast dynam-
ic response offered by the proposed extraction scheme results 
in a seamless transition among the various operating modes. If 
a signal comprising of an ac and a dc component is sampled at 
the absolute peak of its derivative, then the sample value is the 
dc component. With non-linear loads, the d-axis load current 
comprises a dc and several ac components. Hence, this logic 
is not directly applicable to FAC extraction. To circumvent the 
issue, before sampling or computing the derivative, the d-axis  
load current is processed through CBSF to remove all ac com-
ponents except the lowest-order harmonic. Now, the value 
sampled as per the concept mentioned earlier represents the 
FAC of load current. The excellent harmonic attenuation capa-
bility and fast dynamic response of the CBSF are evident from 
the presented frequency and step response analysis. Math-
ematical derivations for the FACE and steps for controlling 
the M-V2G interface for each mode are discussed in detail. 
Further, the performance of M-V2G has been experimentally 
validated for the four operating modes. Such multi-functional 
operation can result in PQ enhancement through SC, support 
the grid through API, improve the VA utilization of the M-V2G 
interface, and facilitate the use of the interface even when the 
battery is unavailable.

Fig. 11. Dynamic response analysis for balanced load.

Fig. 12. Dynamic response analysis for unbalanced load (Load-IV to Load-VI).

TABLE VII
Comparison of Face based on Experimental Studies

TABLE VIII
Estimated Values with Different FAC Extraction Techniques

FACE Load SRF
δ=50 Hz

SRF
δ=10 Hz

ADALINE 
- LMS Proposed

Ripples
Balanced Less Not 

observed
Not 

observed
Not 

observed

Unbalanced High Not 
observed

Not 
observed

Not 
observed

Transition 
Time (ms)

Balanced 11 51 51 8

Unbalanced 9 48 48 8

Load

Average value of FAC estimated with the proposed SRFT 
with δ=50 Hz, SRFT with δ=10 Hz, and LMS algorithm with 

μ=0.01 for Loads I, II, IV and VI (A)

i1 i2 i3 i4

I 3.0 3.0 3.0 3.05

II 5.3 5.3 5.3 5.4

IV 3.9 3.9 3.9 3.9

VI 6.2 6.2 6.2 6.3
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