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Abstract
This paper presents a bidirectional electric vehicle (EV) charger with ancillary power quality (PQ) capabilities in grid-to-vehicle 
(G2V), vehicle-to-grid (V2G) and vehicle-to-home (V2H) applications. The proposed configuration consists of a five-level (5L) 
neutral point clamped (NPC) converter in cascade with a dual-active half-bridge (DAHB) DC-DC converter. The proposed casca-
ded control strategy used for regulating the common DC bus voltage as well as for compensating the grid current harmonics and 
the reactive power through the 5L-converter is based on a performant proportional-resonant (PR) compensator. By applying the 
single-phase-shift (SPS) technique to the DAHB converter, the battery power flow is accurately regulated. A detailed study with 
exhaustive tests and simulation results obtained in MATLAB-SimPowerSystems for a full-scale power system based on a Nissan 
Leaf´s battery validate the fairly good performance of the proposed configuration and control strategies. The main achievements 
of this work are: 1) the system’s stability is maintained even during fairly abrupt changing conditions, 2) in the steady-state of the 
G2V/V2G operation modes, the total harmonic distortion (THD) of the grid current remains below 3 % while the power factor (PF) 
is kept at unity, 3) the reactive power demanded from the grid is zero despite of feeding a highly nonlinear load, and 4) when a 
power outage occurs, the transition to the V2H mode is seamless and the home load is uninterruptedly supplied with a very low-
distortion output voltage from the 5L-converter.
Keywords: Electric vehicle, EV charger, multilevel converter, G2V/V2G/V2H, active filter, power quality, resonant controller.

Resumen
Este artículo presenta un cargador bidireccional de vehículos eléctricos (VE) con capacidades auxiliares de calidad de la energía 
(CE) en aplicaciones de red-a-vehículo (RaV), vehículo-a-red (VaR) y vehículo-a-hogar (VaH). La configuración propuesta consiste 
en un convertidor de conexión al punto neutro (CPN) de cinco niveles (5N) en cascada con un convertidor CD-CD dual-activo 
de medio-puente (DAMP). La estrategia propuesta de control en cascada utilizada para regular el voltaje del bus común de CD, 
así como para compensar los armónicos de corriente de la red y la potencia reactiva mediante el convertidor de 5N está basada 
en un compensador proporcional-resonante (PR) de alto rendimiento. Aplicando la técnica de desplazamiento simple de fase 
(DSF) al convertidor DAMP, el flujo de energía de la batería es regulado con precisión. Un estudio detallado con pruebas exhaus-
tivas y resultados de simulación obtenidos en MATLAB-SimPowerSystems para un sistema de potencia a escala completa basado 
en una batería del Nissan Leaf validan el bastante buen desempeño de la configuración y las estrategias de control propuestas. Los 
principales logros de este trabajo son: 1) la estabilidad del sistema es mantenida incluso durante condiciones cambiantes bastan-
te abruptas, 2) en estado estable de los modos de operación RaV/VaR, la distorsión armónica total (DAT) de la corriente de la red 
permanece por debajo de 3 % mientras que el factor de potencia (FP) es conservado en la unidad, 3) la potencia reactiva deman-
dada de la red es cero a pesar de alimentar una carga altamente no lineal, y 4) cuando ocurre un corte de energía, la transición 
al modo VaH es ideal y la carga doméstica es ininterrumpidamente alimentada con un voltaje de muy baja distorsión provenien-
te de la de la salida del convertidor de 5N.
Descriptores: Vehículo eléctrico, cargador de VE, convertidor multinivel, RaV/VaR/VaH, filtro activo, calidad de la energía, controla-
dor resonante.
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IntroductIon

Due to the continuous and unstoppable rising of oil pri-
ces and with the aim of contributing to reduce the glo-
bal greenhouse gas emissions from combustion 
engines-based cars, the transportation sector is fastly 
migrating to electric motor-based-vehicles that use as 
fuel the electricity coming from a battery energy stora-
ge system (BESS) (Khan et al., 2018). Bearing in mind 
the existent 7 million battery EVs worldwide and the 
forecasting that by 2030, 86 % of the light-vehicle sales 
will be electric, thus a much more significant penetra-
tion of these EVs is expected (Falahi et al., 2013). Given 
that the EV batteries are charged from the grid, this 
massive increase of electric vehicles alike represents a 
heavy load connected to the power system, thus negati-
vely impacting on power quality aspects, e.g., injecting 
harmonics into the utility, rising the neutral current, 
drawing excessive reactive power as well as causing 
disturbances and instabilities (Jiang et al., 2014).

The SAE J1772 standard defines two charging levels 
for on-board EV chargers. The AC level 1 is a single-pha-
se system at 120 Vrms with a maximum power of 1.92 kW 
whereas the AC level 2 is a split-phase or single-phase 
three-wire system at 240 Vrms with a maximum power of 
19.2 kW. Bearing in mind that these two levels are suita-
ble for home integration, the basic on-board and unidi-
rectional EV charger initially designed for the single 
purpose of working in the G2V mode can be used as a 
multifunctional bidirectional power converter that also 
operates in the V2G and V2H modes (Kwon & Choi, 
2017). Therefore, the added features to the elemental 
EV charger include the grid support, the compensation 
of the nonlinear current drawn by the home appliances 
as well as the implementation of an uninterruptible 
power supply (UPS) system that takes advantage of the 
EV batteries’s energy for supplying the home electricity 
during a power outage (Monteiro et al., 2016). It is im-
portant to note that the inclusion of these ancillary 
power quality capabilities to the EV charger must con-
sider the requirements of SAE J2894.

Over the last years, several EV charger topologies 
have been devised (Yilmaz & Krein, 2013). The dual ac-
tive full bridge (DAFB) and the DAHB topologies have 
the outstanding advantage of including a high-frequen-
cy (HF) transformer that provides galvanic isolation. 
This property is particularly very attractive in EV appli-
cations for safely interconnecting the EV batteries to the 
grid and the home appliances, thus contributing to com-
ply with international standards such as the IEC 61851. 
The DAHB topology has the advantages of requiring a 
simple control strategy, reaching a high efficiency and 
comprising very few switching devices what represents 

a lower cost and a smaller size (He & Khaligh, 2017). For 
electrically linking this DAHB DC-DC converter to the 
point-of-common coupling (PCC), a multilevel conver-
ter (MLC) place in between is commonly chosen rather 
than converters based on two-level topologies because 
the former features a reduced stress of the switching de-
vices, a smaller sizing of the required passive filter and a 
lower THD of the output voltage (Choudhury et al., 
2021). Furthermore, this better voltage waveform is 
achieved by switching the converter at lower frequen-
cies what is equivalent to less switching losses and con-
sequently to a higher efficiency. As the number of levels 
increases, the performance of the converter improves 
but at the expense of a higher components count, a bi-
gger failure probability and a more complex control stra-
tegy (A & Sivakumar, 2015). For active filtering 
applications, the five-level converter is a good candidate 
with an optimum trade-off among the afore-mentioned 
factors. The 5L-converter analyzed in this paper is based 
on a simplified NPC topology that consists of only six 
switches, two clamping diodes and two splitting capa-
citors (Haddad et al., 2015). This configuration has been 
selected over the following topologies: flying capacitor 
(Choudhury et al., 2021), cascaded H-bridge (CHB) (Su-
mithira & Nirmal, 2013), NPC full-bridge (Xu et al., 
2014) and ANPC (Wang et al., 2017), because it requires 
fewer switching devices, all the voltages are derived 
from only one isolated DC source, can operate at low 
switching frequencies and does not need a precharge of 
the capacitors at startup.

In the present paper, the authors study the perfor-
mance of a single-phase bidirectional EV charger with 
ancillary power quality capabilities in V2G, G2V and 
V2H operation modes. The proposed EV charger confi-
guration is composed of a 5L NPC converter connected 
in series with a DAHB DC-DC converter. It is important 
to highlight that this charger topology has not been pre-
viously proposed nor analyzed in the past literature. 
Another contribution of this work is the proposal of a 
cascaded control strategy based on a performant pro-
portional-resonant compensator for regulating the 
common DC bus voltage as well as for compensating 
the grid current harmonics and the reactive power 
through the 5L-converter. In contrast, a classical single-
phase-shift technique is used for controlling the battery 
power flow through the DAHB converter.

This paper is organized as follows: the second sec-
tion describes the single-phase 5L bidirectional conver-
ter. The DAHB DC-DC converter is analyzed in the 
third section. The fourth section includes the design of 
the LCL passive filter and provides the characteristics 
of the Nissan Leaf’s Lithium-Ion EV battery. The fifth 
section presents the simulation results obtained in 
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MATLAB - SimPowerSystems for an exhaustive set of 
tests and conditions in the three operation modes: 
G2V, V2G and V2H. Finally, the conclusion and some 
important remarks are given in the last section.

SIngle-phaSe fIve-level bIdIrectIonal converter

Zone D of Figure 1 shows the topology of the single-
phase 5L bidirectional converter used for regulating 
the energy transfer and improving the power quality 
on the grid side. Note that these PQ ancillary capabi-
lities carried out by the shunt active filter are availa-
ble only when the grid is connected to the system, i.e., 
in the G2V/V2G modes. When a power outage oc-
curs, the V2H mode is activated and the 5L-converter 
only works as a conventional voltage inverter. Howe-
ver, even under this operating condition, in compari-
son with two- and three- level converters, this 
5L-converter provides a better output voltage charac-
terized by a lower harmonic content (Vahedi et al., 
2016).

The topology of the 5L-converter studied in this 
paper is composed of one arm of a two-level inverter 
and one arm of a three-level diode NPC inverter. The 
resulting converter consists of six switches, two clam-
ping diodes and two splitting capacitors (Haddad et 
al., 2015). The switching states SSK and the output 
voltages Vf  for this 5L-converter are given in Table 1.

Figure 2 shows the proposed cascaded control 
strategy used for regulating the common DC bus vol-
tage Vdc  as well as for filtering out the grid current 
harmonics and compensating the reactive power. 
The functioning of this strategy is explained as fo-
llows. First, the low-pass filtered (LPF) measurement 
of Vdc is subtracted from the DC bus voltage reference 
Vdc* and the resulting difference goes to a PI contro-

ller. The grid current reference ig* is obtained by mul-
tiplying the output from this controller times a unitary 
sinusoidal signal in-phase with the grid voltage Vg. 
This synchronization is carried out by means of a pha-
se-locked- loop (PLL). Afterwards, the difference bet-
ween the desired grid current ig* and the measured 
value ig becomes the input error to a PR controller tun-
ned for the first twenty-one grid harmonics. The bode 
plot of the resulting transfer functions is shown in Fi-
gure 3. It is important to remark that unlike PI contro-
llers which have a limited bandwidth and only 
properly track constant input errors, the PR contro-
llers are capable of tracking sinusoidal signal errors 
due to their theoretical infinite gain at the resonance 
frequency (Teodorescu et al., 2006). For this reason, PR 
and no PI compensators have been used for filtering 
out the grid current harmonics which have a frequen-
cy that is an integer multiple of the fundamental 60 Hz 
signal. According to the cascaded control strategy, the 
output from the PR block is then subtracted from the 
grid voltage for obtaining the reference Vf* of the vol-
tage to be generated by the 5L-converter. Note that 
there is a selector for choosing the input signal to the 
multicarrier PWM phase-disposition (PD) block. It can 
come from the V2G/G2V mode or well from the V2H 
mode where the virtual PLL provides a sinusoidal re-
ference of 60 Hz and 340 Vpk. Finally, the state of the six 
switching signals from S1 to S6 are obtained by 
applying the PWM PD method (Lara et al., 2021a).
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Figure 1. Overall electric circuit of the bidirectional EV charger with ancillary power quality capabilities in G2V, V2G  
and V2H operation modes

Table 1. Switching states and output voltages of the 5L-converter

Switching State 
(SSk)

State of Switches Output  
Voltage (Vf)S1 = S2 S3 = S4 S5 = S6

1 0 1 1 + Vdc

2 0 0 1 + Vdc / 2
3 0 0 0 0
4 1 0 1 - Vdc / 2
5 1 0 0 - Vdc

https://doi.org/10.22201/fi.25940732e.2022.23.1.008
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The analysis of the cascaded control strategy represen-
ted in Figure 2 is described below. First of all, it is neces-
sary to remark that this modeling is based on the 
assumption that the high-frequency (HF) current har-
monics are fully attenuated and ideally absorbed by the 
low impedance path that they found through the capa-
citor Cf of the LCL passive filter shown in Zone C of Fi-
gure 1. Therefore, the low-frequency (LF) current 
harmonics flowing in Lf and Lg are the same. Bearing in 
mind that the magnitude of the attenuated HF current 
components is negligeable in comparison with the un-
filtered LF ones, thus the following equations represent 
a valid approximation for accurately modeling the sig-
nificant low-frequency behaviour of the filter which 
contributes the most. By applying the Kirchhoff’s volta-
ge law (KVL) to the resulting simplified L filter, the fo-
llowing expression is derived:

(Lf + Lg) [dig(t)] / dt + Vf (t) - Vg (t) = 0                              (1)

After applying the Laplace transform to (1) and consi-
dering the small-signal modeling, the grid current is 
given by:

ig (s) = [Vg(s) - δ · Vdc(s)] / [(Lf+Lg) · s] (2)                                                               

where δ is the duty cycle of the converter. Bearing in 
mind that the outer voltage loop is much slower than 

the inner current loop, its transfer function is simplified 
as:

Hi(s) = 1 / (Lf + Lg) · s                                                          (3)

By applying the Kirchhoff’s current law (KCL) at the 
node N located within zone D of Figure 1, the following 
equations are obtained:

C · d [Vdc(t)] / dt + if (t) ‒ ibus (t) = 0                                   (4)
 
if (t) = [Vf (t) ‒ Vg (t)] / [ωg . (Lf + Lg)]                                                      (5)

where C is half the value of the capacitances Caf1 = Caf2 
and wg represents the grid angular frequency. After 
substituting (5) into (4) and considering the small-sig-
nal modeling, the transfer function of the outer voltage 
loop is derived as:

HV (s) = [ωg · (Lf + Lg) · δ] / [ωg · (Lf + Lg) · C · s + δ]    (6)

The gains of the respective PI and PR controllers have 
been found by observing the cascaded closed-loop res-
ponse of the transfer functions (3) and (6) in MATLAB-

SimPowerSystems (Vahedi et al., 2016; Lara et al., 2021b).

dual actIve half-brIdge dc-dc converter

As it can be seen in zone E of Figure 1, the EV battery is 
connected to the 5L-converter through a DAHB DC-DC 
converter with boost and buck voltage capabilities, 
thus increasing and decreasing the voltage at either of 
its sides as required. This converter is composed of one 
leg of two switches and one leg of two capacitors at 
each side of the HF transformer located between both 
bridges. Such transformer not only has galvanic isola-
tion properties but also allows reducing the weight and 
volume of the converter by increasing its operating fre-
quency. Due to these characteristics, both the DAFB 
and the DAHB configurations have become very attrac-
tive for EV applications.

Given that in the DAFB topology two couple of 
switches replace two legs of split-capacitors in the 
DAHB configuration, in consequence, the former is 
more costly, bulky and complex. Furthermore, the uni-
que four switches of the DAHB converter also experien-
ce a lower stress since only half of the DC bus voltage is 
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applied to them. By considering this feature, if the same 
HF transformer were used in both topologies and ope-
rated at the same switching frequency, the one working 
with the DAHB would present a lower flux swing, 
equivalent to smaller core losses and consequently such 
converter would achieve a higher overall efficiency. Be-
cause of the presence of the split-capacitors, in the 
steady-state the DC component is absent in the magne-
tizing current of the HF transformer, thus alike contri-
buting not only to reduce the core losses but to avoid 
the saturation phenomenon. All these advantages ove-
rride the inconvenient of the DAHB topology of being 
limited to implement only the SPS strategy, where the 
regulation of the power flow magnitude and direction 
is done by simply shifting the relative angle between 
the square voltage signals applied on the terminals of 
the HF transformer. Table 2 shows the design and ope-
rating parameters of the DAHB converter and the HF 
transformer used to obtain the simulation results inclu-
ded in the fifth section. The control block diagram of 
the DAHB DC-DC converter is shown in Figure 4. In 
the V2G operation mode, the power Pb* transferred 
from the EV battery to the grid and the home load is re-
gulated by controlling only the battery current. In con-
trast, during the G2V mode, the battery may also be 
charged by controlling its voltage. Hence, by means of 
selector 1, the classical constant current (CC) – constant 
voltage (CV) battery charging strategy is straight-
forwardly implemented.

Figure 4. Control block diagram of the DAHB DC-DC converter 
based on PI compensators and the SPS technique

Under the three modes of operation, the switching sig-
nals G1 and G2 = G1 as well as G3 and G4 = G3 are obtained 
by comparing a triangular carrier of 50 kHz against 
zero, thus on both sides of the HF transformer there are 
square waves with the same frequency and a 50 % du-
ty-cycle. By adjusting the relative phase between them, 
the transfer of energy is accurately controlled. It is in-
teresting to remark that in the V2H mode, the DC bus 
voltage Vdc is regulated by the DAHB converter with 
the SPS strategy whereas in the V2G and G2V modes, it 
is regulated through the 5L-converter applying the cas-
caded control strategy.

lcl fIlter deSIgn and ev battery characterIStIcS

Single-phaSe lcl paSSive filter 

The electric diagram of the single-phase LCL passive 
filter used for attenuating the high-frequency current 
harmonics generated in the G2V/V2G operation modes 
and those of voltage in the V2H mode is shown in zone 
C of Figure 1. By applying the KVL to the two circuit 
networks of this LCL filter, the following couple of 
equations in the Laplace domain are derived:

- Vf (s) + (Lf · s) · if (s) + [Rf + 1 / (Cf  · s)] · [if (s) - ig (s)] = 0   (7)

Vg(s) + [Rf + 1 / (Cf  · s)] · [ig(s) - if (s)] + (Lg · s) · ig (s) = 0   (8)

Solving for if (s) in (8) and assuming Vg(s) = 0, the filter 
current is given by:

if (s) = ig (s) · [Cf  · Lg · s
2 + (Rf · Cf) · s + 1] / [(Rf · Cf) · s + 1] (9)

By substituting (9) into (7) while considering Vf as the 
input and ig as the output of the filter, its transfer 
function HLCL(s) is found as:

HLCL(s) = ig (s) / Vf (s) =   (10)
[(Rf · Cf) · s + 1 ] / [(Lf  · Lg · Cf) · s

3 + Rf · Cf · (Lf  + Lg) · s
2 + (Lf  + Lg) · s]

The parameters in (10) have been calculated in accor-
dance with the following design procedure (Reznik et 
al., 2014; Arab et al., 2020). First, the base impedance Zb 

and the base capacitance Cb are calculated as:

Zb = Vg
2 / Pn = (240 V)2 /  [7 kW] = 8.23 Ω (11)

Cb = 1 / [ωg · Zb]= 1 / [(2 · π · 60 Hz) · (8.23 Ω)]  = 322.31F   (12)

where Vg is the rms grid voltage and Pn the active power 
from the grid. The value of the capacitor located in the 
middle branch of the LCL filter is obtained with the fo-
llowing expression:

Cf = α · Cb = 0.05 · (322.31F) = 16.12F ≈ 15F           (13)

where the factor α represents an adjustment to the base 
capacitance by assuming a maximum grid power factor 
variation of 5 %. Note that the capacitance in (13) has 
been rounded to the nearest commercial value. The 
grid side inductance Lg is deduced as:
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where k corresponds to the percentage of the desired 
attenuation and ωsw means the angular switching fre-
quency of the 5L-converter. The maximum rms current 
variation ΔImax is given by:

ΔImax = r · (Imax) = r · (Pn / Vgrid) = 0.1 · (7kW / 240V) = 2.92A  (15)

where r  is the allowable current ripple percentage set 
to 10 %. The converter side inductance Lf is calculated 
as follows:

Lf = Vdc / [6 · fsw · Δ Imax] = 500V / [6 · (10kHz) · (2.92A)] =
 2.85mH ≈ 3mH    (16)

The resonance frequency fres of the LCL filter can be ac-
curately calculated with the following equation:

fres ≈ (1/2π)   (17)

after substituting the numerical values of the design pa-
rameters, this approximation results in a resonance fre-
quency of about 4.18 kHz, thus properly satisfying the 
condition:

10 · fg < fres < fsw / 2 (18)

The damping resistance Rf is calculated as:

Rf = 1 / [3 · ωres · C f ]= 1 / [3 · (2 · π · 4.18kHz) · (15F)] 
= 0.85Ω ≈ 1Ω (19)

From this design procedure, the parameters of the LCL 
filter components are finally set as Lf = 3mH, Lg = 0.1mH, 
Cf = 15F and Rf = 1Ω. By substituting these values in 
the transfer function (10), the frequency- and phase- 
response of the designed filter can be found. Figure 5 
shows the resulting Bode plot. For comparison purpo-
ses, this graph also shows the filter response conside-
ring the damping resistances Rf 2 = 0.1Ω  and Rf 3 = 10 Ω. 
It can be observed that the attenuation of the LCL filter 
with R f  = 1Ω at fsw/5LC = 10 kHz is about ‒57 dB.

Figure 5. Bode plot of the LCL filter for three different passive 
damping resistances: Rf2 = 0.1 Ω , Rf = 1 Ω and Rf3 = 10 Ω

characterIStIcS of the nISSan leaf’S  
lIthIum-Ion ev battery

The EV battery used in this study is a Lithium-Ion (Li-
Ion) battery manufactured by the automotive energy 
supply corporation (AESC) for the Nissan Leaf electric 
vehicles. This Li-Ion battery pack has a rated energy of 
24 kWh, a nominal voltage of 360 V and a rated current 
capacity of approximately 66 Ah (Khan et al., 2018; Ma-
luf et al., 2015). Nevertheless, with the aim of extending 
the life cycle of the battery pack, the Leaf only uses 
around 80 % of its capacity. Figure 6 shows the current 
discharge characteristics of the Nissan Leaf’s battery at 
the rates of 0.43C, 1C, and 2C, respectively. Note that 
the term 1C means a discharge current that depletes the 
entire battery capacity in one hour, thus when drawing 
continuously a current of 66A during this time, the sta-
te-of-charge  (SoC) passes from 100 % to 0 %. Although 
the Nissan Leaf has an on-board battery charger of 3.6 
kWh at 16A, it limits the nominal charging rate to only 
3.3 kW. These voltage, current and power characteris-
tics of the Nissan Leaf’s battery and charger have been 
considered in the simulation for properly evaluating 
the real performance of the proposed system.

Figure 6. Characteristic curves of the Nissan Leaf’s Li-Ion EV 
battery pack

SImulatIon reSultS

In order to study and validate the performance of the 
proposed bidirectional EV charger with ancillary power 
quality capabilities, the overall power system shown in 
Figure 1 has been simulated in MATLAB-SimPower-
Systems. Its design and operating parameters are pro-
vided in Table 2 of the Appendix. The following three 
cases have been analyzed: G2V, V2G and V2H.

g2v: grid-to-vehicle

The first case evaluated is the G2V operation mode, in 
which the EV battery is charged following the classical 
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CC-CV technique. With the aim of properly validating 
the overall robustness of the control algorithm, an ex-
haustive set of tests under different operating condi-
tions has been carried out. The results shown in Figure 
7 have been obtained from the following sequence of 
events:

▪ At t = 0, the bidirectional EV charger is turned-on. In 
order to not surpass the home protection current li-
mit, a smooth starting is achieved by pre-charging 
the splitting capacitors at an initial voltage of 400 V, 
and thereafter by following a ramp reference until 
reaching the full DC bus voltage of 500 V at 0.25 s.

▪ At t  = 0.5 s, the battery charging current starts being 
regulated at 4.5A and half a second later, it is increa-
sed up to 9A.

▪ At t  = 1.5 s, the grid voltage is changed from an ideal 
sinusoidal waveform to a distorted signal with 3rd 
and 5th harmonics in-phase. The magnitude of these 
harmonics are 15 % and 5 % of the grid peak voltage, 
respectively, thereby producing a grid voltage with 
a total THD of 16 %. This voltage change produces 
the worst-case scenario for the grid current distor-
tion transient. However, its THD fastly reaches 1% 
after about 0.25 s.

▪ At t = 2 s, the battery charging current is reduced to 
4.5A and later at t = 2.5 s, the DC bus voltage is step-
changed from 500 V to 450 V.

▪ Finally, at t = 3 s, the peak value of the grid voltage 
is reduced from 340 V to 300 V. However, this varia-
tion barely produces a negligible disturbance effect 
on the system.

It is noteworthy how the proposed bidirectional charger 
remains stable under all the applied disturbances and 
how in the steady-state: a) the THD of the grid current is 
always kept below 1.5 %, b) the power factor remains at 
unity, c) the reactive power supplied by the grid is vir-
tually zero and d) the DC bus voltage is properly contro-
lled at the reference value. Each of the splitting capacitors 
on the common DC bus has a capacitance of only 1mF. 
This relatively small value has been enough for keeping 
the ripple at twice the grid frequency confined to the ran-
ge of ±10 V. It is important also to remark that the voltage 
unbalance of such capacitors is kept between ±15 V in all 
the tests.

During the full simulation, the home load was kept 
constant. It consumed around 3.08 kW/0.82 kVars befo-
re the grid voltage sag at t = 3 s and 2.42kW/0.56kVars 
after that time. This home load was composed of an RL 
linear load and two nonlinear loads that in turn were 
formed by a single-phase full-wave diode-bridge recti-
fier with an RL load and another one with an RC load. 

The THD of the total home loads was 16 % before  
t = 1.5 s and 20 % after this time.

Figure 7. Simulation results obtained from an exhaustive test in 
G2V mode under various operating conditions. A zoom-in of the 
upper graphs is shown at the bottom

v2g: vehicle-to-grid

The second case evaluated is the V2G operation mode. 
The results shown in Figure 8 have been obtained from 
the following sequence of events:

▪ At t  = 0.5 s, the EV battery current reference ib
* is set 

to -4.5A. Given that the voltage of the battery is 
around 380 V, thus it delivers a power of approxima-
tely 1.7 kW. In this case of study, the home load con-
sumes around 1.6 kVA, therefore, under this 
condition the load is totally supplied by the EV bat-
tery. Hence, during the interval 0.5s-1s, the grid cu-
rrent is zero, as it can be seen in the zoomed-in graph 
A of Figure 8. The missing 100 W belong to the con-
duction and switching losses of the power devices.
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Figure 8. Simulation results obtained from an exhaustive test in 
V2G mode under various operating conditions. A zoom-in of the 
upper graphs is shown at the bottom

▪ At t = 1 s, ib
* is set to -9A so that the EV battery deli-

vers 3.4 kW. This power nearly matches the maxi-
mum capacity of the Nissan Leaf’s on-board battery 
charger. Given that the home load only consumes 
half of this power, the surplus is sent to the grid. Un-
der this condition, the grid current and grid voltage 
are out-of-phase, as it can also be noted in the zoo-
med-in graph B of Figure 8.

▪ At t = 1.5 s, the grid voltage is changed from an ideal 
sinusoidal waveform to a distorted signal with 3rd 
and 5th harmonics out-of-phase. The magnitude of 
these harmonics are -15 % and -5 % of the grid peak 
voltage, respectively. Thus, the distortion of the grid 
voltage reaches a THD of 16 %.

▪ At t = 2 s, by opening the relays 2 and 3 from Figure 
1, the RL linear load and the diode-bridge with RC 
load are disconnected, thus only remaining connec-
ted the diode-bridge with RL load.

▪ At t = 2.5 s, the DC bus voltage is step-changed from 
500 V to 550 V.

▪ Finally, at t = 3 s, the peak value of the grid voltage is 
increased from 300 V to 340 V.

As in the steady-state G2V results, also in the V2G 
mode, the power factor remains at unity, the reactive 
power on the grid side is zero and the DC bus voltage is 
efficiently regulated. The applied disturbances produ-
ced a maximum overshoot of the DC bus below 25 V. It 
can also be observed how the capacitors voltage unba-
lance is confined to ±10 V. During the full simulation, 
the THD of the home load remained at 15 %, except bet-
ween the interval 1.5 s-2 s in which the THD reached  
22 %. Even in the worst-case scenario, the THD of the 
grid current was notably kept below 3 %.

v2h: vehicle-to-home

The third case evaluated is the standalone V2H opera-
tion mode where the grid is totally disconnected from 
the power electronics system. The results shown in Fi-
gure 9 have been obtained from the following sequence 
of events.

Figure 9. Simulation results obtained from an exhaustive test in 
V2H mode under various operating conditions. A zoom-in of the 
upper graphs is shown at the bottom
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▪ In the first 1.5 s, the relays 4 and 5 from Figure 1 re-
main open. During this time, the 5L-converter only 
works as an active filter by keeping the grid current 
a pure sinusoidal wave and the reactive power on 
the grid side at zero.

▪ At t = 0.5 s, the home load is step-changed from 3.08 
kW/0.93 kVars to 2.06 kW/0.43 kVars, and later at  
t = 2.5 s, it goes back again to the initial value.

▪ At t = 1 s, the peak value of the grid voltage is redu-
ced from 340 V to 300 V.

▪ Later on, at t = 1.5 s, the relays 4 and 5 are closed and 
the EV starts charging (G2V mode) by absorbing 1.8 
kW from the grid.

▪ At t = 2 s, by opening the relay 1 a power-cut hap-
pens, and thus the bidirectional EV charger imme-
diately starts supplying the power to the home load 
(V2H mode) with a sinusoidal voltage very close to 
the one provided by an ideal grid. Actually, during 
this islanding mode, the output voltage from the 5L-
converter has a THD of only 1.7 %. In the zoomed-in 
graphs of Figure 9, it can be observed the following 
at t = 2s:

 1.  The ripple at 120 Hz reduces to less than 
 4Vpk - pk.
 2.  The supplying voltage changes from the pre-

vious distorted grid signal containing -15 % of 3rd 
harmonic and -5 % of 5th harmonic with a total 
THD of 16 % to the high-quality sinusoidal wave-
form provided by the 5L-converter.

 3. The grid current is zero and the active filter cu-
rrent becomes the load current.

▪ Finally, at t = 3 s, the DC bus voltage is step-changed 
from 500 V to 450 V. It is noteworthy the much faster 
response of the DC bus voltage regulation in the 
V2H mode than in the G2V/V2G modes. This is be-
cause in the V2H mode, the DAHB DC-DC conver-
ter controls the DC bus voltage through the SPS 
strategy and it has a much wider bandwidth than 
the cascaded control strategy applied to the 5L-con-
verter that regulates the DC bus voltage in the other 
two modes of operation.

concluSIonS

A bidirectional EV charger with ancillary power quali-
ty capabilities in G2V, V2G and V2H applications has 
been presented in this paper. The proposed cascaded 
control strategy based on PI and PR compensators has 
proved its effectiveness by keeping the stability and 
good performance of the single-phase 5L-converter and 
the DAHB DC-DC converter despite of all the applied 

disturbances. The MATLAB-SimPowerSystems-based 
simulation results obtained from exhaustive tests un-
der various operating conditions have shown that in 
the steady-state, the G2V/V2G modes of operation 
allow reaching a very low THD of the grid current, a 
unit power factor and a zero reactive power on the grid 
side, thus validating the power converters and their 
control techniques. It has been also demonstrated how 
during a blackout the proposed EV charger configura-
tion takes advantage of the energy stored in the Nissan 
Leaf’s Li-Ion batteries for providing reliable and high-
quality home electricity.

appendIx

Table 2. Design and operating parameters of the proposed EV 
charger configuration with ancillary powerquality capabilities
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