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Abstract—This paper proposes a novel architecture for
plug-in electric vehicles (PEVs) dc charging station at the
megawatt level, through the use of a grid-tied neutral
point clamped (NPC) converter. The proposed bipolar dc
structure reduces the step-down effort on the dc–dc fast
chargers. In addition, this paper proposes a balancing
mechanism that allows handling any difference on the dc
loads while keeping the midpoint voltage accurately regu-
lated. By formally defining the unbalance operation limit,
the proposed control scheme is able to provide comple-
mentary balancing capabilities by the use of an additional
NPC leg acting as a bidirectional dc–dc stage, simulating
the minimal load condition and allowing the modulator
to keep the control on the dc voltages under any load
scenario. The proposed solution enables fast charging for
PEVs concentrating several charging units into a central
grid-tied converter. In this paper, simulation and experimen-
tal results are presented to validate the proposed charging
station architecture.

Index Terms—Bipolar dc bus, fast charging, grid connec-
tion, neutral point clamped (NPC), plug-in electric vehicles
(PEVs).

I. INTRODUCTION

DUE to the key role that transportation represents to
modern society, the search for alternatives on its energy

sources has become an important topic for both industry and
academia over the last decades. The strong dependence on the
gasoline supply chain along with the rapid depletion of oil
reserves, a growing environmental concern, and the continuous
rise in the price of gasoline have led to the development
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of alternative car technologies (electric, hydrogen, biofuels,
etc.). Special attention has been given to the electric vehicle
(EV) concept, as the most likely replacement to conventional
internal combustion engine vehicles, because of its strong
potential to deliver mainstream products for large-scale de-
ployment [1]. This is supported by studies highlighting the
benefits of a strong penetration of EVs in the transportation
fleet [2], [3] particularly as we move toward cleaner electricity
generation [4].

However, despite that the consumers are well aware of these
benefits, they are still more inclined to the use of conventional
cars. This is mainly due to the limited mileage capacity offered
by the batteries and their long charging processes (over 4 h)
using conventional Level-I and Level-II chargers [1], [5], [6]. A
key factor in a larger PEV penetration thus is the development
and availability of fast charging architectures that will enable
replenishing the batteries in reduced times, comparable to a stop
at a gas station [6]–[8].

Nevertheless, the fast charging process not only represents
challenges for the vehicle itself but also involves the electric
system. To start with, the power ratings involved make it
unlikely to be adopted as an on-board solution, due to the
requirement for larger, heavier, and costly additional equipment
[6]. Furthermore, it is not suitable to be a residential application
since its inherent three-phase structure and also because of the
transformers of these areas are not designed to meet this impor-
tant increase on the power levels [1]. Finally, from the grid point
of view, the penetration of PEVs will require additional gener-
ation or energy storage units, as the actual electric system will
not be able to satisfy the demand, particularly at peak consump-
tion hours. These reasons have led to the concept of a commer-
cial charging station with several off-board high power charg-
ers, similar to conventional gas filling stations located at public
places (parking lots, work, shopping locations, rest stops along
highway, etc.) as a viable solution to enable PEV fast charging.

The structure of this charging station can either be with an ac
bus, where each charging unit is fed by its independent ac–dc
stage, or each unit connected to a common dc bus enabled by a
single ac–dc stage with higher power ratings. The latter option
appears as the viable solution due to the nature of the loads,
and also presents advantages in terms of cost, efficiency and
size, as fewer conversion stages are needed [8]–[10]. Moreover,
this structure facilitates the integration of distributed generation
or energy storage systems [8], [9].

The central converter stage plays a fundamental role in
the charging architecture and is desirable to provide several
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Fig. 1. Proposed charging station with bipolar dc bus.

features as low distortion operation, high power capability, fully
adjustable power factor, and to reduce the size of the input
filters, while featuring a reduced number in both active and
passive components. Among the alternatives, conventional two-
level voltage source converter might arise; however, it has a
limited capacity to fulfill power ratings, power quality, and
efficiency requirements due to semiconductors voltage/currents
limits [11]. Other works propose the use of a 12-pulse diode
bridge rectifier, improving its harmonic performance through
the use of an active filter stage [8]. However, the lack of power
factor control and its unidirectional power-flow capability re-
duces the potential of the charging station.

This work proposes the neutral point clamped (NPC) con-
verter as the rectifier stage, as it shows several advantages:
higher grid power quality (three levels), reduced total harmonic
distortion (THD), lower switching frequency, medium-voltage
(MV) and high-power operation, lower transformer ratio, etc.
[12]–[19]. In addition, the power can be scaled up for a larger
charging station, hence facilitating the charging of a higher
number of PEVs.

This paper proposes a different dc-bus charging station con-
cept, using a bipolar dc bus, enabled by a grid-tied NPC. This
increases the power capacity of the station to megawatt level as
the dc-link voltage is doubled. However, the step-down effort of
the battery chargers is maintained as they are connected to the
split dc bus. Despite that the NPC presents a limited capacity of
operation under different dc loads, a voltage balancing circuit
is implemented to overcome this issue, working only when the
system is driven out of the balanced zone. This enables the use
of the bipolar structure under any load scenario while keeping
the high-quality input currents generated at the ac side and
protecting the converter. The proposed architecture is validated
using both simulation and experimental results, confirming the
capability of working under any load scenario.

II. BIPOLAR DC BUS ARCHITECTURE

The proposed charging station architecture is shown in Fig. 1,
where a central converter acts as a grid interface, and provides
dc power to several charging ports. These charging units can
be either conventional or fast chargers, each one with its own
independent dc–dc stage. The dc-grid architecture features also
the connection of distributed power systems, such as renewable

Fig. 2. Grid-tied three-phase NPC converter with a balancing leg.

energy generators (PV and wind) and also energy storage
devices, as suggested in [20] and [21].

Regarding to the dc structure, the use of a split dc bus offers
more flexibility compared with the unipolar dc as it allows
the connection of the loads to two regulated voltages: between
the neutral point and either the positive or negative bar; or
between the positive and the negative bars [22]. Furthermore,
this configuration also allows the connection of the station
to higher ac voltages, while maintaining the step-down effort
of the dc–dc stages. This also has an impact on the power
handling capabilities as the connection to higher ac voltages
allows higher power without excessive currents and does not
need to parallel devices or converters. As the bipolar structure
is adopted, the balance control becomes essential [23].

Furthermore, this charging station concept allows several
opportunities to provide support to the grid, such as peak
power shaving, frequency regulation, reactive compensation,
and power fluctuation minimization. In addition, further de-
velopments of energy storage devices (batteries and supercaps)
will make it possible to provide power back to the grid, enabling
vehicle-to-grid (V2G) operation.

A. Central Grid-Tied Converter

To act as the grid interface a four-leg three-phase NPC
converter has been selected because it offers superior harmonic
performance and higher power handling capabilities [12]–[14].
An additional leg is incorporated to act as a balancing circuit.
The scaling of the system is thus made possible, allowing to
extend the power level if needed. The converter topology is
illustrated in Fig. 2.

According to [13], the correct performance of the NPC
is only guaranteed with the accurate control of its midpoint
voltage. Because of this, multiple solutions can be found in
the literature [15]–[19], which usually solve the problem in
the modulation stage with the implementation of a simple
balancing mechanism. It is important to note that these schemes
are mostly designed considering that the system is being used
as a unipolar dc bus, either as a rectifier or in back-to-back
configuration. Considering the architecture of the system and
also the nature of the application, the fact that the system
provides a bipolar dc bus, and each voltage feeds different
loads, unbalanced operation is inherent to the system. This
is because the origin of the unbalances is the circulation of
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currents through the neutral point of the converter, a situation
that is imposed by the bipolar configuration. This effect can
be mitigated by alternating the connection of the loads to the
dc buses. Nevertheless, even if this connection is promoted,
unbalance operation will still occur. Therefore, despite that the
modulation stage performs the balancing corrections to keep
the voltage controlled, the unbalanced scenarios that the system
is able to overcome are limited [21]. This limitation will be
studied in detail in the following sections.

B. NPC Bipolar Unbalance Limitation

The system and its variable definitions are presented in
Fig. 2, where the dc power demanded by the loads is de-
fined as

Pd = Vd1Id1 + Vd2Id2. (1)

Moreover, the NPC requires a proper balance on its dc voltages
for correct operation; thus, it is assumed for the rest of the
analysis that this condition is met. This means that Vd1 = Vd2 =
Vd/2, which leads to

Pd =
Vd

2
(Id1 + Id2). (2)

Due to the nature of the application, the study of the unbalance
operation becomes relevant. During balanced operation, the
current flowing through the neutral point Id0 is approximately
zero, and the balancing of the midpoint is similar to the one
needed in the unipolar architecture. However, the presence
of unbalances results in current flowing through this point,
increasing the possibilities of drifts in the dc voltages. To
illustrate the balancing capability of the modulation stage, the
following case is proposed: Assume that the power demand in
the upper dc bus is Pd1 and kept constant, whereas Pd2 has been
reduced to only a fraction ε of it. As the dc voltages remain
balanced, the demanded power becomes

Pd =
Vd

2
Id1(1 + ε). (3)

On the other hand, the current in the positive bar can be
assumed equal to the current demanded by the upper bus; thus,
ip ≈ Id1 without loss of generality. According to [16], and
under unity power factor, ip is given by

ip =

(√
3m+

6α

π

)
Ig
2
cos δ (4)

where m stands for the amplitude modulation index, α is the dc
drift of the converter voltage during the positive half cycle, Ig
is the grid current amplitude, and δ is the phase angle between
the converter voltage and the grid voltage vectors. Note that ip
is defined only by the demand on the upper bus; thus, it will not
change for variations in the lower one.

The balancing capability of the modulation stage is reflected
by (4) as it suggests that, through the injection of a dc bias in the
generated voltage, the midpoint can be controlled in a certain
range. Nevertheless, this capability is limited by the linear
operation of the modulation stage and thus will vary depending

on the modulation scheme and the balancing technique; also, it
is a function of the amplitude modulation index m.

Going back to the previous case of unbalance, when the
demand at the lower bus is εPd1 and assuming that ε is such
that the system is at its limit, injecting the largest value of α
and keeping the voltages balanced, the current in the positive
bar is given by

ip =

(√
3m+

6α̂

π

)
Ig
2

1 + ε

2
cos δ. (5)

However, this current must be equal to the one defined by (4) as
the demand in the upper bus has not changed. Hence, using (4)
and (5) to solve ε leads to

ε̂ =
2
√
3m√

3m+ 6α̂
π

− 1 (6)

where ε̂ is the lowest value for the ratio between Pd1 and Pd2

that the modulation stage is able to handle and keep the voltages
from drifting. It should be noted that the previous analysis is
also valid for the analogous case, when the lighter load is at the
upper bus.

The previous analysis states that, if the system is able
to operate above the determined value for ε̂, the balancing
mechanism provided by the modulation stage is enough to
keep the voltages controlled. However, it is very unlikely to
have a continuous balanced operation; therefore, an additional
balancing technique must be included in order to guarantee the
proper operation of the converter in any load scenario.

C. Voltage Balancing Circuit

The correct unbalanced operation of the charging station is
limited by the modulation stage as shown earlier. However, due
to the random arrival of the vehicles to be charged, different
battery technologies, etc., there is no way to guarantee that the
system will never be driven outside the valid operation zone.
Hence, a complementary balancing circuit is needed in order to
operate under any load condition.

The idea is to fully use the balancing capabilities of the
modulation stage, and if this is not enough to keep the voltages
balanced, a virtual impedance will be added in such a way that,
when the system leaves the valid operation zone, it demands
the minimal current in order to meet the limit. In other words,
for the modulation stage, the system keeps operating at the
boundary condition.

As in grid connected systems, the modulation index varies
slightly because Vd is rarely changed and it only responds to
changes in the load demand, which do not reflect important
changes on it. Then, it can be assumed constant; hence, the
minimal load condition is known a priori. In addition,
the direction of Id0 will change depending on the location of the
lighter load (unbalance), making mandatory the bidirectional
characteristic of the balancing circuit, to control current in both
directions.

To illustrate the proposed balancing mechanism, refer to
Fig. 2. As stated earlier, the modulator will provide a certain
room to handle different loads through the injection of a dc bias
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Fig. 3. Different operating conditions of the balancing circuit. (a) Lower bus current compensation. (b) Upper bus current compensation. (c) No
current compensation.

in the converter voltage and is limited by the maximum current
that can flow through the neutral point. If the unbalance ratio
exceeds this operational zone, the voltages will drift no matter
the corrections done in the modulation stage. The presence of
the balancing leg is then to emulate the minimal load condition.
In other words, if the unbalance is present in the lower bus,
the maximum current in the neutral point is Id0 = (ε̂− 1)Id1,
and the remanent current ε̂Id1 must be conducted through the
negative bar in order to maintain the voltages balanced. This
principle can be further explained using the signals of Fig. 3.
Consider that Sd is the switching function of the upper devices.
Given that, in the studied case, the balancing circuit will impose
a positive current ibn such as the current in the negative bar
is ε̂Id1. To do so, the current flowing through the inductor ib
should reverse its polarity, as shown in Fig. 3(a). The analogous
scenario shown in Fig. 3(b) is when the unbalance is present
in the upper bus, hence imposing a current ibp with positive
average value. Finally, Fig. 3(c) presents the operation of the
balancing leg during the balanced operation, when no current
compensation is needed, making all the currents in the circuit
to be zero. Is worth noting how the duty cycle remains fixed at
0.5 in all the scenarios, as the dc–dc stage is connected between
the full dc voltage of the converter and its midpoint.

This balancing circuit can be implemented in several ways.
In [24], a bidirectional boost converter is employed in a five-
level NPC. For simplicity, this proposal uses a fourth leg in the
NPC, which is operated as a bidirectional dc–dc converter, as
shown in Fig. 2. Using a leg identical to the other phases of
the circuit facilitates design and implementation through power
electronic building blocks. This is a desirable characteristic in
practical applications rather than hybrid converters.

III. PROPOSED CONTROL SCHEME

A. Voltage Oriented Control

For the regulation of the grid-connected converter, the volt-
age oriented control (VOC) scheme shown in Fig. 4 is used.
The modulation stage is based on the space vector modulation
(SVM) algorithm in [25], and for the balancing mechanism,
through the redistribution of the positive and negative small
vectors usage, a proportional–integral (PI) controller has been
included.

Fig. 4. VOC block diagram for the central NPC converter.

Fig. 5. SVM operating principle in sector I: vref synthesized by v1, v2,
and v7.

B. Space Vector Modulation and Load Ratio Limit

As it was mentioned in the previous sections, the modulation
stage will provide some balancing capabilities, through the
redistribution of the NPC small vectors usage, in order to have a
midpoint voltage accurately controlled. This way of balancing
does not alter the tracking of the converter voltage reference. To
illustrate the principle, consider the situation shown in Fig. 5,
where the reference vector can be synthesized as

vref = fsw(tav1 + tbv2 + tcv7) (7)
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TABLE I
DWELL-TIME CALCULATION 3L-SVM FOR ODD SECTORS

where fsw is the switching frequency of the SVM algorithm.
To determine the maximum injected dc drift, the average usage
time for the small vectors ta is calculated over the positive half
cycle. During normal operation and using the example, ta is
equally divided in the redundancies of v1, v1N, and v1P, thus
the maximum available time to redistribute is ta/2, and in the
extreme cases, it uses exclusively one of the redundancies of
v1. This remaining time is equivalent to the maximum dc drift
that can be injected within the linear zone of the modulation
and varies with m. In order to obtain this time, the dwell
times in Table I for each small vector are averaged during its
corresponding interval. The resulting average expression for the
maximum voltage drift is defined in

α̂ =

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

−3m+6m sin(γ+π
6 )

π , m ∈
[
0, 1

2

[
π
2 −3γ+3m(1−2 cosγ+2sin(γ+π

6 )+
√
3)

π , m ∈
[
1
2 ,

1√
3

[
π
2 +3γ−3m(1+2cosγ−2 cos(γ+π

3 )−
√
3)

π , m ∈
[

1√
3
, 1
]
(8)

where γ is the angle at which the change of region occurs and
is defined according to

γ =

⎧⎪⎪⎨
⎪⎪⎩

π
6 , m ∈

[
0, 1

2

[
arcsin

(
1

2m

)
− π

3 , m ∈
[
1
2 ,

1√
3

[
π
3 − arcsin

(
1

2m

)
, m ∈

[
1√
3
, 1
]
.

(9)

As stated earlier, for the regulation for the midpoint voltage,
a linear PI controller is being used. This controller modifies the
usage of the small vectors as follows:

taP =
ta
2
(1−Δs), taN =

ta
2
(1 + Δs) (10)

where Δs is the actuation of the PI. Note that these expressions
hold for the case when the loads are consuming power from the
grid. In the case of having active loads, the sign of Δs must be
modified accordingly as the effect of the small vectors in the
midpoint voltage is reversed.

Taking into account the balancing strategy, and the maximum
value of α allowed by the SVM algorithm, it is possible to
determine a theoretical value for the critical load ratio ε̂ for the

Fig. 6. Critical load ratio for the NPC using SVM.

NPC, which depends on the modulation index as stated before.
This limit operation is illustrated in Fig. 6.

C. Voltage Balancing Circuit Controller

The idea behind this proposal is to extend the bipolar NPC
operation through the entire load range. To do so, the balancing
leg must be able to act as a virtual impedance, such that the
minimal load condition is met and the modulator is able to
keep the voltages balanced. This section explains the generation
of the balancing current reference i∗b in order to ensure the
proper operation of the system. This current is related with the
equations in (6) and (8). To illustrate the principle, let Id1 and
Id2 denote the currents demanded by the dc loads at upper and
lower buses, respectively. In addition, the critical load ratio ε̂
is known. First, assume an unbalance is present in the upper
bus, such as the modulator is not able to keep the voltages
controlled by itself even when injecting the largest value of α.
The converter dc currents hold

ip = ε̂in. (11)

Furthermore, according to Fig. 2, these currents are related with
the load currents as follows:

ip = Id1 + ibp (12)
in = Id2 + ibn. (13)

In addition, the operation of the balancing leg is required;
therefore, the boost current ib is different from zero, lead-
ing to

ibn = −dbib (14)
ibp =(1− db)ib. (15)

However, because of the implementation of the bidirectional
dc–dc stage using an additional leg, its duty cycle db is fixed to
0.5; hence,

ibn = −ibp. (16)

Then, by replacing (12) and (13) in (11), and using the informa-
tion provided by (14)–(16), it is possible to obtain an expression
for the required current circulating through the inductor that
keeps the system balanced, which is defined as

i∗b =
2ε̂Id2
(1 + ε̂)

. (17)
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Fig. 7. Voltage-balancing circuit controller for the additional NPC leg.

If the unbalance is at the lower bus, then the balancing circuit
should demand a current such that ε̂ip is flowing through the
negative terminal, making ib negative. This leads to

i∗b = − 2ε̂Id1
(1 + ε̂)

. (18)

It is important to mention that this current value is the mini-
mal in order to keep the system balanced, making the midpoint
PI controller to operate saturated in the unbalanced scenarios.
However, as there are other reasons that can drive the system
out of balance, such as differences in the capacitance levels of
the dc links, a certain room is given to this PI by increasing the
demanded current by the boost, in order to guarantee the proper
operation of the station in any scenario. Therefore, the boost
current reference will be defined as follows:

i∗b = 2ε̂max{Id1, Id2}sgn(Id2 − Id1). (19)

A PI controller is used to regulate the input current of the
voltage balancing circuit, as presented in Fig. 7. It should be
noted that this control scheme only operates when the system
is driven outside the gray area of balanced operation shown in
Fig. 6. Therefore, an enabling signal is defined as follows:

eB =

{
1 if |Id1 − Id2| > (1− ε̂)max{Id1, Id2}
0 if |Id1 − Id2| ≤ (1− ε̂)max{Id1, Id2}.

(20)

IV. SIMULATION RESULTS

The proposed architecture is simulated using MATLAB/
Simulink software. A 1.2-MW charging station has been de-
signed for the validation of the proposed architecture, and it is
connected to the 4.16-kV grid through a step-down transformer.
The SVM algorithm is implemented in order to have an equiva-
lent device switching frequency of 1080 Hz. The parameters of
the system are described in Table II.

A. Dynamic Response

The first stage of the validation is the study of the dynamic
performance under several load impacts, presented in Fig. 8,
a situation that is possible during the sudden connections and
disconnections of the EVs for charge because of their random
arrival to the station. The following test is performed: The sys-
tem is assumed in steady state with rated loads on both dc buses
(balanced load); then at t = 0.05 s, a sudden disconnection of
the loads connected to the lower bus takes place, whereas the
load is kept at its rated value in the upper dc bus. Next, at
t = 0.13̄ s, the unbalance is reversed; now, the rated load is

TABLE II
SIMULATION AND EXPERIMENTAL PARAMETERS

Fig. 8. Simulation results for PEV charging station, dc currents: (a)
Boost current ib and its reference i∗b . (b) Bus 1 current Id1. (c) Bus 2
current Id2.

connected to bus 2, and no load is connected to bus 1. Finally,
at t = 0.216̄ s, both buses return to rated load condition. In ad-
dition, to make the scenario more realistic, the grid voltage has
been distorted by adding fifth- and seventh-order harmonics,
in order to emulate the voltage in the laboratory and keep the
comparison fair.

It can be seen that, before t = 0.05 s, the currents Id1
and Id2 are equal; therefore, there is no need to generate a
balancing action in the fourth leg. Therefore, boost current ib
is set to zero value. When the first load impact takes place,
the current demanded in bus 2 goes to zero as there is no load
connected, and as the modulation stage is not able to keep the
balance under such condition, the dc–dc stage is commanded to
generate a current equal to −2ε̂Id1, while Id1 is kept constant
at rated condition.

Later on, after the second impact at t = 0.13̄ s, the direction
of ib is reversed to compensate the unbalance condition. As the
rated load is connected back to lower bus, the reference current
becomes 2ε̂Id2.

Finally, the system is driven back to balance after t =
0.216̄ s, and as there is no need for additional balancing
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Fig. 9. Simulation results for PEV charging station, VOC signals:
(a) DC bus voltages Vd1 and Vd2. (b) Input current iga. (c) Grid
voltage vga.

capabilities, the control scheme sets the boost current to be
zero. Please note that the required current to be drawn by the
dc–dc converter is just a fraction of the rated value; thus, the
core losses and current stress on the dc choke are lower.

The proper regulation of the boost current ib leads to
balanced capacitor voltages during the whole experiment, as
shown in Fig. 9. The dc voltages are maintained at their
references, and it is confirmed that the presence of the balancing
leg allows to overcome the limitation of the conventional NPC,
which is not capable of handling the no load condition in one
of the buses while the other is still loaded.

The proper balance of the voltages leads to sinusoidal cur-
rents at the input side during the whole operating range, as
shown in Fig. 9(b), which shows the waveform of iga. In
addition, it can be seen that, during the mentioned scenarios,
the system remains operating with unity power factor, as the
current is kept in phase with vga shown in Fig. 9(c).

B. Steady-State Analysis

In this section, steady-state waveforms of the converter
voltage are presented in Fig. 10 to illustrate the balancing
mechanism. As the differences between the upper and lower
unbalances have already been covered in [21], only one case
will be described in detail.

The system behavior for balanced operation is presented in
Fig. 10(a). It can be seen that there is no dc drift injected in
either of the voltage signals, leading to a symmetrical switching
pattern during the positive and negative half-cycles. This is
confirmed by the lack of even order harmonics in the spectral
components of vaz . However, in the presence of load unbal-
ances, the symmetry in the switching pattern is lost because
of the redistribution of the small vectors. This situation can be
seen in Fig. 10(b)ii, where the no load situation in the lower
bus leads to the imposition of a positive dc drift to maintain the
voltages balanced. The dc drift becomes obvious by analyzing
the voltage spectrum presented in Fig. 10(b)iii. In addition,
it is confirmed the balancing method misses the half-wave
symmetry, as even-order harmonics appear under the presence
of unbalances.

In order to highlight the lack of symmetry during the unbal-
anced scenario, a detailed waveform is presented in Fig. 11,

Fig. 10. Steady-state analysis of the converter voltages. i) Line-to-line
voltage vab. ii) Phase voltage vaz . iii) Fast Fourier transform (FFT) for
vaz : (a) Case I, balanced operation; (b) Case II, unbalanced operation
in bus 2.

Fig. 11. Converter voltage vaz superimposed positive and negative
half-cycles during unbalanced operation.

and it can be seen clearly how the pulses in vaz become wider
during the positive half cycle.

Despite the injection of a dc bias to vaz to prevent the drift of
the bus voltages, it is confirmed that this effect is not reflected to
the line-to-line voltages nor the input currents. This lies in the
fact that the method modifies the three phases of the converter
identically; therefore, the nonzero dc value is canceled in the
phase-to-phase voltages. The waveform for vab is presented in
Fig. 10 for the above two analyzed scenarios, confirming that
the balancing action does not introduce a nonzero dc value in
the line-to-line voltages.

Finally, the input signals are shown in Fig. 12. Once again,
the unity power factor operation of the station is confirmed
during the whole test. The waveform for iga is kept sinusoidal
in the three analyzed scenarios, with the corresponding increase
in the ripple during the unbalanced operation. Moreover, it can
be seen that, under unbalance operation, these currents also
show a lack of half-wave symmetry. Detail which is confirmed
by its harmonic content presented in Fig. 12(b)iii, which con-
tains even-order harmonics. Nevertheless, cancelation of the
triplen harmonics remains under the presence of unbalanced
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Fig. 12. Steady-state analysis of the input signals. i) Grid voltage vga.
ii) Input current iga. iii) FFT for iga: (a) Case I, balanced operation;
(b) Case II, unbalanced operation in bus 2.

Fig. 13. Input current iga superimposed positive and negative half-
cycles during unbalanced operation.

loads. Fig. 13 emphasizes the nonsymmetrical waveform of iga,
showing the superimposed positive and negative half-cycles and
confirming the previous statements.

V. EXPERIMENTAL RESULTS

In order to complete the validation for the proposed architec-
ture, experimental results are obtained using a 3.6-kW four-leg
three-phase NPC-based charging station prototype, shown in
Fig. 14. As can be seen, the setup consists of an isolation trans-
former, an inductive filter, an insulated-gate bipolar transistor
(IGBT)-based four-leg NPC converter, and a resistive load con-
nected to each dc bus using a relay unit. The control platform
used is a dSPACE, which generates the gating pattern for the
IGBTs. It is important to mention that the SVM algorithm
is programmed to have an equivalent switching frequency of
1080 Hz per device. Using the parameters presented in Table II,
the control scheme is applied to the converter. In order to
confirm the performance of the voltage balancing under any
scenario, a dynamic test is performed similar to the simulation
study given in Fig. 8.

Fig. 14. Experimental setup.

Fig. 15. Experimental results for PEV charging station prototype, dc
currents. Ch1 boost current reference i∗b (5 V/div). Ch2 boost current ib
(5 A/div). Ch3 dc bus 1 load current Id1 (10 A/div). Ch4 dc bus 2 load
current Id2 (10 A/div). Time scale of 30 ms/div.

Fig. 16. Experimental results for PEV charging station prototype, VOC
signals. Ch1 dc bus 1 voltage Vd1 (100 V/div). Ch2 dc bus 2 voltage
Vd2 (100 V/div). Ch3 input current iga (20 A/div). Ch4 grid voltage
vga(200 V/div). Time scale of 30 ms/div.

A. Dynamic Response

The dynamic performance of the charging station is pre-
sented in Figs. 15 and 16. It can be seen that the overall behavior
of the system is very close to the simulation results.
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The dc currents are presented in Fig. 15. The control algo-
rithm is able to extend the balanced operation of the NPC by
adjusting the system currents through the bidirectional boost.
As it was shown in the previous section, the boost generates
a negative current to compensate the no load condition on the
lower bus, and positive for the no load condition on the upper
bus. It can be seen that the response of the controller allows
reaching steady state within two fundamental cycles. The main
difference with the simulation results is the response of the
relay as it exhibits a small delay in the disconnection of the
loads.

The evolution of the main controlled variables in the VOC
loop is presented in Fig. 16; it can be seen that the system
is able to maintain the balance on the dc voltages during the
whole test, presenting minimal deviations from its reference in
the transient periods. It can be seen that, in steady state, the
voltages Vd1 and Vd2 are perfectly balanced. This balance at
the dc side allows to have a high input current quality, as it
can be seen in the evolution of iga. This current is kept highly
sinusoidal during the rated load condition, whereas during the
unbalanced operation, its quality decreases accordingly with the
reduction on the fundamental amplitude. In addition, it can be
seen that the system operates with unity power factor during
the whole test as the grid current is kept in phase with the grid
voltage.

B. Steady-State Analysis

The waveforms for the voltages generated by the converter
are presented in Fig. 17, showing both, the phase to neutral vaz
and the line-to-line vab during steady-state operation. During
the balanced operation, it is clear that no dc bias is been injected
to vaz as there is no current flowing through the converter
neutral point. The waveform presents half-wave symmetry,
leading to a harmonic content free of even-order harmonics.
The spectrum provided shows that the dominant harmonics
are located in the sidebands around the component mf . The
resulting waveform for vab presents a steeped waveform with
five levels, clearly defined due to the proper regulation of the
mid-point voltage.

The dc drift injected by the midpoint controller becomes
obvious in Fig. 17(b). In Case II, the system is compensating
the no load condition in the lower bus by injecting a positive dc
value, making the pulses wider in the positive half-cycle. Be-
cause of this, the symmetry in the generated voltage is missed,
leading to the appearance of even-order components in their
spectrums, which will have an impact on the demanded current
distortion. Nevertheless, as the compensation is injected equally
to the three phases of the converter, the line-to-line voltages
present a zero dc value in all the scenarios. It is interesting to
note that the dominant harmonics of the current have shifted to
lower frequencies, situation which can be explained by the loss
of half-wave symmetry.

To complete the analysis in steady state, the ac side quantities
are illustrated in Fig. 18. The experimental waveforms for the
rated load condition of Case I are presented in Fig. 18(a).
The results obtained confirm the correct performance of the
proposed control scheme. The accuracy on the control of the

Fig. 17. Steady-state analysis of the converter voltages. Ch1 converter
voltage vaz (250 V/div). Ch2 line-to-line voltage vab (500 V/div). ChM
FFT for vaz (20 V/div, Span 10 kHz, Center 4.8 kHz): (a) Case I,
balanced operation. (b) Case II, unbalanced operation in bus 2. Time
scale 3.4 ms/div.

midpoint voltage becomes clear as the dc buses voltages are
kept balanced, leading to high-quality currents at the input side.
The current iga exhibits a highly sinusoidal behavior, with a
fundamental of 15.35 A, reduced ripple, and is in phase with
vga, resulting in a THD of 5.8% for the rated load condition. It
also becomes evident the harmonic distortion present in the grid
voltage. Then, in the unbalanced operation case of Fig. 18(b),
it can be seen that the system is able to operate properly even
if one of the loads is disconnected at the dc side. The current
is kept sinusoidal, but its ripple has increased; this is explained
by the reduction of fundamental component of the current to
7.58 A, and as it was established earlier, the modulation index
in grid tied operation with unity power factor varies slightly
under different load conditions; therefore, the amplitude of the
high frequency components is kept almost constant, increasing
its influence on the demanded current. This, along the lack of
symmetry in the generated voltage, alters the distribution of
the harmonics components, shifting the dominant ones to lower
orders. This is confirmed in the input current spectrum shown
in Fig. 18(a) and (b), showing that under balance operation, the
dominant harmonics of iga are located in the sidebands around
2mf , but in the presence of unbalances, most of the energy
is concentrated around mf , and thus are less mitigated by the
action of the input filter.

The grid current THD under unbalances reaches a 14.9%,
which corresponds to a total demand distortion (TDD) of
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Fig. 18. Steady-state analysis of the input signals. Ch3 input cur-
rent iga (20 A/div). Ch4 grid voltage vga (200 V/div). ChM FFT iga
(100 mA/div, Span 10 kHz, Center 4.8 kHz): (a) Case I, balanced
operation. (b) Case II, unbalanced operation in bus 2. Time scale of
3.4 ms/div.

7.35%. This is within the admissible limits of the grid code
for the intended power levels (20 < Isc/IL < 50) [26]. Further-
more, if the unbalanced operation does not exceed one hour in
length, it will be considered a unusual condition, and the system
will meet the grid code regardless the Isc/IL ratio.

VI. CONCLUSION

A novel architecture for fast charging stations for PEVs has
been proposed and validated. It is based in the use of a single
grid-tied NPC converter, enabling a bipolar dc bus. Its main
features are the megawatt range capability, a single ac–dc stage
for powering several charging units, the maintenance of the
step-down effort of the chargers, balanced operation during
any load scenario, and the possibility to include additional
storage or generating units into the system. The structure can
be installed in different locations within the city, enabling
alternatives for refueling the PEVs in shorter times, in order
to increase its acceptance.

The use of a multilevel converter also enables the application
in MV (lower currents, smaller ac chokes), and improved THD
and power quality. In addition, it enables a possible scale up in
the power ratings if needed. The limited unbalanced operation
of the converter was used to provide a complementary solution
and overcome its limits, enabling the operation in any load
scenario.

The balancing concept allows to reduce the dc flowing in the
balancing circuit, to only a fraction of the demanded current,
allowing to reduce the stress on the switches, the size of the
inductor and also use higher switching frequencies. This is
possible because the scheme exploits the balancing capabilities
of the modulator and only uses the balancing circuit as a
complement.

The distributed dc bus structure allows to reduce the power
conversion stages in the system, reducing the costs and improv-
ing the overall efficiency. In addition, it facilitates the integra-
tion of PV generation and energy storage systems, allowing the
opportunity to reduce the power demand of the chargers and
provide support to the grid.

Further research work on the configuration can include:
analysis of the possibility to use the fourth leg for fault-
tolerant operation; a reliability and availability analysis; effi-
ciency analysis; and a comparison to a nonintegrated modular
configuration (one charger per vehicle).
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