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Abstract—This article proposes a new control structure for grid-
interfaced converters to enhance ancillary services from emerging
electric vehicle (EV) charging stations (CS) under unbalanced
and distorted grid conditions. Compared to existing methods, the
proposed control structure is relatively simple yet effective for both
regulating powers and minimizing harmonics under unbalanced
and distorted grid conditions. A simple direct predictive control
methodology is proposed where the positive fundamental compo-
nent of currents is controlled for power regulation while other
negative sequence or harmonic current components are set to zeros.
Consequently, the charging station operation is enhanced with ef-
ficient ancillary services to the electric grid. The novelty originates
from a simple predictive control structure in an abc-natural frame
without adding any decoupled or separated current-component
controllers. Comparative studies on both Matlab/Simulink plat-
form and OPAL-RT-based real-time system among proportional
integral (PI) control, finite predictive control, and the proposed
method are conducted to verify the efficacy of the proposed struc-
ture. The comparative results show that the control structure
improves the control performance and significantly enhances the
support for the local loads under unbalanced, harmonic distorted
grid conditions.

Index Terms—Grid-interfaced converter, EV charging station,
deadbeat control, direct predictive control, harmonics, unbalanced
and distorted grid.
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NOMENCLATURE

Abbreviations
APF Active Power Filter
BESS Battery Energy Storage System
CS Charging Station
EV Electric Vehicle
FCS Finite Control Set
GCC Grid-Connected Converter
MPC Model Predictive Control
MMC Modular Multilevel Converter
NPC Neutral-Point-Clamped (converter)
PCC Point of Common Coupling
PI Proportional-Integral
PRO Proposed Control Structure
PWM Pulse Width Modulation
RES Renewable Energy Source
V1G Unidirectional managed charging services
V2G Vehicle-to-Grid
V2H/B Vehicle-to-Home/-Building

Variables
udq Grid voltages in dq-frame
idq GCC currents in dq-frame
ux Phase voltages of grid, x = {a, b, c}
ix, iLx, igx, Phase currents of GCC, local loads, total current

injected into grid, respectively
vx Terminal phase-voltages of GCC
sx Switching state of leg x, sx �{0, 1}
vdc, idc, iL dc-voltage, total dc-current, dc-load current, re-

spectively
s, p, q Instantaneous Apparent-, Real-, Imaginary-Power,

respectively
P, Q Active-, Reactive-Power, respectively

Subscripts and Superscripts
x x = {a, b, c}, {α, β}, or {d, q} up to the reference

frame
X Slow-dynamic component of variable X
Xref, Xref Reference value of variable X
X(+1) Positive sequence fundamental component of X
X(n) The nth harmonic component of X
Xdb Deadbeat unconstrained value of control input X
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I. INTRODUCTION

R ECENTLY, charging stations have become an essential
component of modern urban infrastructure for electrified

transportation systems as the global energy crisis and environ-
mental issues urge for a green transportation paradigm with
electric vehicles (EV) [1]–[3]. More charging stations have been
newly connected to distribution networks [4]. Typical smart-
charging approaches for a charging station include unidirec-
tional controlled charging (V1G), bidirectional vehicle-to-grid
(V2G), and vehicle-to-home/-building (V2H/B) [5]. That is,
EVs can provide a range of services for the power system since
they are parked most of the time (i.e., 90–95%) [6]. An effective
interoperation between aggregated fleets of EVs and the grid can
be realized by an aggregated interface between charging stations
and the grid [7], [8]. In this context, grid-interfaced converters of
the charging stations accompanied by control structures play a
central role for grid-to-vehicles, vehicle-to-grid operations, and
renewable energy integration in smart-grids [3], [4], [9]. Smart
charging stations are a typical example of the interoperation
among smart-grid and fleets of electric vehicles [10]. Therefore,
charging stations can actively participate in power-quality im-
provement of distribution grids.

The power-quality in distribution grids can be deteriorated
under various critical conditions. For example, power electronic
devices such as uncontrolled rectifiers generate significant har-
monic distortions into the grid [9], [11], [12]. Also, differ-
ent batteries and charging technologies employed in a smart
charging station with sophisticated EV charging algorithms, can
cause distorted currents spreading in the network [13], [14].
Highly uncertain harmonics injected to the grid may cause
voltage harmonics and serious problems of power transfer in
power networks [11], [12], [15]. Hence, additional hardware
costs on active power filters (APF) may incur to compensate for
the uncertain load current harmonics and unbalanced networks.
Furthermore, the requirements of fault ride-through in emerging
smart-grids force the smart charging stations to work under criti-
cal grid conditions including unbalanced and harmonic distorted
voltages [16]–[18]. Consequently, conventional control meth-
ods may exhibit highly distorted grid currents and dc-voltage
ripples degrading the power-quality on both the grid and load
sides [19].

A variety of control structures have been applied to grid-
connected converters (GCC) in the existing literature. Current
challenges on the GCC control are mainly on control perfor-
mances under critical grid conditions and potentially supporting
the distribution grid [17], [18]. That is, the authors in [14]
concluded that a controlled EV charging system can significantly
reduce unbalances in networks, especially for long distribution
feeders. A number of works on grid-connected converter con-
trol [20]–[28] have been published focusing on improving the
grid-injected currents of active front-end rectifiers. Meanwhile,
the GCCs are used to improve the power-quality at the point
of common coupling (PCC) of a 3-phase 4-wire system in
[15] with functions of an active power filter in addition to the
real power generation from renewable energy sources (RES)
to the grid. The presented scheme in [15] considered the sup-
port to local load distorted currents while it did not consider

the unbalanced or distorted grid conditions. Another research
work in [29] developed a dynamic model and control schemes
considering both positive- and negative-sequences to deal with
unbalanced grid conditions, but not for harmonic distortion in
general. Similarly, the unbalanced grid condition is also taken
into account in [30]–[35] as a challenge under different control
strategies. The unbalance component which is a symmetrical
negative sequence of fundamental frequency can be treated in
the same way with general harmonic components in the control
algorithm. Hence, there is a need for research and investigation
on general undesired sequences and harmonic distortion.

To tackle the challenges under critical grid conditions, recent
research works focus on both unbalanced and distorted grid
conditions. Unfortunately, the general harmonic components
are unpredictable with different frequencies depending on a
variety of generating sources. Therefore, there are challenges
for passive filer design as well as control design of active filters
to eliminate these undesired harmonics. There is a great chance
to deal with harmonic generation at a distribution level via
controlling the grid-interfaced converters. However, there are
few published works on the GCC control under both unbalanced
and general distorted conditions. For example, Zhang et al. in
[36] recently suggested a predictive control method for the PWM
rectifier which was tested for both unbalanced and distorted grid
cases using the extended p-q theory. However, the cancellation
of general harmonic distortion was not fully presented in the
presented control structure [36]. The authors of [37] used repet-
itive current controllers to minimize the odd-order harmonics
of supply currents caused by distorted and unbalanced voltage
conditions. The control system in [37] is complicated due to de-
coupled controllers in dq-frame, positive and negative sequence
controllers, and repetitive control components. To the best of
our knowledge, there are no simple control structure, which can
simultaneously deal with unbalanced, general distorted voltages
in addition to the grid-support functions.

Therefore, a new control structure is proposed in this paper to
enhance the grid support by utilizing emerging electric vehicle
(EV) charging stations (CS) under unbalanced, and harmonic
distorted grid conditions. Especially, a special mode is proposed
to support critical local loads by compensating for reactive
power, unbalanced and distorted currents injected into the grid.
The new control structure offers the following advantages com-
pared to other control schemes in the literature:
� All the controllers are designed and implemented in an

abc-natural frame to avoid intermediate transformation for
simplicity.

� The sequence harmonic component extraction is only re-
quired for the fundamental positive grid voltage.

� Only one composite current controller for two-phases is
used.

� The proposed direct selection of switching states without
exhaustive search based on simple predictive deadbeat
inputs avoids computational burdens from the conventional
exhaustive search.

� The switching frequency is minimized without forfeiting
control performances using a very simple approach by
selecting zero switching-states.
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Fig. 1. Charging station for electric vehicles interacting with distribution grid.
(a) Overall diagram of a smart charging station providing DC fast charging
points under highly distorted currents from local loads connected to the grid
and critical conditions of the grid. (b) Equivalent circuit of the system with
interfacing converter model.

� The proposed single control structure can manage multi-
ple control tasks including regulating fundamental current
components and cancelling out other unexpected compo-
nents.

� A special working mode is proposed to compensate for
reactive power, unbalanced and distorted currents from
local load currents.

Comparative studies are conducted on both Matlab/Simulink
platform and real-time digital simulator (OPAL RT-5700) among
proportional integral (PI), finite predictive control (FCS-MPC),
and the proposed method structures (PRO). The efficacy of the
proposed structure is verified in unbalanced, harmonic distorted
grid conditions, and nonlinear local loads.

This paper is organized into five sections. Section II presents
the theory of instantaneous powers in case of general har-
monic voltages and currents. Then, the control objectives of
charging stations via interface converters are determined by
reference-current settings. Section III proposes an innovative
current control structure to realize the objectives. Comparative
studies and performance verification are presented in Section IV.
Section V offers conclusion and promising future applications
of the proposed control structure.

II. INSTANTANEOUS POWERS AND REFERENCE

CURRENT SETTINGS

This section introduces the power transfer between EV charg-
ing stations and power grid using the pq-theory to formulate the
control problem. Fig. 1 illustrates a typical EV charging station
connected to a distribution grid with local loads. In Fig. 1(a),

EVs are charged via offboard DC-fast charging posts or wireless
charging pads where the battery storage may be facilitated in the
charging station. A three-phase converter with a capability of
bidirectional power transfer is used to interface with the power
grid. An RL filter is used between the GCC and the PCC where
local loads are also connected. Fig. 1(b) shows the equivalent
circuit of the converting system with converter model and grid
voltage at PCC. In this circuit model, the chargers are generally
modeled as dc-loads and dc-sources with a battery model due
to the bidirectional power flow capability. The charging station
supports EVs’ chargers by maintaining the constant dc-bus
voltage in form of a constant-voltage source and each charger
has specific charging algorithms under its own control system.
Meanwhile, this paper focuses on the grid-interfaced converter
under critical grid-conditions and the proposed functionalities
to support the grid.

The two-level (2L) VSC is the most widely-used topology
for charging stations due to the recent development of power
switches with higher power ratings and switching frequency.
Furthermore, the rating power of the charging station with
2-VSC can be efficiently utilized for dc-fast charging ports using
the switch-port mechanism. That is, multiple normal charging
ports can be switched into a few dc-fast charging ports when
necessary. In high-power applications, different topologies such
as multilevel converters (i.e., neutral point clamped – NPC or
modular multilevel converters-MMC) can be used.

The pq-theory is used to identify the instantaneous real and
imaginary power between the grid and charging stations in
general form. First, the grid voltage and current are written in a
form of harmonic components as:

udq = u
(1)
dq +

∑
n�=1

u
(n)
dq ej(n−1)ωt,

idq = i
(1)
dq +

∑
n�=1

i
(n)
dq ej(n−1)ωt (1)

where the superscript x(1) represents the fundamental positive
sequence component, x(n) represents the nth harmonic compo-
nent in an abc-frame with n > 0 for a positive sequence and n
< 0 for a negative sequence.

The instantaneous power is defined by a complex number as:

s = udqi
∗
dq = p+ jq (2)

p = u
(1)
d i

(1)
d + u(1)

q i(1)q

+ real

⎛
⎝ ∑

(n,m) �=(1,1)

u
(n)
dq i

∗(m)
dq ej(n−m)ωt

⎞
⎠ (3)

q = u(1)
q i

(1)
d − u

(1)
d i(1)q

+ imag

⎛
⎝ ∑

n,m �=(1,1)

u
(n)
dq i

∗(m)
dq ej(n−m)ωt

⎞
⎠ (4)

where the superscript (∗) represents the conjugate complex num-
ber, real(∗) and imag(∗) represent the real and imaginary parts
of the complex number x, respectively.
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The first control objective is set to cancel out all the undesired
harmonic current components (n �1) as follows:

i
(n)ref
dq = 0, ∀n �= 1 (5)

where the superscript (ref) denotes the reference value set to
the relevant current components. The settings by (5) minimize
potential ripples in the instantaneous active power to reduce
ripples in vdc. Note that, a special case for n = –1 represents
the unbalanced grid voltage with negative sequence as a specific
case of general harmonics.

In general, the reference harmonic currents in (5) can be set
to compensate for the distorted local load currents in extended
applications. The compensating harmonic currents will cancel
out the harmonic components from the distorted local loads
injected into the grid.

Consequently, average values of instantaneous powers (p and
q) depend only on the fundamental positive sequence component
of voltage and current as expected. These powers are set at stable
references as follows:

p̄ = u
(1)
d i

(1)
d + u(1)

q i(1)q = P̄ref ,

q̄ = u(1)
q i

(1)
d − u

(1)
d i(1)q = Q̄ref (6)

Therefore, stabilizing conditions of the dc-link voltage de-
pend on how to cancel out the oscillating components of the
real power p shown in (3). For general harmonic distorted grid
voltages, even all other harmonic currents (n �1) are cancelled
out, there are still oscillations in instant real power, p due to the
interaction between i(1)

dq and u(n)
dq (n �1). This is a trade-off

in the GCC control theory as discussed in [38].
Hence, the current references are simply set for fundamental

positive-sequence currents as:

i
(1)ref
d =

u
(1)
d P̄ref + u

(1)
q Q̄ref

(u
(1)
d )

2
+ (u

(1)
q )

2 ,

i(1)refq =
u
(1)
q P̄ref − u

(1)
d Q̄ref

(u
(1)
d )

2
+ (u

(1)
q )

2 (7)

In summary, the current control objectives set by (5) and
(7) ensure harmonic cancellation and stable average power
exchange via the fundamental current components only. First,
the harmonic currents are cancelled out to ensure power-quality
in the distribution grid. Second, the dc−voltage of the charging
station can be regulated with minimal ripples by allowing only
the fundamental currents to transfer powers. Third, by setting
the Qref, the charging station converter can compensate for the
reactive power of local loads to improve the power factor at
the PCC. In addition, the converter currents can be flexibly set
to compensate the harmonic distortion of distorted local loads
while accepting additional vdc ripples as a proposed working
mode of the charging station. In this case, the ripples can be
tackled by the BESS connected at the dc link as shown in
Fig. 1(a) if it is necessary.

III. SIMPLE CURRENT CONTROL STRUCTURE BASED ON

ROBUST DIRECT PREDICTIVE CONTROL

This section derives a robust direct predictive control in an
abc–reference frame with a very simple structure to realize
the control objectives mentioned in Section II. The general
dynamics of phase current and dc-link voltage are written for
phase a and b based on the Kirchoff’s law as follows:

L
dix
dt

= −Rix + ux − vx (8)

C
dvdc
dt

= idc − iL =
∑

x={a,b,c}
ixsx − iL (9)

where ux, ix, and vx | x = {a, b, c} denote the phase quantities
of grid-voltage, grid currents, and converter’s terminal voltages,
respectively. vdc and iL are the dc link voltage and the dc-load
current, respectively. R and L are the equivalent resistance and
inductance of the RL filter, respectively. C is the equivalent
capacitance of the dc-link bus and idc = Σixsx, x = {a, b, c}
following the Kirchoff’s law on current where sx is the switching
function representing the discrete nonlinearity of the system
with sx = {0, 1}. The discrete state, sx = 1, means the up-
per switch/arm of leg-x is closed and vice versa. The lower
switch/arm is in complementary switching-state of the upper one
to avoid the short-circuit of the dc-voltage. The ideal switches
are assumed by neglecting the commutation process in control
design step. In practice, the deadtime is set for power switches
to avoid short-through in switching legs which can result into
negative effects on control performances with more distortion.
However, the controller is designed with high-bandwidth for
fast-dynamic response to compensate for the deadtime effects.
All symbols are shown in Fig. 1(b) for convenience. Note that
ic = –ia –ib due to a three-wire system.

A. Robust Prediction Model With Disturbance Observers

For a robust control system, the real values of parameters R, L,
and C are assumed to be unknown where only nominal values are
available from the manufacturers. Hence, the dynamic equations
(8)–(9) are rewritten in general forms with additional unknown
variables of δx and δdc defined as follows:

dix
dt

= −k1ix + k2(ux − vx) + δx |x = {a, b} (10)

dvdc
dt

= k3
∑

x={a,b,c}
ixsx + δdc (11)

where k1 = R0/L0, k2 = 1/L0, and k3 = 1/C0 are known pa-
rameters calculated from nominal values (R0, L0, and C0). Note
that the converter’s terminal voltages are directly determined by
switching states as follows [3], [9]:⎡

⎣ va
vb
vc

⎤
⎦ =

vdc
3

⎡
⎣ 2 −1 −1
−1 2 −1
−1 −1 2

⎤
⎦
⎡
⎣ sa
sb
sc

⎤
⎦ (12)

Then, the robustness of model (10–11) depends on the suc-
cessful estimation of added variables δx and δdc. In this paper,
vdc, ux, and ix are measured and feedbacked to the control
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system, vx are also available from the switching state from (12).
Hence, the observers are designed as:

˙̂ix = −k1îx +m2(ux − vx) + δ̂x +
ix − îx

ε
,
˙̂
δx =

ix − îx
ε2

(13)

˙̂vdc = k3
∑

x={a,b,c}
sxix + δ̂dc +

vdc − v̂dc
ε

,
˙̂
δdc =

vdc − v̂dc
ε2

(14)

To prove the convergence of (13) (i.e., δ̂x→ δx) as an example,
the following Lyapunov function is adopted:

V (t) =
1

2
(ix − îx)

2 +
ε2

2
(δx − δ̂x)

2 > 0 (15)

By substituting (10) and (13) while deriving the time-
derivative of (15), the result is obtained as

V̇ (t) = − (k1 +
1

ε
)(ix − îx)

2 + ε2(δx − δ̂x)δ̇x

≤ − (k1 +
1

ε
)(ix − îx)

2 + ε2
∣∣∣δx − δ̂x

∣∣∣ ∣∣∣δ̇x∣∣∣
≤ 0 |0 < ε << 1, k1 > 0 . (16)

The inequality (16) is true provided that ε is small enough.
This indicates the convergence of the estimated values to the
true ones (i.e., δ̂x→ δx) with a suitable gain selection based on
ε. The proof is similarly applied to (14) for the estimation of
δc. This kind of designed observers can deal with fast-varying
disturbances [3], [11], [12], [39].

Remark 1: Finite control set (FCS) model predictive control
(MPC) is reported as a robust control method in the literature
[9], [40], [41] due to the direct selection of discrete switching
states. However, the design of a robust prediction model in this
subsection is expected to further improve the robustness of the
conventional FCS-MPC.

B. Fast Dynamic Control Design With Deadbeat
Control Inputs

This subsection develops a deadbeat control strategy as the
fastest digital control to enhance the dynamic response of the
designed control system. By using (10) and (13) for model
prediction of currents, a simple forward Euler’s approximation
is applied to (10) as

i+x = ix + ts
(−k1ix + k2ux − k2vx + δ̂x

)
(17)

where the superscript (+) indicates the one-step ahead prediction
of the relevant variable. The variables without the superscript
denote the current state of variables.

Deadbeat control inputs (vdb
x) are determined by simply

setting the predicted values to the relevant references as in the
following:

i+x = irefx ↔ vdbx = ux +
δ̂x − k1ix

k2
− irefx − ix

k2ts
(18)

Fig. 2. Simple algorithm to directly select switching states based on continu-
ous deadbeat control inputs in abc-frame, switching space of all possible vectors
(left) and sub-regions to determine switching state of one individual leg (e.g.,
phase a) (right).

where irefabc = Tdq→abci
ref
dq ,

Tdq→abc=

√
2

3

[
cos(ωt) cos(ωt− 2π

3 ) cos(ωt+ 2π
3 )

− sin(ωt) − sin(ωt− 2π
3 ) − sin(ωt+ 2π

3 )

]T

,

and irefdq = i
(1)ref
dq +

∑
n�=1 i

(n)ref
dq as shown in (5) and (7). For

charging station applications, P ref in (7) is determined by an
outer control loop to stabilize the dc-voltage (vdc) at a refer-
ence value vref

dc. An observer-based feedforward PI control is
designed for vdc regulation as follows:

irefc = kpedc+ki

∫
edcdt, i

ref
dc = irefc − δ̂dc, P̄ref = vdci

ref
dc

(19)
where edc = vdc − vrefdc , kp and ki are proportional and integral
coefficients of the PI control. ic and idc are the current through
capacitor and total dc-current from the converter, respectively,
as shown in Fig. 1(b). By substituting (19) into (11), it is easy to
prove the stability of the closed-loop dynamics for the dc-voltage
regulation under the designed PI controller.

It is noted that all calculations are conducted in the abc-frame
for two-phases only (e.g., phases a and b) because the three-wire
system satisfies the following conditions:∑

x={a,b,c}
ux = 0;

∑
x={a,b,c}

ix = 0;
∑

x={a,b,c}
vx = 0 (20)

C. Simple Algorithm to Directly Select Switching States
Without Exhaustive Search

This subsection proposes a simple algorithm to directly select
the switching states from the deadbeat control inputs in the abc-
frame. As illustrated in Fig. 2, the switching state of one phase
(e.g., phase a) is determined via the location of the deadbeat
input vector (vdb) belonging to one of three sub-zones/regions,
namely (Z0, Z1R–, and Z1R+). In zone Z0, vdb is small and
the zero-vector is the nearest vector, hence the switching state
(0, 0, 0) or (1, 1, 1), is assigned. In this case, sx can be 0 or 1
to minimize the average switching frequency. In zone 1 (Z1),
sub-region (R–), namely Z1R–, where va < 0, an active vector
is selected and “0” switching state is assigned to sa. Similarly,
the switching state “1” is assigned to sa with respect to Z1R+
for va ≥ 0.
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Fig. 3. Block diagram of the proposed control structure to enhance the
performance and support from charging stations under critical distorted grid
conditions by cancelling out all harmonic and negative current components.

The algorithm is then simply programed as (21) for 6 active
vectors and (22) for 2 zero-vectors.

s∗abc = [(vdba > 0); (vdbb > 0); (vdbc > 0)]

where (vdbx > 0) = {0; 1} w.r.t {true; false}
(21)

{
s∗abc = [0; 0; 0] if

∣∣V db
i

∣∣ < α ∩ SumBit [S∗
abc(k − 1)] < 2

s∗abc = [1; 1; 1] if
∣∣V db

i

∣∣ < α ∩ SumBit [S∗
abc(k − 1)] ≥ 2

(22)

Note that the proposed algorithm can efficiently select the
active vector nearest to the deadbeat vector to maximize the
control performance as the deadbeat control is well known as the
fastest digital control method [11]. Furthermore, this algorithm
can reduce the switching frequency by selecting the optimal
switching state in Z0 compared to the previous switching state.
This algorithm can avoid the exhaustive search involved in the
conventional FCS-MPC, reduce the associated computational
burden, and improve the overall control performance. Therefore,
the proposed control system can be considered as a special ver-
sion of the FCS-MPC without using any modulation stage where
the robustness and simplicity of the FCS-MPC are enhanced.
Extension of this algorithm for NPC or MMC topologies in
high-power applications is possible with a little modification in
the switching-state selection. For the multilevel converters, there
are more options of switching states for one control input vector.
Therefore, the proposed algorithm will have more chances to
minimize the switching frequency.

The proposed control structure is detailed in Fig. 3 where the
“Extract” block has a function to extract the positive sequency
fundamental component of grid-voltages by adopting the com-
mon delayed-signal-cancellation (DSC) technique. It is worth
noting that there is a delay time only at the beginning of the
extraction process. After that, the distorted components will be
detected fast provided that the positive-sequence fundamental
component is relatively stable. Hence, the extraction process
will affect the overall response of the designed control system
at the initial instant of fundamental component detection. In
practice, the fundamental component is stably regulated by

the utility. Meanwhile, other distorted components can occur
suddenly and unexpectedly. These conditions will not affect
the overall dynamic response of the designed control system.
However, in case that there are some sudden changes in the
fundamental components and there is a requirement on a fast
dynamic response for that change, the delay of extraction process
at the beginning of the fundamental component change should
be improved. The “mode” block represents options to switch
between the normal operation mode and the compensating mode
of the charging station. The normal mode, the dc-bus voltage,
sinusoidal converter’s current waveforms, and high power-factor
are the control targets for converter control. In this mode, all the
unbalanced harmonic current components are rejected despite
the distortion in the grid voltages. In compensating mode, the
unbalanced harmonic components from local nonlinear loads
are additionally set as references to be compensated.

Theoretically, the proposed control structure offers following
advantages compared to other control schemes in the litera-
ture. First, all the controllers are designed and implemented
in an abc- natural frame. Hence, the control structure is much
simpler by avoiding any intermediate transformation into the
dq-frame. Second, the sequence and harmonic component ex-
traction is only required for the fundamental positive grid volt-
age (uabc→u(1)

dq) for the whole control system. Meanwhile,
most of the conventional methods need to extract other se-
quence/harmonic components of not only voltages but also
currents. Third, the proposed control structure uses only one
composite current controller for two-phases because the current
references are summed up before entering the current controller
thanks to the predictive control methodology. Meanwhile, con-
ventional control structures are divided into multiple current-
controllers for negative/high-harmonic current component con-
trol, making a complicated structure [42]. Fourth, the direct
selection of switching states without exhaustive search based on
simple predictive deadbeat inputs avoids computational burdens
from the conventional exhaustive search in the FCS-MPC. The
switching frequency is also minimized without forfeiting control
performances using a very simple approach by selecting zero
switching-states in Zone 0 (Z0) as presented in Fig. 2 (i.e., this
approach is more efficient in multi-level converter topologies).
Fifth, the proposed single control structure can manage and
conduct multiple control tasks including regulating fundamen-
tal current components and cancelling out other unexpected
components. Consequently, the instantaneous real power can be
stabilized with less ripples on vdc. In addition, the reactive power
can be controlled to improve the power factor of the local loads.
The grid-support mode can be applied for charging stations with
the proposed control strategy. That is, a single-phase grid-fault
is considered in the operation of the converter and the charging
station is expected to maintain proper operation under the fault.
In addition, the power quality of the connected distribution net-
work can be supported by compensating the harmonic currents
as well as the reactive power. In essence, the charging station
can support local loads where the currents injected from the
charging station to the connected grid are compensated for the
reactive power and unbalanced distorted components. All these
functions will be investigated in Section IV.
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Fig. 4. Set-up for comparative studies, (a) Schematic diagram of the in-
vestigated system, (b) Photography of OPAL-RT based real-time system for
performance verification.

IV. COMPARATIVE STUDIES AND PERFORMANCE

VERIFICATION

This section presents comparative studies among the conven-
tional PI controller (PI), the FCS-MPC structure (FCS-MPC),
and the proposed control structure (PRO) under critical cases
including unbalanced grid fault and harmonic distorted grid-
voltage, low power-factor, unbalanced and harmonic distorted
local loads. Note that single-phase to ground grid-faults are
considered as a critical case of unbalanced condition which is
selected for investigation in this section. The Matlab/Simulink
and real-time OPAL-RT based systems are used to conduct
studies and verify the comparative performances, respectively.

A. Test System for Comparative Studies

Fig. 4 illustrates the investigation set-up under comparative
studies. A 60 [kW] charging-station connected to a 22 [kV] radial
distribution system via a Y/Δ transformer at the PCC is shown in
Fig. 4. The local loads including low power-factor, unbalanced
and harmonic distorted ones connected to the PCC are shown
in Fig. 4(a). In Fig. 4(b), the real-time OPAL-RT based system
used for comparative performance verification is photographed.
Table I lists the main parameters of the investigation set-up. For
a fair comparison, three control structures are implemented with
the same sampling frequency, at 25[kHz], equivalent switching
frequency (≤ 5[kHz]), same system settings and scenarios. For
the robustness of the predictive methods, ±50% uncertainty is
applied to values of parameters (R, L, C).

B. Performance Under Unbalanced Grid Conditions

Fig. 5 shows comparative performances of the three inves-
tigated control structures (i.e., PI, FCS-MPC, and PRO) for

TABLE I
MAIN PARAMETERS THE INVESTIGATED DISTRIBUTION NETWORK

TABLE II
COMPARATIVE PERFORMANCE INDICES OF INVESTIGATED

CONTROL STRUCTURES

the charging station obtained from Matlab/Simulink platforms
while Fig. 6 presents the performance verification of FCS-MPC
and PRO using RT-lab OPAL-RT system. The main measured
indices are tabulated in Table II.

The grid is suddenly changed into a critical unbalanced con-
dition at t = 2 [s] shown in Fig. 5 by a single phase-to-ground
fault (i.e., phase b to ground fault) as indicated in Fig. 4(a). This
fault causes a critical unbalanced grid voltage in the grid at the
PCC with a negative voltage sequence accounting for 37% of
the fundamental one. As seen in Figs. 5 and 6, all the control
structures show good control performances at the balanced grid
conditions (t < 2 [s]), good vdc regulation (i.e., almost zero
steady-state error (SSE) and no ripples), and sinusoidal current
waveforms with a total harmonic distortion (THD) of around
2% as listed in Table II.

However, at critical unbalanced conditions, PI shows a sig-
nificant steady-state error, i.e., SSE(vdc) = 27.2[V], and highly
unbalanced and distorted grid currents (36.5[A] for negative
peak current and 8.08% for maximum THD in phase b. Mean-
while, the FCS-MPC and the PRO show better performances
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Fig. 5. Comparative performance under unbalanced condition in grid fault obtained from Matlab/Simulink platforms, (a) The conventional PI control structure
(PI), (b) The FCS-MPC structure (FCS-MPC), (c) The proposed control structure (PRO).

Fig. 6. Performance verification on RT-Lab OPAL-RT System, (a) The FCS-MPC structure (FCS-MPC), (b) The proposed control structure (PRO).
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Fig. 7. Comparative performance under general harmonic voltage conditions obtained from Matlab/Simulink platform, (a) The conventional PI control structure,
(b) The FCS-MPC structure, (c) The proposed control structure.

in terms of the vdc dynamic response and current regulation
as seen from the comparative vdc and total undesired current
component Σi(n)

b (n � 1) waveforms in Figs. 5 and 6. With a
special control structure, the proposed method offers the best
dynamic response and regulation on vdc, best current balance
and sinusoidal waveforms among the investigated structures as
seen in subfigures on the right-side of Figs. 5 and 6. The better
performance of the proposed control structure can be explained
by a fast-dynamic response of direct predictive control methods
and the ability to cancel out general harmonics.

C. Performance Under General Distorted Grid Voltages

This section investigates a more critical condition under both
unbalanced and general harmonic distorted grid voltages as
shown in Fig. 7 (i.e., obtained from Matlab/Simulink platforms)
where from t = 2[s], an unbalance of 25% and 7th harmonic
component of 25% are imposed to the balanced grid voltages.
Note that the unrealistic distortion of voltages used for inves-
tigation (25%) to show the limits of voltage distortion that the
proposed control system can maintain their currents injected
into the grid (i.e., around 5% of THD). Fig. 8 shows the verifi-
cation results from the FCS-MPC and the PRO on the real-time
system.

As shown in Fig. 7(a), the PI can work well in the balanced
grid voltage by an acceptable vdc and grid current regulation
as shown in the previous subsection. However, unacceptable
performances on the grid current regulation are seen in the
critical case of both unbalanced and harmonic distorted voltages
(i.e., 28.5[A] for negative-sequence peak current, maximum
harmonic of 15.3% in phase b). The better performances of
the FCS-MPC are seen from Fig. 7(b) and Fig. 8(a) because
of faster dynamic current response. However, the best improve-
ments are shown in Fig. 7(c) and Fig. 8(b) with the PRO
where both vdc and the total current harmonic components
are regulated at low errors. The vdc ripples of the PRO are
smaller in amplitude and with less harmonic components than
the ones of FCS-MPC. Especially, significant fast dynamics are
observed from direct predictive methods (FCS-MPC and PRO.)
in comparison with the PI method. The comparative measured
indices are shown in Table II for easy comparison. In Fig. 8, the
proposed structure exhibits better control performances where
the current harmonic spectrums of ib are shown. The purpose
to show the Fast-Fourier-Transform (FFT) of phase-b converter
current (ib) is to qualitatively compare the current control quality
among controllers. That is, the FFT exhibits the fundamental and
harmonic components in magnitudes for easy comparison. The
THDs are measured and listed in Table II for an easy comparison
among the three methods.
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Fig. 8. Comparative verification on RT-Lab OPAL RT System, (a) The FCS-MPC structure, (b) The proposed control structure.

D. Reactive Power and Unbalanced Harmonic Current
Compensation for Local Loads

This subsection proposes a special operation mode of the
charging station where it maintains the power supply to charging
loads and at the same time, supports the local loads. There
are two kinds of support offered by controlling the interface
converter of the charging station: reactive power compensation
and unbalanced harmonic current compensation for the local
loads. This kind of support from the charging station can help to
improve the power-quality of the grid. This mode is realized by
the proposed method thanks to the special design of the proposed
structure (PRO).

The scenario is shown in Fig. 9 with “OFF” mode before
the triggering time (the center of scope) and “ON” mode after
that. The 10 kW three-phase local load is made unbalanced by
connecting only two among three phases (phase a opened) where
the harmonic currents are generated by three-phase diode-based
rectifier as shown in Fig. 4(a). In the “OFF” mode, the PRO
shows good regulations on vdc and converter currents iabc as

seen in Fig. 9. However, the local load consumes 10 [kVAr]
reactive power making the local load currents, ilb lagging the
PCC voltage, ub as seen with the phase b in Fig. 9(b) before
the triggering instant in the “OFF” mode. In addition, a high
distortion can be observed from a current of the three-phase
diode-rectifier, ilb, making the THD of local load currents at
11.64%. Hence, the grid currents igabc are unbalanced and dis-
torted by the local loads in the “OFF” mode. After the triggering
instant, in the “ON” mode, the inverter currents are both shifted
and distorted to compensate for the local loads as seen in Fig. 9
on the right-side of each subfigure.

Consequently, converter currents are shifted to lead the volt-
age, and additional harmonics are generated as seen in Fig. 9(b),
in the “ON” mode. The charging station converter generates a
leading current, ib with opposite current harmonics to compen-
sate both the unbalanced and harmonic current from the local
loads. Consequently, in the “ON” mode, igb is in phase with ub
for unity power factor at the PCC, and the grid current harmonics
are significantly removed to make the THD reduced to about
3.29% as shown in Table II.
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Fig. 9. Performance verification in local load support mode with both reactive and harmonic current compensation. (a) Voltage and current performance.
(b) Phase shift and harmonic generation for compensation.

V. CONCLUSION

This paper proposed a new control structure accompanied
by an effective direct predictive control algorithm to enhance
performance and support from charging stations under critical
conditions of grids. The grid-interfaced converters are controlled
to cancel out the undesired harmonic current components while
maintaining a stable dc-link voltage. Comparative studies on
Matlab/Simulink and verification on OPAL-RT based systems
show significant improvements under critical grid conditions in
terms of fast dynamic response and precise control of dc-link
voltage, balanced sinusoidal grid currents under both transient
and steady states. Especially, a special grid-support mode for
critical local loads is proposed to effectively compensate for
reactive power, unbalanced and distorted load currents. Based on
this performance, the proposed control structure can be extended
to high-power applications with multilevel converters (e.g., NPC
and MMC). The strategy can be also extensively applied into
various power electronics systems such as adjustable speed
drives, motor drives, renewable energy sources, energy storage
systems, and active filters.
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