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Abstract—This article presents a direct model predictive con-
trol (MPC) scheme for grid-tied converters (GTCs) with LCL
�lters operating under nominal and adverse grid conditions.
Speci�cally, the proposed MPC algorithm achieves a high-quality
grid current in steady state and fast dynamic responses that
characterize direct controllers due to the absence of a dedicated
modulator. Thanks to the adopted modeling approach, the control
and modulation problems are formulated together as a multiple-
input multiple-output (MIMO) problem. In doing so, not only the
controller design process is greatly simpli�ed, but also favorable
performance in terms of controller bandwidth and robustness is
achieved. This is in stark contrast to conventional linear control
methods, where the existence of different cascaded and/or parallel
control loops oftentimes leads to an adverse interaction with each
other. Consequently, as also demonstrated with the presented
experimental results, the proposed algorithm achieves superior
performance for a wide range of operating conditions, rendering
it as a promising control approach for the systems in question.

Index Terms—Model predictive control (MPC), direct control,
multiple-input multiple-output (MIMO) systems, power elec-
tronic systems.

I. I NTRODUCTION

D ISTRIBUTED power-generation systems using renew-
able energy sources are experiencing signi�cant growth

worldwide [1]. Grid-tied converters (GTCs) are the critical
technology to integrate different renewable energy sources into
the grid in an ef�cient and �exible manner [2]. Considering
the power quality and stability of power networks, stringent
requirements are imposed on GTCs during nominal as well
as faulty grid conditions. More speci�cally, during nominal
operation, the harmonics of the current/voltage injected into
the point of common coupling (PCC) are tightly limited by
harmonic grid codes, such as the IEEE 519 [3] and the IEC
6100-2-4 [4] standards. As for faulty grid conditions, the
power converters should be able to stay connected to the grid
and maintain continuous operation throughout a (short) period
of faults.
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To meet the limits on the amplitude of grid current har-
monics and the total harmonic distortion (THD),LCL �lters
are often used with GTCs since they signi�cantly attenuate
the switching harmonics [5]. However, the presence of an
LCL �lter complicates the controller design because the
resulting higher-order system has a pair of resonant poles
located at the stability boundary [6]. Conventionally, this
challenge is addressed by designing the current controllerin
the synchronous reference frame—thus enabling the use of
proportional-integral (PI) controllers—and augmenting it with
an active damping loop [7]. The latter most commonly relies
on the �lter capacitor current feedback [8]–[10]. Nonetheless,
tuning the parameters of the active damping and current con-
trol loops is a non-trivial task [8], while the system can even
become unstable when theLCL �lter resonance frequency
is at or near to one-sixth of the sampling frequency [9].
Moreover, in case low-order grid harmonics—mainly the5th

and7th —are present, then dedicated controllers are required to
eliminate them as they cannot be mitigated by the �lter. To this
aim, PI controllers can be employed that are designed in dif-
ferent reference frames that rotate at the angular frequency of
the harmonics in question. Alternatively, proportional-resonant
(PR) controllers tuned to resonate at the harmonic frequencies
can be used [1]. Either way, the existence of additional control
loops renders the tuning procedure even more cumbersome.

Moreover, during grid faults, imbalanced grid voltages ap-
pear at the PCC that include both the positive- and negative-
sequence voltage components [11]. An intuitive control ap-
proach under such grid conditions is to design two control
loops in reference frames that rotate in synchronism with
these components [12]. By doing so, both the positive- and
negative-sequence components of the grid current can be
controlled and the (instantaneous) active/reactive powerat the
PCC can be regulated. However, the positive- and negative-
sequence components of the current cannot be fully decoupled,
especially during transients. As shown in [12], notch �lters
(NFs) can be used to attenuate the interaction between the
two current components. This, however, signi�cantly reduces
the controller bandwidth and it can cause stability issues when
the damping factor of the NF is not properly tuned [2].

An alternative control approach for GTCs withLCL �lters
is model predictive control (MPC) as it particularly suitable for
multiple-input multiple-output (MIMO) and high-order sys-
tems [13]. The most popular MPC method is direct MPC with



reference tracking, also known as �nite control set MPC (FCS-
MPC), due to its intuitive concept [14]. However, FCS-MPC
lacks a modulation stage, thus resulting in a variable switching
frequency and, consequently, spread current harmonic spec-
tra [15]–[17]. Such a feature is undesirable when GTCs are of
interest since the spread low-frequency harmonics cannot be
effectively mitigated, meaning that the relevant harmonicgrid
standards may be violated. Therefore, indirect MPC, i.e., MPC
with a dedicated modulation stage, such as carrier-based pulse
width modulation (CB-PWM) or space vector modulation
(SVM) [18], seems to be a better MPC-based derivative for
GTCs [19]–[21]. Indirect MPC methods are most commonly
formulated as a quadratic program (QP), which can be easily
solved either analytically or numerically with the help of off-
the-shelf solvers. However, the method in [19] is prone to
suboptimality, and thus inferior performance, as the indirect
MPC problem is formulated as an unconstrained QP. On the
other hand, [20] imposes constraints on the modulating signal
that is fed into the modulator, but it considers only nominal
grid conditions, thus failing to demonstrate the full potential
of MPC. In contrast to this, [21] accounts for grid faulty
conditions, albeit only under symmetrical faults. Therefore,
more challenging operating conditions, such as asymmetrical
grid faults where signi�cant negative-sequence components
appear in the grid voltage, are not addressed.

Regardless of the problem considered, the dynamics of
indirect MPC are typically slower from those of direct control
methods as they are limited by the modulator. To exploit the
fast dynamics of direct MPC while tackling the problems of
variable switching frequency and spread harmonic spectra,
some direct MPC with precomputed switching sequences have
been proposed [22]–[24]. These methods employ switching
patterns akin to those of CB-PWM/SVM, and calculate the
optimal switching time instants or duty cycles for each voltage
vector. However, the optimization problem in [22] is designed
as an unconstrained one, thus exhibiting the disadvantagesof
such a formulation, as mentioned above. As for [23], the con-
strained optimization problem therein cannot guarantee that
the ripple of the sampled variables does not enter the control
loop. Consequently, undesired low-frequency harmonics result
which contribute to a higher THD. These issues are effectively
addressed in [24] by designing the objective function of the
MPC problem to capture the approximate rms value of the
output ripple and more heavily penalize the reference tracking
error at the sampling instants. However, [24] assumes a strong
grid and nominal operating conditions, i.e., operation under
challenging operating conditions is not considered.

Motivated by the above, this work extends the MPC method
in [24] to control GTCs withLCL �lters under adverse
grid conditions. To this aim, a prediction model suitable for
a wide range of operating conditions, including persistent
disturbances—such as grid voltage harmonics—and unsym-
metrical grid faults, is �rst derived. Subsequently, the control
and modulation problems are designed as one computational
entity in the form of a constrained QP. As a result, this direct
control structure allows for not only favorable steady-state
operation, but also superior dynamic performance. Such a
behavior is further enabled by the MIMO structure of the
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Fig. 1: Grid-tied converter with anLCL �lter.
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Fig. 2: Equivalent circuit of the grid-tied converter with an LCL �lter.

MPC algorithm as the adverse interaction between multiple
control loops—which often causes oscillations during tran-
sients, or even stability issues in critical operating conditions,
especially when the parameters are not properly tuned—is
altogether avoided. Note that this superior performance is
achieved without requiring to change the control structure
or the controller parameters depending on the grid condi-
tions, which is in stark contrast to conventional linear control
schemes. Finally, to clearly demonstrate the advantages ofthe
proposed control scheme, a comprehensive experimental study
is presented along with a comparison with the conventional
PI-based voltage-oriented control (VOC).

This article is structured as follows. Section II introduces the
mathematical model of the GTC with anLCL �lter suitable
for nominal and adverse grid conditions. The direct MPC
scheme is described and formulated in Section III. Follow-
ing, its performance is experimentally veri�ed and compared
with the conventional control methods in Section IV. Finally,
Section V concludes the paper.

II. M ATHEMATICAL MODEL OF THE SYSTEM

Fig. 1 depicts the GTC with anLCL �lter. The system is
modeled in the stationary orthogonal�� frame, and thus, any
variable� abc = [ � a � b � c]T in the abc-plane is mapped into a
variable� �� = [ � � � � ]T in the �� -plane via� �� = K� abc,1

where

K =
2
3
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1 � 1

2 � 1
2

0
p
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2 �

p
3
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#

:

A three-phase two-level voltage source inverter (VSI) is
considered in this work. Sine the phase voltage can assume two
discrete values, i.e.,� Vdc

2 and Vdc
2 , with Vdc denoting the dc-

link voltage, the single-phase switch position can be modeled
by the integer variableux 2 f� 1; 1g, with x 2 f a; b; cg.
Therefore, by introducing the three-phase switch position
u abc = [ ua ub uc]T , the converter output voltagevconv is
given by

vconv =
Vdc

2
Ku abc : (1)

Fig. 2 shows the equivalent circuit of the system, where
vconv (vg) and i conv (i g) are the converter (grid) voltage and

1In the sequel of the paper, the subscript�� used to denote variables in
the �� -plane is omitted to simplify the notation. Variables in theabc-plane
are indicated with the corresponding subscript.



current, receptively, andvc is the voltage across the �lter
capacitor. Besides,L lc (L lg ) and Rlc (Rlg ) are the converter
(grid) side inductance and resistance of the �lter, receptively,
Cc (Rc) is the capacitance (resistance) of the �lter capacitor,
and L g (Rg) is the grid inductance (resistance). As the grid
impedance is considered unknown, the analysis that followsis
done based on the voltage at the PCCvpcc . By applying the
Kirchhof's circuit law to the equivalent circuit, the state-space
model of the system is derived as

di conv

dt
=

1
L lc

(� (Rlc + Rc)i conv + Rci g � vc + vconv )

(2a)
di g

dt
=

1
L lg

(� (Rlg + Rc)i g + Rci conv + vc � vpcc)

(2b)
dvc

dt
=

1
Cc

(i conv � i g) : (2c)

By considering generic grid conditions, the voltage at the PCC
can be written as

vpcc =
X

h2H

vpcc;h =
X

h2H

V̂h

"
cos (h! gt + ' h )
sin (h! gt + ' h )

#

; (3)

whereh denotes the harmonic order andH is the set of all
harmonics.2 Moreover,! g is the angular grid frequency,̂Vh

and ' h are the amplitude and phase of thehth harmonic,
respectively, and they can be detected with phase-lock loops
(PLLs) augmented with a decoupling network and low-pass
�lters (LPFs) [25]. Based on (3), the dynamics of the PCC
voltage are described by

dvpcc

dt
=

X

h2H

h! gJv pcc;h ; with J =

"
0 � 1
1 0

#

: (4)

Based on (2) and (4), the continuous-time state-space model
of the system is

dx (t)
dt

= F x (t) + Gu abc(t) + " (t) (5a)

y (t) = Cx (t) ; (5b)

where x = [ i T
conv i T

g vT
c vT

pcc ]T is the state vec-
tor, y = [ i T

conv i T
g vT

c ]T the output vector, and" =
[0T

6� 1 (
P

h2H h! gJv pcc;h )T ]T . Moreover, the matrices in (5)
are

F =

2

6
6
6
6
4

� R lc + R c
L lc

I 2
R c
L lc

I 2 � 1
L lc

I 2 02� 2
R c
L lg

I 2 � R lg + R c

L lg
I 2

1
L lg

I 2 � 1
L lg

I 2

1
Cc

I 2 � 1
Cc

I 2 02� 2 02� 2

02� 2 02� 2 02� 2 02� 2

3

7
7
7
7
5

G =
Vdc

2L lc
[I 2 02� 6]T K and C = [ I 6 06� 2] ;

whereI and0 are the identity and zero matrices, respectively,
the dimensions of which are indicated by the corresponding

2Without loss of generality, in this work, the fundamental component as
well as the (negative)5th and the (positive)7th harmonics are considered
in nominal operating conditions, i.e.,H = f 1; � 5; 7g, while the positive-
and negative-sequence fundamental components are considered during faulty
conditions, i.e.,H = f� 1; 1g.
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Fig. 3: Harmonic impedance model of the grid-tied converterwith an LCL
�lter in the stationary (�� ) frame.

subscripts. Finally, using exact discretization, the discrete-time
state-space model is derived as

x (k + 1) = Ax (k) + Bu abc(k) + d(k) (7a)

y (k) = Cx (k) ; (7b)

with

A = eF Ts ; B =
Z Ts

0
eF � d� G ; d =

Z Ts

0
eF � d� " ;

Ts being the sampling interval, andk 2 N the discrete time
step.

III. D IRECT MPC WITH FIXED SWITCHING FREQUENCY

FOR ADVERSE GRID CONDITIONS

In this work, the method proposed in [26] and [24] is
re�ned to control GTCs, with the goal to guarantee high
power quality and robustness during nominal and faulty grid
conditions, respectively. To this aim, the reference values of
the controlled variables, i.e., the grid current, �lter capacitor
voltage, and converter current, are generated such that they
are suitable for a wide range of operating conditions. To do
so, the harmonic impedance model of the system in question
is employed. In a next step, the proposed MPC scheme is
designed as a multi-objective optimization problem that can
address all considered cases. The formulated constrained QP
underlying indirect MPC is �nally solved in a computationally
ef�cient manner in real time with an in-house solver.

A. Output References

The control objective of the proposed direct MPC is to
regulate the output variablesy to their reference values
y ref = [ i T

conv ;ref i T
g;ref vT

c;ref ]
T , so that the desired activePref

and reactiveQref power exchange at the PCC is successfully
controlled. Considering different grid conditions, the calcula-
tion of the output reference vectory ref can be grouped into
two cases, as presented in the sequel.

1) Nominal Operation: The grid voltage often contains
harmonics. Nevertheless, even in the presence of such per-
sistent disturbances, the current injected into the PCC should
have a low THD value in nominal operation to meet the
relevant grid code. To ensure this, the grid current reference
i g;ref = [ i g;ref ;� i g;ref ;� ]T should contain only the fundamental
component, i.e.,

i g;ref ;� =
2
3

Pref vpcc;�; 1 + Qref vpcc;�; 1

kvpcc;1k2
2

(8a)

i g;ref ;� =
2
3

Pref vpcc;�; 1 � Qref vpcc;�; 1

kvpcc;1k2
2

: (8b)



In a next step, the capacitor voltage referencevc;ref and the
converter current referencei conv ;ref are calculated based on
the harmonic impedance circuit, shown in Fig. 3, where the
capacitor resistanceRc is neglected because of its small value.
This yields

vc;ref ;h = vpcc;h + Z lg;h i g;ref ;h (9a)

i conv ;ref ;h = i g;ref ;h + Z c;inv ;h vc;ref ;h ; (9b)

with

Z lg;h = Rlg I 2 + J h! gL lg and Z c;inv ;h = J h! gCc :

Note that i g;ref ;h = 0 for h 6= 1 , while i g;ref ;1 = i g;ref is
calculated from (8). Finally, the references of the capacitor
voltage and the converter current are calculated by superim-
posing all harmonic components, i.e.,

vc;ref =
X

h2H

vc;ref ;h and i conv ;ref =
X

h2H

i conv ;ref ;h :

2) Grid Faults: During grid faults, the three-phase grid
voltage—and consequently the voltage at the PCC—contains
both positive- and negative-sequence voltage components at
the fundamental frequency [27], i.e.,vpcc;1 and vpcc;� 1,
respectively. Depending on the control goals, the grid current
reference can be calculated based on different strategies [2].
In the following, two typical strategies are discussed.

First, the grid current is split into two components as

i g;ref = i p;ref + i q;ref ; (10)

where i p;ref and i q;ref can be interpreted as the active and
reactive current vectors, respectively [28]. When a balanced
three-phase sinusoidal current is desired at the PCC, the
balanced positive-sequence control (BPSC) strategy can be
used to calculate the grid current references according to

i p;ref =
Pref

kvpcc;1k2
2
vpcc;1 (11a)

i q;ref =
Qref

kvpcc;1k2
2
v?

pcc;1 ; (11b)

wherev?
pcc;1 = Jv pcc;1 is the (leading) orthogonal vector of

vpcc;1. Note that (10) and (11) yield the same result as (8). This
implies that when a balanced sinusoidal current is requiredat
the PCC, the active and reactive powers oscillate during a grid
fault because of the negative-sequence voltage component,as
also shown in Section IV-B.

An alternative approach is the positive- and negative-
sequence control (PNSC) strategy. This method considers
both the positive- and negative-sequence fundamental voltage
components in the calculation of the active and reactive current
references, i.e.,

i p;ref =
Pref

kvpcc;1k2
2 + kvpcc;� 1k2

2
(vpcc;1 + vpcc;� 1) (12a)

i q;ref =
Qref

kvpcc;1k2
2 + kvpcc;� 1k2

2
(v?

pcc;1 + v?
pcc;� 1) : (12b)

By doing so, the current references consist of both positive-
and negative-sequence components, resulting in a constant
active power when the reactive power reference is set to

t
t 0 � 0 Ts 2Ts

t 1 (k ) t 2 (k ) t 3 (k ) t 1 (k+1) t 2 (k+1) t 3 (k+1)

1
� 1

1
� 1

1

� 1
uc

ub

ua

i conv

i g

vc

Fig. 4: Example of the evolution of the output variables (solid lines) and their
references (dashed lines) in the stationary (�� ) frame over two sampling
intervals by applying the depicted switching sequence.

zero. Finally, the capacitor voltagevc;ref and the converter
current i conv ;ref references are calculated by following the
same principle explained in Section III-A1.

B. Control Method

As a direct controller, the proposed MPC algorithm manip-
ulates the converter switches directly. However, in contrast to
typical direct control strategies, the proposed method ensures
a �xed switching frequency by forcing each phase to switch
once per sampling intervalTs. To this end, the vector of
switching time instantst is introduced along with the cor-
responding switching sequenceU as

t = [ t1 t2 t3]T

U = [ u T
abc(t0) u T

abc(t1) u T
abc(t2) u T

abc(t3)]T ;
(13)

where the switching time instants respect0 � t1 � t2 � t3 �
Ts. Moreover,u abc(t0) is the switch position at the beginning
of the sampling interval, i.e.,t0 � 0, while u abc(t i ), with
i 2 f 1; 2; 3g, is the switch position after one of the three
phases switches at instantt i . Considering (13) and the fact that
all three phases have to switch within eachTs once, it follows
that the three phases can switch in six possible chronological
orders. This gives rise to six candidate switching sequences
Uz with z 2 f 1; 2 : : : 6g, as summarized in Table I.

Having �xed the switching frequency with the above-
mentioned procedure, the goal of the controller is to minimize
the (approximate) rms ripple of the controlled variables. This
can be achieved by designing the objective function to capture



TABLE I: Possible switching sequences for a one-step horizon.

Number Phase with the
of switching transition

sequence First Second Third
1 a b c
2 a c b
3 b a c
4 b c a
5 c a b
6 c b a

the output tracking error at the switching time instants. More-
over, to avoid arbitrary changes in the control input, its rate of
change within one sampling interval is modeled and accounted
for in the objective function. Therefore, the objective function
is de�ned as

J =
3X

i =1

ky ref (t i ) � y (t i )k
2
Q +




 �

�
y ref (Ts) � y (Ts)

� 


 2

Q

+ � u k� �u abc(k)k2
2 ;

(14)

where � �u abc(k) = �u abc(k) � �u abc(k � 1) is the change of
the averaged control input between two consecutive sampling
intervals, with �u abc = (

P 3
i =0 u abc(t i )~t i )=Ts, while ~t i =

t i +1 � t i , with i 2 f 0; 1; 2; 3g andt4 = Ts. Moreover,� u > 0
is the weighting factor that adjusts the trade-off between
control and output tracking effort. Typically,� u should be rel-
atively small to retain the high bandwidth of MPC. However,
considering the noise-polluted measurements in a real-world
setting, larger values of� u can prevent MPC from aggressively
reacting to noise. Hence, by means of trial-and-error, the� u

value that results in the most favorable trade-off is chosen.
Additionally, the diagonal positive de�nite matrixQ � 0 sets
the priority among the tracking of the different controlled
variables. In a balanced system, the grid current reference
tracking is usually prioritized �rst to produce high-quality grid
current, while the converter current error is prioritized over that
the capacitor voltage as it has greater (indirect) impact onthe
grid current THD [24]. Nevertheless, for an imbalanced system
or operation under adverse conditions, as in this work, good
tracking of all output references can be equally important,
implying Q = I . Finally, � � 0 is introduced to more heavily
penalize the output error at the end of the sampling interval.
As explained in [24], such a penalty drives the output error
at the discrete time instants to zero, effectively eliminating
undesired low-frequency harmonics.

In a next step, the evolution of the system output is predicted
for each candidate switching sequenceUz . Given that the sam-
pling intervalTs is much smaller than the fundamental period,
the evolution of the output trajectories can be considered as
linear within oneTs. Therefore, the future behavior of the
system can be calculated with

y (t i +1 ) = y (t i ) + m (t i )( t i +1 � t i ) ; (15)

where m (t i ) is the gradient of the output vector when the

Algorithm 1 Fixed Switching Frequency Direct MPC
Given Pref (k), Qref (k) andx (k)

1: Calculate the output reference vectory ref from Pref andQref
2: Enumerate the possible switching sequencesU z , z 2 f 1; 2; : : : ; 6g, and

calculate the corresponding output gradient
3: For eachU z :

Detect if U z is unsuited;
If not, solve the QP (20). This yieldst z andJz .

4: Compare theJz of each candidateU z , and �nd the globally optimal
solution t � andU � .
Returnt � (k) andU � (k).

switch positionu abc(t i ) is applied, i.e.,

m (t i ) =
y (k + 1) � y (k)

Ts

=
C ((A � I )x (k) + Bu abc(t i ) + d(k))

Ts
:

(16)

with i 2 f 0; 1; 2; 3g, t4 = Ts. Moreover, as previously de�ned,
k andk + 1 represent the current and next discrete time steps,
respectively, implying thatkTs � t i � (k+1) Ts. Note that the
gradients computed with (16) at instantst1, t2 andt3 depend
on the state at the beginning ofTs, i.e., x (t0) � x (k), rather
than onx (t1), x (t2), andx (t3), respectively. This is due to
the aforementioned assumption of constant gradients within
the sampling interval [24].

Following the same principle, the output reference is as-
sumed to evolve linearly within one sampling interval,3 i.e.,

y ref (t) = y ref (k) + m ref (k) t ; (17)

with

m ref (k) =
y ref (k + 1) � y ref (k)

Ts
: (18)

An example of the evolution of the output variables for a given
switching sequence along with their references is shown in
Fig. 4.

Based on the above, the objective function can be written
in the following vector form

J = kr � Mt k2
eQ + � u kSt � wk2

2 ; (19)

where the matricesM 2 R24� 3, S 2 R3� 3, and eQ 2 R24� 24

as well as the vectorsr 2 R24 and w 2 R3 are provided in
the appendix.

C. Optimization Problem

Based on the above, an optimization problem is formulated
as a constrained QP for each one of the six candidate switching
sequencesUz . Speci�cally, the direct MPC problem is written
in the form

minimize
t 2 R3

1
2

t T Ht � f T t

subject to 0 � t1 � t2 � t3 � Ts :
(20)

3Note that the references of the capacitor voltage and the converter current
include harmonics at the same frequencies as that of the gridvoltage. However,
these harmonics are of low order, thus, the evolution of the references can
still be assumed linear within oneTs .



Fig. 5: Fixed switching frequency direct MPC for a three-phase grid-tied converter with anLCL �lter.

TABLE II: Rated values of the system.

Parameter Symbol SI Value
Rated voltage VR 200V
Rated current I R 9 A

Grid frequency f sR 50Hz

TABLE III: System parameters in the SI and the p.u. system.

Parameter SI (p.u.) symbol SI (p.u.) value
Grid-side resistance R lg (R lg ) 0:07 
 (0:0055)
Grid-side inductance L lg (X lg ) 3:0 mH (0:0735)

Converter-side resistance R lc (R lc ) 0:1 
 (0:0078)
Converter-side inductance L lc (X lc ) 3:3 mH (0:0808)
Filter capacitor resistance Rc (Rc ) 0:8 m
 (6:23 � 10� 5 )

Filter capacitance Cc (X c ) 8 µF (0:0322)
Dc-link voltage Vdc (Vdc ) 350V (2:1433)

where the Hessian matrixH 2 R3� 3 and the vectorf 2 R3

are
H = M T eQM + � u ST S ;

and
f = M T r + � u ST w :

Problem (20) can be ef�ciently solved with the in-house solver
presented in [29]. This solver is developed to fully exploit
the geometry of (20) as it can quickly detect the unsuited
switching sequences by a simple one-step projection. As a
result, only two QPs need to be solved in the worst-case
scenario, see [29] for more details.

In a last step, each QP that is eventually considered in the
optimization process is solved to yield the locally optimal
switching time instantst z and the corresponding sequence
Uz , along with the associated costJz . To �nd the globally
optimal solution, i.e., the pairf t � ; U � g, the costsJz of the
solved QPs are compared and the pair that corresponds to the
smallest cost is selected as the to-be-applied solution [24].
The proposed direct MPC scheme is summarized in the block
diagram shown in Fig. 5,4 while the pseudocode is provided
in Algorithm 1.

4The capacitor voltage of theLCL �lter is not always available in practice.
To obtain the full-state information, an observer, e.g., a Kalman �lter as the
one designed in [29], can be used.

F

A

B

C

D

E

Fig. 6: Three-phase grid-tied converter with anLCL �lter. A: Oscilloscope,
B: Grid emulator, C: dSPACE SCALEXIO real-time control system, D: Power
converter with Imperix PEB8038 submodules and interface, E: LCL �lter, F:
Dc source.

Finally, it is worth mentioning that MPC, being in essence a
proportional controller, can be aversely affected by modeling
errors and mismatches, measurement noise, etc. The in�uence
of these is manifested as a steady-state tracking error [30].
This offset can be effectively eliminated by introducing an
integrating element in the control loop. In this work, this is
done by augmenting the power references with the integral of
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Fig. 7: Experimental results of direct MPC at steady-state operation under
distorted grid conditions,f sw = 5 kHz.

their tracking errors, see Fig. 5.5

IV. PERFORMANCEEVALUATION

The performance of the proposed direct MPC scheme for
GTCs with LCL �lters is investigated in the laboratory

5Note that the gain of this integral outer loop is very small, meaning that
the bandwidth of the inner, MPC-based loop is signi�cantly higher than that
of the outer loop. Therefore, it can be assumed that the outerloop operates
under (quasi) steady-state conditions, implying that the integrating element of
the outer loop does not affect the stability of the closed-loop system.
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Fig. 8: Experimental results of VOC at steady-state operation under distorted
grid conditions,f sw = 5 kHz.

with the setup shown in Fig. 6. The converter is supplied
by a stiff dc source and the grid emulator is the TC.ACS
from Regatron. The real-time control platform is a dSPACE
SCALEXIO system, consisting of an intel XEON processor
and a Xilinx Kintex-7 �eld-programmable gate array (FPGA).
The controller is implemented on the processor, and the data
acquisition and generation of the switching signals are done
on the FPGA. The rated values and the parameters of the
system are given in Tables II and III, respectively. For all the
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Fig. 9: Experimental results of direct MPC during an active power reference
step-down change under distorted grid conditions,f sw = 5 kHz.

examined scenarios, the sampling frequency is chosen asf s =
10kHz, implying a switching frequencyf sw = 5 kHz. The
weighting matrices are chosen asQ = diag(1; 1; 1; 1; 1; 1),
� = diag(15; 15; 15) and � u = 1 � 10� 3. Finally, all results
are shown in the per unit (p.u.) system.

A. Operation under Distorted Grid Conditions

1) Steady-State Operation:The steady-state performance
of the proposed MPC scheme is �rst examined for the case
where the grid voltage is seriously distorted as it contains
a pronounced5th and 7th harmonic, each of which has
amplitude of0:1p.u. For this test, the system is operating at
rated power under unity power factor, i.e.,Pref = 1 p.u. and
Qref = 0 p.u. As nominal operation is considered here, the
goal is to produce a balanced three-phase grid current with
as low a THD as possible. Thus, the output references are

Time [ms]

0 5 10 15 20

0

0.5

1

(a) Active (blue line) and reactive (green line) power at thePCC.

Time [ms]

0 5 10 15 20
-1

-0.5

0

0.5

1

(b) Three-phase PCC voltagevpcc ;abc .

Time [ms]

0 5 10 15 20
-1

-0.5
0

0.5
1

(c) Three-phase converter currenti conv ;abc .

Time [ms]

0 5 10 15 20
-1

-0.5
0

0.5
1

(d) Three-phase grid currenti g;abc .

Time [ms]

0 5 10 15 20
-1

-0.5

0

0.5

1

(e) Three-phase capacitor voltagevc;abc .

Fig. 10: Experimental results of direct MPC during an activepower reference
step-up change under distorted grid conditions,f sw = 5 kHz.

calculated with (8) and (9). Fig. 7 shows the performance of
the system in consideration. As can be seen, all controlled
variables, i.e.,i conv , i g and vc, track their references accu-
rately, thus ensuring that the injected power at the PCC is of
high quality. This is further demonstrated by the grid current
harmonic spectrum, shown in Fig. 7(e). The high-frequency
harmonics due to the switching are effectively attenuated
by the LCL �lter, while the low-frequency harmonics that
result from the voltage grid harmonics are compensated for
by properly regulating the �lter capacitor voltagevc and the
converter currenti conv along their tailored reference values. As
a result, the grid current THD is only1:83%. It is noteworthy
that such a low THD value is achieved despite the somewhat
pronounced11th and 13th harmonics which appear due to
additional low-frequency harmonics in the grid that are not
directly accounted for.
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Fig. 11: Experimental results of VOC during an active power reference step-
down change under distorted grid conditions,f sw = 5 kHz.

For comparison purposes, a conventional PI-based VOC
strategy [5] with SVM is also implemented. This method is
augmented with a capacitor-current-feedback loop for active
damping [8]. Moreover, additional PI-based control loops
are designed in rotating reference frames synchronized with
the pronounced grid voltage harmonics to compensate for
them [1]. The parameters of the PI controllers are tuned
according to the optimum method [31], and the gain in the
active-damping loop is tuned according to the root loci anal-
ysis [9]. As shown in Fig. 8, the steady-state performance of
the conventional linear controller with a separate modulation
stage is very similar to that of the proposed direct MPC in
that both methods achieve similar THD values for the grid
current. However, it is noticeable that the grid current spectrum
produced by VOC has pronounced harmonics around the �lter
resonance frequencyf res = 1417Hz. This is in contrast to the
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Fig. 12: Experimental results of VOC during an active power reference step-
up change under distorted grid conditions,f sw = 5 kHz.

direct MPC, which demonstrates the better active damping
ability of the proposed control method.

2) Transient Operation:While operating under a distorted
grid, as described above, the dynamic behavior of the pro-
posed direct MPC algorithm is assessed by commanding the
active power reference to step down fromPref = 1 p.u. to
Pref = 0 :33p.u. and then back up fromPref = 0 :33p.u.
to Pref = 1 p.u.. As shown in Figs. 9 and 10, the direct
MPC scheme quickly regulates all the controlled variables
y = [ i T

conv i T
g vT

c ]T —and thus the powerP—to their new
references with very little oscillations.

In comparison, clear oscillations can be observed in the
transient performance of VOC under the same scenarios, see
Figs. 11 and 12, respectively. As a result, VOC is slower than
the proposed direct MPC as it takes about2:5ms to settle to
the new operating point, while it requires more than one fun-
damental period to fully suppress the oscillation in the active
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Fig. 13: Experimental results of direct MPC at a sudden grid fault, f sw =
5kHz.

power. This is a typical behavior of linear controllers when
applied to MIMO and high-order systems. More speci�cally,
VOC addresses these system characteristics by decomposing
the control problem into multiple single-input single-output
(SISO) control loops. However, these loops tend to interact
among each other in an adverse manner since they are not
fully decoupled, and are thus working in an uncoordinated
manner, especially during transients. In contrast to this,the
direct MPC scheme accounts for all the control objectives in
one constrained optimization problem and addresses them in
one computational stage. Thanks to this, MPC can tellingly
reject any disturbances as control and modulation act in a
fully coordinated manner.

B. Grid Faults

The performance of the direct MPC scheme is also ex-
amined in the presence of grid faults. More speci�cally, the
discussed scenario considers a phase-to-phase fault in thegrid
voltage. Consequently, an imbalance appears in the PCC volt-
age as it now contains negative-sequence components as well,
i.e., the PCC voltage is of the formvpcc = vpcc;1 + vpcc;� 1,
where it is assumed that the amplitude of the positive-sequence
component iŝV1 = 0 :75p.u. and that of the negative-sequence
componentV̂� 1 = 0 :25p.u. Moreover, the BPSC strategy is
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Fig. 14: Experimental results of VOC (DSRF-CC) at a sudden grid fault,
f sw = 5 kHz.

used to generate the reference values fed into the proposed
direct MPC method. Fig. 13 shows the control performance
when the grid suddenly experiences the described phase-to-
phase fault att = 10 ms. As can be observed, the proposed
direct MPC scheme responds quickly to the sudden voltage
drop and the appearance of the negative-sequence voltage.
Thanks to its MIMO nature and the direct control of the grid
and converter currents, no overshoots appear in these variables
after the fault, with their maximum value being around1:2p.u.
As a result, all controlled variables are quickly regulatedalong
their references, resulting in a balanced three-phase sinusoidal
grid current.

For comparison purposes, a linear controller, namely, the
decoupled double synchronous reference frame current con-
troller (DSRF-CC) [12], is also implemented, while the cross-
feedback decoupling network is used along with LPFs [25]
to extract the positive- and negative-sequence current compo-
nents. Its performance under the same scenario is shown in
Fig. 14. As illustrated, the grid and converter currents exhibit
overshoots, reaching values of about1:5p.u. after the fault.
Moreover, noticeable oscillations in the controlled variables
can be observed that prolong the transient phenomenon.

As a next scenario, the behavior of the proposed direct
MPC algorithm is examined under an active power reference
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Fig. 15: Experimental results of direct MPC during an activepower reference
step-up change under faulty grid conditions,f sw = 5 kHz.

step-up and step-down change. Figs. 15 and 16 show the
behavior of the system for the step-up and step-down change,
respectively, which is commanded att = 20 ms. As shown,
in both cases, the system reaches the new operating point
just within 2ms, while no oscillations are observed. Moreover,
the grid currents are sinusoidal, with low harmonic content,
and well balanced, as expected with the BPSC strategy. The
performance of DSRF-CC under the same scenario is shown
in Figs. 17 and 18. As can be seen, its transient performance
is much slower compared to that of direct MPC. Especially
during the power reference step-down change, not only large
oscillations appear at the beginning of the transient, but also
it takes almost80ms—which is about40 times greater than
the time required by the direct MPC scheme—to �nally settle
to the new operating point.

Another interesting transient scenario is the transition be-
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Fig. 16: Experimental results of direct MPC during an activepower reference
step-down change under faulty grid conditions,f sw = 5 kHz.

tween the two methods that provide the output references, see
Section III-A2. As shown in Figs. 19 and 20, direct MPC
can seamlessly switch between BPSC and PNSC strategies,
producing either a balanced three-phase current or a constant
active power, respectively. In comparison, the transitions of
DSRF-CC between the two methods require signi�cantly more
time, see Figs. 21 and 22. Similar to the dynamic performance
shown in Figs. 17 and 18, DSRF-CC needs about80ms to
�nally reach the new reference values provided by either BPSC
or PNSC. This slow dynamic response is mainly due to the
LPFs in the current control loops,6 which are necessary in
the DSRF-CC scheme for attenuating the oscillations caused
by the interaction between the positive- and negative-sequence

6The cut-off frequency was set to! f = ! g =
p

2, as suggested by many
previous studies, e.g., [2], [25]. Note that the control tends to be unstable
when the cut-off frequency is tuned to be either too high or too low, see [2,
Section 10.3].
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Fig. 17: Experimental results of VOC (DSRF-CC) during an active power
reference step-up change under faulty grid conditions,f sw = 5 kHz.

current vectors.

V. CONCLUSION

This article presented a direct MPC strategy for grid-tied
converters (GTCs) withLCL �lters that can successfully
operate the system under both nominal and faulty grid condi-
tions. To achieve this, the reference values of the controlled
variables, i.e., the grid and converter current as well as the �lter
capacitor voltage, are generated to account for the different
grid conditions. Subsequently, a versatile system modeling that
relies on the gradient of the system output is employed to
tackle the MIMO characteristics of the system in question. In
doing so, the design of the control and modulation problems as
a uni�ed problem is enabled. As a result, the proposed single
control structure is suitable for all different scenarios without
requiring adjustments and/or retuning when the operating

Time [ms]

0 10 20 30 40 50 60 70 80 90 100
-0.5

0

0.5

1

(a) Active (blue line) and reactive (green line) power at thePCC.

Time [ms]

0 10 20 30 40 50 60 70 80 90 100
-1

-0.5
0

0.5
1

(b) Three-phase PCC voltagevpcc ;abc .

Time [ms]

0 10 20 30 40 50 60 70 80 90 100
-1

-0.5
0

0.5
1

(c) Three-phase converter currenti conv ;abc .

Time [ms]

0 10 20 30 40 50 60 70 80 90 100
-1

-0.5
0

0.5
1

(d) Three-phase grid currenti g;abc .

Time [ms]

0 10 20 30 40 50 60 70 80 90 100
-1

-0.5
0

0.5
1

(e) Three-phase capacitor voltagevc;abc .

Fig. 18: Experimental results of VOC (DSRF-CC) during an active power
reference step-down change under faulty grid conditions,f sw = 5 kHz.

conditions change. This is in stark contrast to conventional
control methods that rely on linear control techniques as these
decompose the MIMO control problem into several SISO con-
trol loops that interact with each other in an adverse manner.
For this reason, retuning and gain scheduling are required
when the operating point changes, leading to a cumbersome
tuning procedure and a low bandwidth. These problems are
further aggravated since linear control techniques—as opposed
to the proposed direct MPC method—are augmented with an
active damping loop, which tends to further compromise the
performance and design procedure. The superior performance
of the proposed direct MPC method was veri�ed with the
presented experimental studies that related to operation under
nominal conditions characterized by persistent disturbances as
well as faulty grid conditions.

The main challenge in implementing the proposed direct
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Fig. 19: Experimental results of direct MPC during a change from BPSC to
PNSC under faulty grid conditions,f sw = 5 kHz.

MPC strategy is its high computational burden. Although an
ef�cient in-house solver was adopted, high-performance con-
trol hardware is still required to solve the underlying optimiza-
tion problem in real time. Methods for further reducing the
computational complexity can be investigated in future work.
Moreover, although some guidelines about the tuning of the
weighting factors of the MPC objective function are provided
in this work, tuning can still be laborious as it is tailored to
the problem at hand and case-dependent. Additionally, this
work demonstrated the advantages of the direct MPC strategy
in terms of controller bandwidth and robustness against grid
faults. Its potential can be further explored by considering
other more challenging scenarios encountered in modern grids.
For example, the current limiting ability of the controllerat
voltage sags and phase jumps as well as its performance for
grid support, are possible research directions.
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Fig. 20: Experimental results of direct MPC during a change from PNSC to
BPSC under faulty grid conditions,f sw = 5 kHz.

APPENDIX

The vectorr 2 R24 and matrixM 2 R24� 3 in (19) are

r =

2

6
6
6
4

y ref (t0) � y (t0)
y ref (t0) � y (t0)

y ref (t0) � y (t0)
� (y ref (Ts) � y (t0) � m (t3)Ts)

3

7
7
7
5

and

M =

2

6
6
6
4

m t 0 06 06

m 0 m t 1 06

m 0 m 1 m t 2

� m 0 � m 1 � m 2

3

7
7
7
5
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Fig. 21: Experimental results of VOC (DSRF-CC) during a change from BPSC
to PNSC under faulty grid conditions,f sw = 5 kHz.

with

m t i = m (t i ) � m ref

m i = m (t i ) � m (t i +1 ) ;

wherei 2 f 0; 1; 2g. Moreover, the matrixS 2 R3� 3 and the
vectorw 2 R3 are

S =
1
Ts

h
� u abc(t1) � u abc(t2) � u abc(t3)

i
;

w = u abc(t3) � �u abc(k � 1) ;

with

� u (t i ) = u abc(t i ) � u abc(t i � 1) ; i 2 f 1; 2; 3g :

Finally, eQ = diag(Q; Q; Q; Q).
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(b) Three-phase PCC voltagevpcc ;abc .
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(c) Three-phase converter currenti conv ;abc .
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(d) Three-phase grid currenti g;abc .
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(e) Three-phase capacitor voltagevc;abc .

Fig. 22: Experimental results of VOC (DSRF-CC) during a change from PNSC
to BPSC under faulty grid conditions,f sw = 5 kHz.
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