
IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 7, JULY 2016 5189

Finite Control Set Model Predictive Current Control
for Grid-Connected Voltage-Source Converters
With LCL Filters: A Study Based on Different

State Feedbacks
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Abstract—This paper presents different state feedback ap-
proaches of finite control set model predictive control (FCS-MPC)
applied to a grid-connected voltage-source converter (VSC) with
an LCL filter. Besides converter-side current feedback, two mul-
tivariable control approaches and line-side current control are
introduced and compared based on theoretical and experimen-
tal evaluation. As the LCL filter introduces an additional reso-
nance frequency to the system, the use of different active damping
(AD) methods in combination with FCS-MPC is discussed. Fur-
thermore, practical control implementation issues are discussed.
The presented methods reveal the great potential, high dynamic
performance, and flexibility of FCS-MPC, enabling multivariable
control as well as both reduced switching losses and low harmonic
current distortion at the same time. Eventually, the feasibility of the
theoretical control concepts is shown in a laboratory environment.

Index Terms—Active damping (AD), digital control, direct cur-
rent control, finite control set (FCS), grid-connected converter,
LCL filter, model predictive control (MPC), state feedback, voltage-
source converter (VSC).

I. INTRODUCTION

THE total installed power of voltage-source converters
(VSCs) that are connected to the power grid has expe-

rienced a dramatic growth during the last decades [1] and which
will no doubt continue considering the vigorous efforts of pro-
moting decentralized renewable energy [2]. At the same time
the computing speed of modern digital signal processors (DSP)
has multiplied and enabled modern control strategies like fuzzy
control [3], adaptive control [4], sliding mode control [5] or
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predictive control algorithms [6]–[13] to be applied in indus-
trial power electronic converter systems.

Recently, model predictive control (MPC) [14]–[21] has
been demonstrated to be a promising alternative to classi-
cal pulsewidth modulation (PWM) control schemes based on
voltage-oriented control (VOC) [22] or direct power control
(DPC) [23]. In contrast to continuous control set MPC (CCS-
MPC), the finite control set (or direct) MPC (FCS-MPC) scheme
does not need a modulator and is well designed for digital power
inverter control systems that are characterized by discrete sam-
pling values, well-known models, nonlinearities, a finite number
of switching states, and additional physical system constraints.
FCS-MPC meets those requirements and offers great flexibil-
ity for various power converting applications, as highlighted in
[6]. Additionally, this control scheme allows variable switching
frequencies. Consequently, FCS-MPC provides the potential to
optimize switching power losses and their distribution in com-
plex converter topologies by directly manipulating the semicon-
ductors switching states [24], [25]. However, MPC algorithms
put large requirements on the control hardware in terms of com-
putation performance and speed [26].

Moreover, the high-frequency switching transitions (typically
2–15 kHz for low-voltage medium/high-power applications)
cause high-order harmonics, which can disturb sensitive equip-
ment connected to the grid [27]. In order to fulfill the grid code
requirements, it is necessary to introduce a line filter between the
VSC and the point of common coupling (PCC). FCS-MPC has
been proven to suit well for simple inductive filters (L filters),
e.g., presented in [8]–[11]. However, an LCL filter is an attrac-
tive alternative to reduce costs and improve dynamic response
compared to conventional L filters [27], [28]. This third-order
filter embodies a substantially more complex control problem
as resonance frequencies may get excited by switching harmon-
ics. To achieve sinusoidal line currents with low total harmonic
distortion (THD), this problem has to be addressed by adequate
filter design and active damping (AD) strategies [29]. Typically,
FCS-MPC leads to variable switching frequencies. Thus, spe-
cial attention has to be paid while introducing AD methods to
FCS-MPC applications, such as suggested in [30]–[32].

In this paper, online optimized FCS-MPC approaches for
grid-connected VSC with LCL filters based on different state
feedbacks are presented with the objective to minimize switch-
ing losses (via lower switching frequencies) and achieve accept-
able current distortion. Besides common converter-side current
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Fig. 1. Block diagram of grid-connected VSC with LCL filter.

feedback, this paper presents and compares three new feedback
approaches including multivariable control and direct line-side
current control based on FCS-MPC. To overcome stability issues
and avoid excitation of the LCL filter natural frequencies, AD ap-
proaches are discussed. Among well-known virtual-resistance
AD, an approach by additional control variables and model-
based long-term prediction AD are studied. Measurements are
carried out utilizing a 22-kW laboratory test-bench that in-
cludes a grid-connected two-level VSC with an LCL-type line
filter.

This paper is structured as follows: In Section II, a description
of the system and the key aspects of proper system modeling
and discretization are given. Following this, the general concept
of FCS-MPC and advanced features, like switching frequency
reduction or algorithm optimization for a reduced calculation
burden, are introduced in Section III. The studies on the LCL
filter control problem and different feedback approaches with
AD solutions are compared and further discussed in Section
IV. To validate the theoretical concept, Section V presents an
experimental analysis.

II. SYSTEM MODELING

As its name implies, MPC utilizes a system model. There-
fore, proper system modeling and discretization are key ele-
ments for a successful implementation and satisfying control
performance. The system variables of the system under study
are illustrated in Fig. 1. The system model is based on the
stationary αβ reference frame representation. For a balanced
three-phase system with isolated neutral point, the zero sequence
components are neglected. Thus, all generic three-phase vari-
ables zabc ∈ R3 are transformed to zαβ ∈ R2 by applying the
simplified, amplitude-invariant Clarke transformation as given
in (1). The two-dimensional vector zαβ is equally expressed
as the complex variable zαβ with the complex transformation
matrix T αβ (2)

zαβ =

[
zα

zβ

]
= T αβzabc, T αβ =

1
3

[
2 −1 −1

0
√

3 −
√

3

]

(1)

zαβ = zα + jzβ = Tαβzabc, T αβ =
2
3

[
1 ej 2

3 π ej 4
3 π

]
.

(2)

A. LCL Filter

The converter-side current if c is defined as the current
through the converter-side filter inductance Lf c and the associ-
ated winding resistance Rf c . On the other side, if g represents
the current through line-side inductance Lf g and winding re-
sistance Rf g . Furthermore, uf is defined as the voltage across
the filter capacitance Cf and equivalent serial resistance Rf .
By applying Kirchhoff’s law to the LCL filter elements and
rearranging the equations, a state-space model is derived with
the state vector x1 , system matrix A1 and control matrix B1 , as
specified in (3)-(5). The system states are influenced by the con-
trol vector u1 , consisting of the converter output voltage ucnv

as the control variable and the disturbance voltage uPCC at
the PCC

d

dt

⎡
⎢⎣

if c (t)

if g (t)

uf (t)

⎤
⎥⎦

︸ ︷︷ ︸
ẋ1

= A1

⎡
⎢⎣

if c (t)

if g (t)

uf (t)

⎤
⎥⎦

︸ ︷︷ ︸
x1

+B1

[
ucnv (t)

upcc(t)

]
︸ ︷︷ ︸

u1

(3)

A1 =⎡
⎢⎢⎢⎢⎢⎢⎢⎣

−Rf c

Lf c
0

1
Lf c

0 −Rf g

Lf g
− 1

Lf g

Rf Rf c

Lf c
− 1

Cf

1
Cf

− Rf Rf g

Lf g
−Rf

(
1

Lf c
+

1
Lf g

)

⎤
⎥⎥⎥⎥⎥⎥⎥⎦
(4)

B1 =

⎡
⎢⎢⎣
− 1

Lf c
0

Rf

Lf c

0
1

Lf g

Rf

Lf g

⎤
⎥⎥⎦

T

. (5)

B. Converter and DC Link

Given the 23 switching states of a three-phase two-level VSC,
an ideal switch model with either active upper (s = 1) or active
lower half bridge (s = −1) is used as described in (6). As a
consequence, with respect to the virtual neutral point N, either
the electrical potential +udc/2 or −udc/2 is applied to the
corresponding ac-side phase output terminals of the converter.



PANTEN et al.: FINITE CONTROL SET MODEL PREDICTIVE CURRENT CONTROL FOR GRID-CONNECTED VOLTAGE-SOURCE CONVERTERS 5191

Utilizing the Clarke transformation, the three-phase converter
output voltage ucnv is expressed as a function of the switching
vector s, cf. (7)

s (t) =

⎡
⎢⎣

sa (t)

sb (t)

sc (t)

⎤
⎥⎦ , s (t) ∈ S = {1,−1}3 ∀t (6)

ucnv (t) = T αβs(t) · udc(t)
2

. (7)

For improving load disturbance rejection, the disturbance cur-
rent iload is added to the state-space model utilizing the dc-link
current id (8) and the dc-link dynamics (9), leading to the state
space formulation as described in (10)–(12), equation (12) is
shown as the bottom of the page.

id(t) =
3
4

(T αβs (t))T ifc,αβ (t) (8)

d

dt
udc (t) =

id − iload

Cdc
(9)

d

dt

⎡
⎢⎢⎢⎢⎢⎢⎣

if c(t)

if g (t)

uf (t)

udc (t)

iload(t)

⎤
⎥⎥⎥⎥⎥⎥⎦

︸ ︷︷ ︸
ẋ2

= A2 [s (t)]

⎡
⎢⎢⎢⎢⎢⎢⎣

if c(t)

if g (t)

uf (t)

udc (t)

iload(t)

⎤
⎥⎥⎥⎥⎥⎥⎦

︸ ︷︷ ︸
x2

+B2 upcc(t)︸ ︷︷ ︸
u2

(10)

B2 =
[

0
1

Lf g

Rf

Lf g
0 0

]T

(11)

C. PCC Voltage Disturbance

Furthermore, as the line voltages are usually unbalanced and
superimposed with harmonics [33], it is advisable to improve
disturbance rejection by accurate modeling [34] to ensure si-
nusoidal current waveforms. Therefore, the line-voltages at the
PCC are modeled as multiple superimposed ac waveforms in
symmetrical components

uPCC(t) = uPCC1+ejωt + uPCC1−e−jω t

+ uPCC5−e−j5ωt + uPCC7+ej7ωt . (13)

While uPCC1+ represents the fundamental voltage positive
sequence in αβ coordinates, fundamental voltage unbalances
are expressed by the corresponding negative voltage sequence
uPCC1−. The fifth and seventh voltage harmonics are indicated
by uPCC5− respectively uPCC7+ , considering the corresponding
positive or negative sequence in a three-phase three-wire power
system [35]. The terms are added to the state space formulation
as summarized in (14)–(16). The initial system values are ex-
tracted from uPCC with phase-locked loops based on multiple
second-order generalized integrators (MSOGI-PLL) [36]

d

dt
x(t) = A [s (t)] x(t) (14)

x = [if c if g uf udc iload uPCC1+ uPCC1−

uPCC5− uPCC7+ ]T (15)

A [s(t)] =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

A2 [s (t)] B2 B2 B2 B2

0 jω 0 0 0

0 0 −jω 0 0

0 0 0 −j5ω 0

0 0 0 0 j7ω

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (16)

D. Discretization

By defining k as the current multiple of the sample time
Ts(kTs ≡ t), the continuous state space formulation is equiva-
lently discretized by calculating the matrix exponential eATs to
obtain the discrete system matrix Ad [37]

x (k + 1) = eA(s(k))Ts︸ ︷︷ ︸
Ad(s(k))

x (k) (17)

Ad = eATs = I +
ATs

1!︸ ︷︷ ︸
Ad , e f

+
(ATs)

2

2!
+

(ATs)
3

3!
+ · · ·︸ ︷︷ ︸

≈0(approx.error)

.

(18)

Assuming invariant parameters, the discretization can be nu-
merically done by solving the series expansion (18) for each
possible switching state before compiling the control program.
Thus, no calculation burden is created during runtime. How-
ever, as high sample frequencies fs > 20 kHz are applied, the

A2 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

−Rf c

Lf c
0

1
Lf c

−1
2Lf c

T αβs 0

0 −Rf g

Lf g

−1
Lf g

0 0

Rf Rf c

Lf c
− 1

Cf

1
Cf

− Rf Rf g

Lf g
−Rf

(
1

Lf c
+

1
Lf g

)
Rf

2Lf c
T αβs 0

3
4Cdc

sT T T
αβ 0 0 0

−1
Cdc

0 0 0 0 0

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

. (12)
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Euler forward discretization Ad,ef is utilized and the associated
approximation error of higher order terms is neglected.

III. FINITE CONTROL SET MPC

A. Principle

For FCS-MPC each predicted system state vector xp (�sn )
as a function of feasible inverters switching trajectories �sn =
s (k) |s (k + 1) | · · · |s(k + n),�sn ∈ Sn is evaluated at the ini-
tial sampling instant k along the prediction instants n ∈
{1, . . . , Np} until the prediction horizon Np ∈ N. Calcula-
tion takes place on the basis of the afore mentioned discrete
state-space model (14)–(16), which is continued for subsequent
prediction instants along Np , as noted

xp (�sn ) = A (s (k + n)) x (�sn−1)∀�sn ∈ Sn . (19)

Each prediction instant xp (�sn ) is rated by calculating the
partial cost function g (�sn−1 , s (n)), cf. (20). This evaluates the
predicted system states referred to the desired system state x∗(n)
of the reference trajectory �x∗ at sampling instant k + n, thus de-
termining the transition cost from state xp (�sn−1) to xp (�sn ). By
minimizing the total cost G (�s)∀�s ∈ SN p

(21), the optimal path
�s∗ in the prediction tree is selected and the associated switching
vector for the next sampling instant �s∗(n = 1) is applied to the
system. The control loop is closed by repeating the algorithm
each sampling instant (the receding horizon principle) [38]

g (�sn) = g (�sn−1 , s (n)) = f [xp (�sn ) ,x∗(n)] (20)

min
�s

{
G (�s) =

N p∑
n=1

g (�sn−1 , s(n)) ,∀�s ∈ SN p

}
→ �s∗. (21)

B. Switching Frequency Reduction

It is assumed that the absolute cost function gi is quadratic
and is affected by the weight factor λi for current tracking
and nsw (�sn−1 ,�sn ), which defines the number of commutations
from state �sn−1 to �sn . Adding nsw with a gain λsw , the cost
function punishes trajectories with many switching operations,
which leads to a reduced average switching frequency and lower
switching losses within the IGBT modules [24], [25], [39]. By
appending the reciprocal current prediction horizon 1/n, earlier
commutations are penalized harder than later ones, which defers
commutations for a late-switching strategy [26]

g(�sn )=λi · |ip(�sn ) − i∗(k + n)|2︸ ︷︷ ︸
gi

+
λsw

n
· nsw (�sn−1 ,�sn ) .

(22)
It is worth mentioning that higher gains λsw lead to lower

switching frequencies and vice versa. However, a bigger weight
on switching issues does compromise the current tracking per-
formance and increases current distortion.

C. Practical Implementation Aspects

In a real-time implementation, the execution time of the con-
trol algorithm demands the major part of the sample period,
leading to a one sampling period system delay between inputs
and actuation. In [40], it is shown that the effect of the time delay

has a negative impact on the prediction and control performance.
This issue is solved with a simple delay compensation scheme
by modifying the initial system state vector x(k) to x(k + 1)
with an early prediction step and the active switching state s(k)
at sampling instant k.

In [26], several strategies for long-time predictions (multi-
ple samples ahead) with reduced computation complexity are
presented. Based on this study, flexible prediction sequences
(e.g., {C,E,C,E}) are introduced to FCS-MPC, consisting of
control (C) and extension (E) steps and replacing the classic
idea of prediction and control horizons. In (C) steps, all pos-
sible switching vectors are evaluated, while the (E) steps only
extend the preceding switching state to a later point in time.
The latter is done by extrapolating the system variables or com-
puting the prediction step (19). To achieve longer prediction
steps, it is also possible to use multiple discrete system matrices
Ad(T prd, s), which are discretized based on lower sampling
frequencies fprd = 1/Tprd < fs . Thus, this method is referred
to as downsampling strategy.

For efficient and fast real-time calculation, the used control
script is based on a recursive object-oriented programming algo-
rithm. Also redundant zero switching vectors are predicted only
once and linked by pointers in the prediction tree. Furthermore,
redundancies in the system matrices are analyzed, calculations
executed only once and then cached for further uses. If the
algorithm execution time still exceeds the sampling period, a
reduced switching graph algorithm [41] is used to decrease the
calculation burden, considering only switching sequences with
one commutation per sample nsw (�sn−1 ,�sn ) = 1. However, this
approach impairs the control performance as the solution space
of the optimization problem is restricted.

IV. STATE FEEDBACK AND AD APPROACHES

A. Control Problem

The goal of grid-connected VSC control is the independent
control of active and reactive power supplied to or drawn from
the grid. Therefore, the VOC scheme is utilized, which is based
on the phase angle of the line voltage uPCC [42]. Since an
LCL filter is used for grid connection, resonant frequencies are
introduced to the plant. In Fig. 2, the associated Bode diagrams
of the LCL filter are illustrated. Two resonance frequencies fres1
and fres2 are identified

fres1 =
1
2π

√
Lf c + Lf g

Cf Lf cLf g
(23)

fres2 =
1
2π

1√
Cf Lf g

. (24)

In [27], LCL filter parameter design guidelines applied for
PWM-based control approaches are presented. Contrary to those
indirect control strategies with fixed average switching frequen-
cies fsw , in FCS-MPC fsw is variable. The average switching
frequency of FCS-MPC is difficult to determine in advance since
it depends on the specific controller design and the converters
operating point. Consequently, the LCL filter design task is in-
fluenced by the controller properties and vice versa. Also the
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Fig. 2. Bode plot of LCL filter transfer functions.

TABLE I
LCL FILTER DESIGN CONSTRAINTS

Symbol Description Value (p.u.)

fsw , m in Minimal average switching frequency 30 p.u.
Lg , m a x Maximal grid inductance 0.0125 p.u.
fr e s 1 , m in , fr e s 2 , m in Minimal resonance frequencies 10 p.u.
fr e s 1 , m a x , fr e s 2 , m a x Maximal resonance frequencies 15 p.u.
|Lf c + Lf g |m a x Maximal total inductance 0.1 p.u.
xr , m a x Maximal reactive power 0.08 p.u.∣∣∣∣ If c (fsw , m in )
U c n v (fsw , m in )

∣∣∣∣
m a x

Minimal converter-side current damping −20 dB∣∣∣∣ If g (fsw , m in )
U c n v (fsw , m in )

∣∣∣∣
m a x

Minimal line-side current damping −34 dB

resonance frequencies are affected by the present grid
impedance which can be modeled as an inductance Lg in series
to Lf g .

Assuming a maximal grid inductance Lg,max for a maximal
offset of the LCL filter resonance frequency and a minimal av-
erage switching frequency fsw ,min , the standard filter design
procedures from [27] are adapted in a first step. The considered
design constraints are given in Table I with base values from
Table IV (see the Appendix). In a second step, the LCL filter
parameters are validated in simulations and experiments at dif-
ferent operating points while progressively tuning the LCL filter
for sufficient damping of line current distortion, leading to the
LCL filter parameters indicated in Table IV (see the Appendix).

B. Converter-Side Current if c Control
(Without Additional AD)

Feedback of the converter-side current if c is the simplest
solution for current tracking as the converter current is highly
dynamic and resonances are easy to handle with proper LCL
filter design, even with small prediction horizons Np ≤ 2. A
quadratic cost function in stationary αβ reference frame is
used, as shown in (25). For simplification the notations of
cost functions are given without commutations penalizing term

Fig. 3. Single-phase block diagram of damped LCL filter by adding parallel
(virtual) damping resistance.

and for Np = 1 in the following. The reference values of the
converter-side current idq∗

f c are given by an outer dc-link voltage-
control loop and the desired reactive power in dq rotating refer-
ence frame. The values are then transformed to αβ stationary-
reference-frame-based i∗f c(k + n) along the predicted horizon
n ∈ {1, . . . , Np} in each case with the adjusted transformation
angle θ (k + n) according to (26)

g = λi ·
∣∣∣ipf c − i∗f c

∣∣∣2 (25)

i∗f c (k + n) = idq∗
f c (k) · exp

⎡
⎢⎢⎢⎣−

(
θ (k) + n · ω0

fs

)
mod 2π︸ ︷︷ ︸

θ(k+n)

⎤
⎥⎥⎥⎦ .

(26)

To compensate for the reactive power consumption of the
LCL filter, a feed-forward term is added to the converter-side
current reference value ∗

f c , given as follows:

iq∗f c (k + n) = iqf g (k + n) − ω0Cf
|uf (k + n)|2

|uPCC (k + n)| . (27)

One drawback with using the converter-side current if c as
feedback is that the line-side current if g may be distorted since
switching-induced harmonics that appear in the waveforms of
if c are amplified to if g due to the LCL filter resonance fres2
(see Section V-E). Despite the system may run in stable op-
erations point, depending on the LCL filter setup, often those
line-side current distortions do not satisfy the operator’s grid
code requirements.

C. Converter-Side Current if c Control With Virtual
Resistance AD (VR-AD)

To avoid or mitigate resonant effects in the converter-side
current if c feedback, additional AD networks are applied. Re-
sistances in between the LCL filter components help to dampen
the oscillations, as shown in Fig. 3. However, adding resistances
to the filter (passive damping) induces additional ohmic losses.
This is contrary to the ultimate goal of achieving high-efficiency
power conversion systems.

A well-known approach to mitigate these losses is to use a
virtual resistance (VR)-based AD concept by using additional
feedback of the filter voltage uf [30], [31], [43]. This method
simulates a damping resistance Rdp by injecting an additional
converter-side current component. While different realizations
of the damping resistance (parallel or in series to Cf , Lf c , or
Lf g ) are possible, the parallel damping resistance approach is
straightforward as no differentiator is necessary [31]. Here, due
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Fig. 4. Block diagram of VR-AD for uf and if c feedback.

to a minimal calculation burden the virtual damping resistance
Rdp in parallel to the filter capacitance Cf is applied, realized
by injecting a if c component in phase to uf . Additionally, to
avoid power flow disturbances, the fundamental voltage wave-
form is extracted from uf . To achieve this, the fundamental is
transformed into a dc signal by dq transformation and then re-
moved by applying a simple first-order infinite impulse response
(IIR) high-pass filter. The filtered signal then is divided by the
desired damping resistance and added to the current reference.
The block diagram of this VR-AD approach is shown in Fig. 4.

Problems may occur as soon as the line voltage is distorted
by harmonics, which cannot be dampened by VR-AD. In this
case, those harmonics are continuously fed back to the current
reference leading to increased distortion of the line-side cur-
rent waveforms. The harmonics of order λ in the line-side cur-
rent If g (λf0) (here, f0 denotes the fundamental frequency) will
propagate in all settings if the voltages Uf (λf0) and UPCC(λf0)
differ in amplitude and/or phase.

D. Converter-Side Current if c and Filter Voltage uf

Multivariable Control

To reduce the aforementioned negative effects of line-side
current distortion, it is desirable to control the filter voltage uf

in a way that Uf (λf0) = UPCC(λf0) is achieved. FCS-MPC
enables multivariable control, which controls the filter voltage
uf on a reference trajectory in addition to the standard converter-
side current if c . Treating the current reference i∗f g as steady state
at fundamental angular frequency ω0 , the filter-voltage reference
u∗

f is calculated using (28) through the Rf g and Lf g branch. At
this point, the extended system model (14)–(16) is utilized. The
extended system model enables the consideration of harmonics
both in the predictions and the reference trajectory

u∗
f (k + n) = uPCC ,1p(k)ej ω 0

2 π n + uPCC ,1n (k)e−j ω 0
2 π n

+uPCC ,5n (k)e−j 5 ω 0
2 π n +PCC ,7p (k)ej 7 ω 0

2 π n

− (Rf g + jω0Lf g ) idq∗
f g (k)e−θ(n) . (28)

The related cost function is given in (29). Because of different
magnitudes and operating point dependencies, the cost function
is normalized by dividing the square of the absolute measured
values. The current normalization is recommended based on
the filtered line-side current if g as these waveforms are less
distorted by switching harmonics. Further, attention must be
paid to the choice of the weighting factors λi and λu in the cost
function because current tracking should be prioritized

g =
λi∣∣if g

∣∣2
∣∣∣ipf c − i∗f c

∣∣∣2 +
λu∣∣uf

∣∣2
∣∣∣up

f − u∗
f

∣∣∣2 . (29)

As two of three states of the LCL filter are controlled, the un-
controlled resonant energy oscillation between the inductances
and the capacitance is effectively avoided. On the downside, the
cost function (29) is more complex compared to single-variable
control in terms of calculation burden and control parameter de-
sign. Model inaccuracies and the steady-state assumption make
this multivariable approach prone to current deviations from the
set point, as shown in the measurement study in Section V.

E. Line-Side Current if g Control (Without AD)

The straightforward approach of controlling the power at PCC
is using a direct line-side current if g feedback as no reactive
power compensation is necessary. The simple cost function (30)
proves to be beneficial as well. However, this approach requires
control and prediction horizons Np > 1 due to the fact that the
predicted value of if g cannot be directly manipulated by S when
utilizing the Euler forward discretization

g = λi ·
∣∣∣ipf g − i∗f g

∣∣∣2 . (30)

Due to the third-order filter effect reducing high frequency
switching harmonics, much fewer switching operations are
necessary to track sinusoidal fundamental reference trajectories
in the line-side currents if g instead of in the converter currents
if c . However, studying the long switching patterns reveals
that the converter current spectrum is shifted towards the LCL
filters Eigen frequencies, exciting the resonance to unstable
operation. Considering that the system model represents all
relevant system dynamics, the model predictive controller
should anticipate switching trajectories which excite resonances
and automatically exclude them as they cause high set point
deviations and huge costs. While this theory may be valid
for infinite prediction horizons, the FCS-MPC algorithm with
small horizons cannot properly evaluate this effect because of
the nonnegligible filter delay. Increasing the prediction horizon
is bounded to limits implied by the exponential growing
calculation burden. Nevertheless, it is possible to design
controllers on standard hardware for long-time predictions with
reduced computation complexity, such as by flexible prediction
sequences with downsampling strategies based on a highly
efficient algorithm. These measures, which are described in
Section III-C, ensure the system’s stability.

F. Line-Side Current if g and Filter Voltage uf

Multivariable Control

Similar to the methodology presented in Section IV-D, it is
possible to achieve adequate damping of the system by con-
trolling if g and uf . The associated cost function is shown as
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Fig. 5. Block diagram of virtual resistance AD for if g and uf feedback.

follows:

g =
λi∣∣if g

∣∣2
∣∣∣ipf g − i∗f g

∣∣∣2 +
λu∣∣uf

∣∣2
∣∣∣up

f − u∗
f

∣∣∣2 . (31)

Additionally, VR-AD approaches similar to Section IV-C can
now be implemented. However, in this case, the filtered line
current if g is added to the filter voltage reference u∗

f as uf

control is more dynamic than if g control. The resultant control
block diagram is shown in Fig. 5.

As previously described, this control strategy is highlighted
by a more complex cost function, which is unfavorable in terms
of calculation burden and controller design. The tradeoff be-
tween those two feedback variables translates into a control
performance, which may be hard to anticipate depending on the
operating point.

V. SIMULATION AND MEASUREMENT STUDY

A measurement study is carried out to examine FCS-MPC
control strategies with the presented feedback approaches un-
der laboratory conditions. The required control parameters are
determined in advance in a MATLAB/Simulink simulation envi-
ronment with additional PLECS toolbox. For a comparison, the
best feasible control parameter setting for each control strategy
has been experimentally determined in advance. The converter-
side current feedback strategies perform better without (E) se-
quences due to the unfiltered and highly dynamic character of
if c . In those cases, long prediction steps lead to unfavorable
switching trajectories as switching within the extension step
might be optimal. On the other hand, the implementation of (E)
sequences is strongly advisable for line-side current feedback
strategies due to the filtered and less dynamic characteristic of
if g . Considering the response characteristics of the third-order
LCL filter, longer prediction horizons are necessary to overcome
the filter delay and to properly evaluate the future system states
induced by the switching behavior (see Section IV-E). Thus, a
feasible long-time prediction strategy with (E) steps improves
the control performance and stability. As a result of computing
restrictions, the reduced switching graph [41] has to be utilized
for all methods except pure converter-side current if c feedback.
Table II summarizes the selected control parameters for the dif-
ferent AD approaches.

A. Test-Bench Description and Measurement Methodology

A 22-kW laboratory system is used to validate the proposed
control concepts. The system is composed of a frequency con-
verter with two-level VSI in back-to-back configuration. To
achieve an adjustable dc-load current one VSI is connected
to a three-phase, grid-fed galvanic isolated step-up transformer,
whereas the other VSI (here: the device under test, DUT) is

TABLE II
CONTROL PARAMETERS

Control variable(s) (a) if c (b) if c and uf (c) if g (d) if g and uf

Control sequence {C,C} {C,C} {C,E,C,E} {C,E,C,E}
Sampling frequency fs 22 kHz 22 kHz 22 kHz 22 kHz
{E} prediction step Tp r d – – 2 Ts 2 Ts

Reduced switching graph No Yes Yes Yes
Prediction horizon h 2 Ts 2 Ts 6 Ts 6 Ts

Weighting factor λi 3 3 10 10
Weighting factor λu – 10 – 10
Weighting factor λsw 0.02 0.02 0.02 0.02
Normalization of λi |if c (k)|2 |if c (k)|2 |if g (k)|2 |if g (k)|2
Normalization of λu 2/3 U 2

P C C 2/3 U 2
P C C 2/3 U 2

P C C 2/3 U 2
P C C

AD HP-filter factor α 0.98 – – 0.98
AD virtual resistance Rd p 25 Ω – – 1 Ω

directly connected to the ac mains. By raising the transformer-
output voltage above the dc-link voltage udc , a load current
through the IGBTs freewheeling diodes is established. An LCL
filter is used to connect the DUT VSI to the mains. The con-
trol algorithms are implemented on a dSpace DS1006 board
with custom-written digital waveform output (DWO) codes for
IGBT pulse signal generation as well as for synchronized sam-
pling and switching procedures. The general system parameters
are summarized in Table IV in the Appendix. All presented
measurements are performed on the same experimental setup
without changing the system parameters.

B. Dynamic Control Performance

For examining the control dynamics, a reference-value step
of reactive current iq∗f g = 0 → 15A is carried out while the ac-
tive current reference remains constant id∗f g = 20A. To achieve
comparable operating points, the reference-value step is syn-
chronously triggered when the phase jump of the grid-voltage
phase angle θ = 2π → 0 is identified.

As shown by the measurement results in Fig. 6, high dynamic
current tracking is achieved for all four methods. In case of
converter-side current feedback [see Fig. 6(a) and (b)], the if c

reference is adjusted and achieved within three to four sample
periods. However, the line-side current follows up with a rise
time tr ≈ 0.7 ms and about 50% percentage overshoot (PO).
Additional uf feedback reveals a negligible impact in terms of
dynamics in the present control setup, even though if c and uf

feedback is carried out with the reduced switching graph [41].
In case of line-side current feedback, the if g reference

value is adjusted in tr ≈ 0.5 ms and with less overshoot of
PO ≈ 13%. On the downside, the filter system resonance fres2
seems to be excited in the d-current by long-pulse switching
patterns, as shown in Fig. 6(c). Nevertheless, the resonance is
proper damped afterward and the system remains stable. Longer
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Fig. 6. Measured step responses in dq coordinates and related switching patterns (zoom) for different AD strategies of: (a) converter-side current if c feedback,
(b) converter-side current if c and filter voltage uf feedback, (c) line-side current if g feedback, and (d) line-side current if g and filter-voltage uf feedback.

TABLE III
MEASURED DYNAMIC AND STEADY-STATE CONTROL PERFORMANCE FOR

DIFFERENT AD CONCEPTS

Control Variable(s) (a) if c (b) if c and uf (c) if g (d) if g and uf

tr (if g ) 0.7 ms 0.7 ms 0.5 ms 1.0 ms
PO (if g ) ∼50% ∼50% ∼13% ∼10%
THD4 0 (if g ) 4.7% 3.9% 2.1% 5.1%

prediction horizons tend to avoid those resonance problems and
stabilizing the system during transients. It is worth mentioning
that the if c current ripple is bigger due to the decreased av-
erage switching frequency necessary for if g tracking. Adding
uf feedback to the cost function reveals a major impact on the
dynamics of if g in this case, doubling the rise time to tr ≈ 1.0
ms. As it can be seen from Fig. 6(d), a steady-state deviation in
the d-current of approximately 2.5 A is caused by the second
control variable. However, the AD approach successfully avoids
resonance excitation during the transients. The dynamic control
performances of the presented approaches are summarized in
Table III.

In Fig. 7, the corresponding simulation results of the measured
step responses presented in Fig. 6 are illustrated. The simula-
tions have been carried out utilizing the same parameter and
control settings for each feedback strategy as discussed before.
Besides a slightly higher current ripple observed in simulation,
these results reveal a high degree of conformity compared to
the presented measurement results. The higher current ripple is
traced back to not modeled blanking-time effects of the under-
lying simulation model.

C. Steady-State Control Performance

For steady-state performance, the system is examined with
both constant id∗f g = 20A and iq∗f g = 15A current references. The
resulting three-phase current waveforms are presented in Fig. 8.
Despite AD, the line-side current is still distorted by harmonics
that are mainly induced by the resonant pole at fres1 and the
distinctive fifth and seventh harmonics in the filter voltage [see
Fig. 8 (a)]. Those are fed back to the current reference by the AD
approach. By adding uf control to the cost function, uPCC dis-
turbance rejection is improved and the line-side current if g has
less distortion [see Fig. 8(b)]. The best result is achieved with if g

feedback only, as shown in Fig. 8(c), and it is worth mentioning
that this almost sinusoidal current is achieved with the lowest
average switching frequency of all methods fsw ≈ 1.6 kHz at
the same time. By contrast, additional uf feedback causes a
significant higher distortion [see Fig. 8(d)]. This characteristics
can be shifted between (c) and (d) by modifying the uf track-
ing weight in the cost function. However, with smaller weight
factors, it is more likely to excite the resonances during tran-
sients. The steady-state results are quantified and aggregated
by the total harmonic distortion of the line-side current if g in
Table III.

D. Switching Frequency Reduction Performance

For comparing the switching frequencies, the converter is
operated at steady state with id∗f g = 35A and iq∗f g = 0A and the
switching cost weight factor Ksw is varied in the interval of
Ksw ∈ {0.00, 0.02, . . . , 0.18, 0.20}. The switching frequency
is plotted against the total harmonic distortion of the line-side
current if g in Fig. 9.
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Fig. 7. Simulated step responses in dq coordinates and related switching patterns (zoom) for different AD strategies of: (a) converter-side current if c feedback,
(b) converter-side current if c and filter voltage uf feedback, (c) line-side current if g feedback, and (d) line-side current if g and filter voltage uf feedback.

Fig. 8. Measured abc current waveforms in steady-state conditions for different AD strategies of: (a) converter-side current if c feedback, (b) converter-side
current if c and filter voltage uf feedback, (c) line-side current if g feedback, and (d) line-side current if g and filter voltage uf feedback.

As can be seen, multivariable control with if c and uf feed-
back is beating standard control with if c feedback with less
current distortion for the same switching frequency in the eval-
uated operating points. However, control with if g feedback out-
performs all other methods. In contrast, additional uf feedback
impairs the result. Even though the distortion is similar to if c

feedback in this case. Also the same weight factor Ksw reveals
less influence on the switching frequency than with the other
feedback approaches.

E. VR-AD Performance

The effect of virtual resistance AD is illustrated in Fig. 10. As
soon as AD is turned off, the resonance from the resonant pole

in the current transfer function at fres1 is excited. Consequently,
the line-side current if g gets significantly distorted.

When looking at the three-phase average current spectrum in
Fig. 11, it is obvious that the proposed AD concept is highly
effective at damping the resonance oscillations fres1 from 15%
to 2% of the fundamental current amplitude. Thus, in this case,
AD is mandatory for satisfying grid-code compliance for power
quality.

F. Comparison of Different Control Approaches

For the case of networks, which are badly affected by har-
monics, the if c and uf feedback approach (b) performs bet-
ter than if c feedback (a). While the transient behavior is
comparable, the line-side current distortion is improved by



5198 IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 7, JULY 2016

Fig. 9. Measured total harmonic current distortion (THD) versus average
switching frequency fsw in steady-state conditions for different AD feedback
approaches.

Fig. 10. Measured abc current waveforms with and without AD.

Fig. 11. Three-phase average (normalized) current spectrum with AD enabled
or disabled (if c feedback).

manipulating uf to follow a suitable reference trajectory (see
Section IV-D).

For the case of reducing switching losses and/or steady-state
line-side current distortion, the if g feedback approach (c) is su-
perior to the other control strategies (see Fig. 9). Furthermore,
the transient response of if g is the most dynamic in comparison.
Nevertheless, resonance excitation and stability may be criti-
cal with feasible prediction horizons. Adding uf feedback, the
if g and uf multivariable control (d) improves the suppression
of resonances but impairs both the dynamic and steady-state
control performance compared to if g feedback (c).

In terms of complexity, the multivariable control strategies (b)
and (d) are the most sophisticated approaches as they demand
more calculation power to calculate the additional cost function
section and the uf set point trajectory. Moreover, due to the
added control parameters, tuning the controller becomes more
complex. On the contrary, the single feedback strategies (a)

and (c) are simpler to tune and require less calculation burden.
However, line-side current control (c) demands long prediction
horizons, which makes it significantly more challenging for
control hardware than (a).

VI. DISCUSSION

The control performance of the presented FCS-MPC algo-
rithm for LCL filters is presented by practical analysis. How-
ever, there are some limitations and open issues of the proposed
control approaches that are discussed in this section.

First, it is assumed that the modeled system parameters match
the actual physical setup. As the FCS-MPC is based on a system
model, depending on the controlled system, feedback variables,
and control parameters the FCS-MPC algorithm is sensitive to
parameter variations. While stability was no issue with if c feed-
back strategies (a and b) in the analyzed setup with parameter
variations up to 50%, increasing model parameter deviations
can cause stability problems with if g feedback (c and d). This
is the result of adulterated predictions of the modeled system
transient response which impedes the controller’s ability to an-
ticipate resonance oscillations. Also the stability margin at if g

feedback is smaller due to the challenging filter delay. Besides,
in all feedback variants (a–d) model parameters mismatches in-
crease the distortion of currents if c and if g . Also may model
mismatches lead to a steady-state error for the multivariable con-
trol strategies (b) and (c) as the calculated reference trajectory
u∗

f is biased.
Second, as sampling and switching take place at the beginning

of a control period in this FCS-MPC setup, measured values may
not correspond to the mean value of currents and voltages. As
a result, the adjusted reference value may differ from the mean
system value, leading to a steady-state error. In [46] and [47],
this effect is studied and approaches to overcome this issue are
proposed. Moreover, as this error is more relevant for lower
sampling frequencies, it is neglected for the examined setup
with fs = 20 kHz.

Third, the measurement study is carried out on a laboratory
system with an LCL filter setup, which was determined with as-
sumptions and constraints of LCL filter parameter design guide-
lines for PWM-based controllers presented in [27] (see Section
IV-A). As the LCL filter design task is influenced by the con-
troller properties and vice versa, special attention was paid to
identify a suitable filter setup in advance. However, a deeper
insight how to design LCL filters for FCS-MPC applications is
highly recommended for future research activities.

VII. CONCLUSION

In this paper, it is shown that FCS-MPC is able to handle
complex control systems like grid-connected converters with
LCL filters. In this case, resonance issues are addressed by
AD approaches like virtual-resistance damping or multivari-
able control. This is implemented with adjusted cost functions
and suitable reference trajectories. Also, inherent model-based
AD proved to be possible with long prediction horizons, which
is realized for online calculation with advanced optimization
techniques. Besides converter-side current feedback, this pa-
per presents and compares three new feedback approaches,
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including multivariable control and direct line current control
based on FCS-MPC.

As the measurements on the 22 kW laboratory test-bench
reveal, all methods present good control performances, satisfy-
ing the grid code compliance with low current distortion and
featuring low switching frequencies at the same time. The com-
mon converter-side current control approach is improved with
additional uf feedback, especially when networks are badly af-
fected with harmonics. Furthermore, the introduced line-side
current control strategy with long prediction horizons was re-
vealed to be the most promising solution for reducing switching
losses and/or steady-state line-side current distortion. Here, the
only potential limitation is calculation power on available con-
trol hardware. As smaller prediction horizons are acceptable,
converter-side current control is easier to implement than if g

feedback strategies and is also very robust against resonance
excitation due to the virtual resistance AD.

The presented FCS-MPC feedback strategies for LCL-filter-
equipped power converter systems have the potential to be a
serious alternative to classical PWM-based control schemes
for high-power high-efficiency VSC applications, offering great
control performance and reduced switching losses.

APPENDIX

See Table IV.

TABLE IV
MEASUREMENT SYSTEM PARAMETERS

Symbol Description Value (per unit)

uP C C Line-to-line voltage (rms) 400 V (1.0)
In Rated converter current (rms) 32 A (1.0)
ω0 Angular line frequency 2π 50 Hz (1.0)
Lg Grid inductance (measured) 80 μH (0.002)
Rg Grid resistance (measured) 120 mΩ (0.01)
Cd c DC-link capacitance 2200 μF (8.6)
Ud c DC-link voltage (controlled) 650 V (1.6)
Lf c Converter-side filter inductance 3.5 mH (0.09)
Rf c Converter-side filter resistance 210 mΩ (0.02)
Lf g Line-side filter inductance 2.5 mH (0.06)
Rf g Line-side filter resistance 150 mΩ (0.01)
Cf Filter capacitance 32.4 μF (0.13)
Rf ESR of filter capacitance 40 mΩ (0.003)
fr e s 1 First filter resonance frequency 726 Hz (14.5)
fr e s 2 Second filter resonance frequency 550 Hz (11.0)
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