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Finite Control Set Model Predictive Control With
Floating Virtual Voltage Vectors for Grid-Connected
Voltage Source Converter

Piotr Falkowski ¥, Andrzej Sikorski

Abstract—This article presents a new algorithm of finite con-
trol set model predictive control (FCS-MPC) with floating virtual
voltage vectors (VVs) applied to grid-connected voltage source con-
verter. The new solution improves the conventional FCS-MPC and
FCS-MPC with virtual VVs, assuring a fixed switching frequency.
In comparison with FCS-MPC using virtual VVs, the proposed
algorithm ensures a shorter distance between floating virtual VVs
and actual voltage vector achieves lower THDi and ripples of the
grid current for the same sampling time. The proposed control
method has been experimentally validated using a 5-kW proto-
type. The algorithm was examined and compared in steady and
transient states as well as under grid voltage disturbances, such as
higher harmonics, dips, and unbalance. The simulation results and
experimental measurements confirm that the developed control
technique shows a high quality of the grid current (low THDi value),
high dynamic performance, and immunity in case of weak grid
conditions.

Index Terms—AC-DC power conversion, current control,
harmonic distortion, predictive control.

1. INTRODUCTION

RID connected ac—dc voltage source converters (VSC) be-
G cause of their advantages, such as sinusoidal grid current,
bidirectional power flow, smaller ripple of the dc link voltage are
becoming more and more popular in industry [1], [2]. In these
converters grid current vector components or directly, active and
reactive power are controlled by various conventional methods
well known from literature [3]—I[5]. In all cases, the indirect or
direct effect of control are sinusoidal grid currents with low
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THDi (low current ripples). However, conventional methods
were usually designed for the ideal grid and they are sensitive to
grid voltage disturbances, such as higher harmonics, dips, and
unbalance [4].

Besides of abovementioned conventional control methods
recently is also popular deadbeat (DB) control, which is charac-
terized by theoretically high dynamic during transients and good
steady-state characteristics. Unfortunately, the main disadvan-
tages of DB control is low resistance to parameter mismatch
(e.g., inductance in grid-connected VSC), unmodeled delays
and other errors in the model, what was described in [6]—[8].
The main reason for these inconveniences is the indirect control
of the grid current by determining a reference converter voltage
and its reproduction by space vector modulator (SVM). Without
the modulation process and switching actions taken into account,
dead-time errors, uncompensated delays, and inductance model
errors are accumulated [6]-[8]. Another disadvantage of DB
control is that nonlinearities and constraints of the system vari-
ables are difficult to implement in industry [8].

Therefore, another well-established concept, model predic-
tive control (MPC) appears interesting alternative for grid con-
nected VSC. Especially, MPC methods with finite control set
(FCS-MPC) and continuous control set (CSS-MPC) have be-
come competitive compared to traditional control methods due
to their robustness under the grid voltage disturbances, parame-
ters uncertainty, or high dynamic performances [9]-[12].

Currently, FCS-MPC is one of the fastest developing MPC
control strategies [13], [14]. In contrast to linear controllers with
pulse width modulation (PWM), FCS-MPC uses the discrete
nature of power converters. It employs all the possible output
voltage vectors (VVs) of the converter as a control set to perform
the prediction and the optimization of the cost function and
to select appropriate output voltage vector. The FCS-MPC is
characterized by the following:

1) the possible inclusion of constraints;

2) simple implementation;

3) a fast dynamic response;

4) easy application in a multiobjective system as a result of

the flexible design of the cost function.

Thanks to its advantages, the FCS-MPC approach has been
used in various power electronic applications, e.g., active power
filters [15], current source converters [16], [17], multilevel con-
verters [ 18], matrix converter [19], and dc—dc converter [20]. It
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is possible to use weighting factors also to change or limit the
value of average switching frequency [21], [22], or to control
common-mode voltage [23]. Hard constraints were used in
predictive control of the speed of induction motors [24]. In spite
of its advantages, this control strategy has some open problems,
which have to be resolved as follows:

1) the necessity to select weighting factors;

2) variable switching frequency;

3) only one voltage vector applied during the switching pe-

riod.

To resolve the first problem, i.e., weighting factor selection,
an algebraic criterion for predictive torque and flux control has
been proposed in [25]. A sequential model predictive control
with separate cost functions for torque and flux [26] and parallel
predictive torque control [27] were proposed to avoid weighting
factors and overcome the difficulties of their selection. More-
over, in [28], the torque and flux error-based cost function of
conventional model predictive torque control was replaced by
the voltage vector tracking error-based cost function.

The second and the third problem, i.e., the variable switching
frequency and the fact that a single voltage vector is utilized
for the entire sampling time is particularly unwanted in a grid-
connected VSC. This kind of converter, to meet the grid code
requirements, should ensure high quality of the grid current
(low value of THD1). Therefore, the grid current ripple should
be minimized without increasing the value of filter inductance,
cost and dimensions of the converter. In order to obtain this
in conventional FCS-MPC, the sampling time should be as
short as possible. This can require the use of more powerful
(and therefore more expensive) DSPs or FPGAs, which may be
not acceptable for low cost industrial applications. Moreover,
increase of sampling frequency does not solve the problem of
variable switching frequency (difficulties with choosing appro-
priate EMI filters still persists).

Several strategies have been proposed to eliminate these dis-
advantages. In [29], VVs selected by means of the FCS-MPC
algorithm are filtered out using the low-pass filter extracting
the low-frequency component (the reference voltage vector)
and next the reference voltage vector is modulated through a
sinusoidal PWM. Nevertheless, this methodology slows down
the dynamic response.

Another control strategy is modulated MPC (M?PC), which
allows us to obtain fixed switching frequency using a SVM and
preserving the desired characteristics of FCS-MPC [30], [31].
However, the drawback of this technique is high computational
effort and slightly worse performance using a multiobjective
cost function [31].

Another solution to the abovementioned problems was the
use of virtual VVs [32]-[35], which are reproduced using digital
SVM (DSVM). This method can be used in a 2-level VSC and
change it in terms of its properties into a multilevel converter.
The control idea of using virtual VVs basically does not limit
the number of vectors that can be created. In this way, we
can achieve partially fixed switching frequency and reduce the
grid current ripple (lower THDi). Generally, the more virtual
VVs means the smaller area of triangles created by the virtual
VVs and in consequence the lower THDi value. Nevertheless,
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this dramatically increases the computational burden during the
selection of the best VV by calculating the cost function.

The next step was the use of preselection methods to narrow
down the number of considered virtual VVs that in consequence
cause reduction of the calculation time [33]-[38]. However,
these interesting solutions require an additional algorithm to
operate in a dynamic state [33] and they are designed for the
DSVM with 38 VVs (virtual and basic) [33]-[35]. Methods [37],
[38] are characterized by sensitivity to the inductance changes
as well as a lack of a clear manner how to choose the number of
analyzed virtual vectors.

The purpose of this article is to solve the abovementioned
issues by proposed method with floating virtual VVs. Those
vectors are computed online in a short distance from the refer-
ence voltage vector, which should be realized by the converter to
obtain the reference grid current. All VVs (reference and floating
virtual VVs) are reproduced through SVM using three basic
VVs. The closer floating virtual VVs to the reference voltage
vector means the smaller grid current ripples. This method,
thanks to SVM, allows us to obtain a fixed switching frequency
and low THD:i of the grid current without decreasing of the sam-
pling period. Furthermore, simulation and experimental tests
have shown that the proposed method is characterized by high
robustness to grid voltage disturbances and parameter mismatch.

This article is organised as follows. In Section II, a predictive
model of the system was overviewed and description of the
conventional FCS-MPC is shown in Section III. The FCS-MPC
with virtual VVs was discussed in Section IV and the proposed
new FCS-MPC with floating virtual VVs was presented in Sec-
tion V. The impact of the inductance L changes was explained
in Section VI. Simulation and experimental results were shown
in Section VI. Finally, Section VII concludes this article.

II. SYSTEM OVERVIEW

Fig. 1(a) shows a two-level ac—dc voltage source converter
connected to the grid using a passive L filter. This system can be
described by the following relationship in a stationary o frame
(assuming that resistance of the filter ~ 0):

d .
€ap = L%Zaﬂ + Uaps. (1)

Using the Park transformation, (1) can be described in a dg
rotating reference frame

d . } .
€qq = Laqu + jwgLigg + uqq 2)
where
ey, grid voltage vector in the dg rotating reference frame;

igq grid current vector in the dg rotating reference frame;
L inductance of the L filter;
wy  grid pulsation.

The converter basic VVs in the dq rotating reference frame
can be defined as

w — { %Udcej[("—l)%—”gt] forn = {1,2,3,4,5,6}
q

"0 forn = {0,7}. O
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Fig. 1. (a) Schematic diagram of two-level VSC. (b) Equivalent circuit of VSC
with L filter. (¢) Basic VVs of a two-level VSC.

Fig. 1(c) shows a graphical representation of converter’s basic
VVsin the dqg rotating reference frame. It should be noted that the
basic VVsrotate in the coordinate system dg with pulsation w  in
a clockwise direction. An equivalent circuit diagram described
by the relationship (2) is presented in Fig. 1(b). Such a topology
allows making use of eight possible switching states, leading
to seven basic VVs at the input of the converter. Based on (2)
for further considerations, the actual voltage vector w1, can be
defined as follows [5]:

Uip = €dq — jWgLidq- “

Taking into account (4) and (2), the following can be intro-
duced:

Lﬁidq = U1h — Uqq- (5)
Equation (5) will be used to predict the location of the current
vector in the next sampling step using control in microprocessor.

III. FCS-MPC USING A SINGLE VOLTAGE VECTOR

FCS-MPC method uses the discrete nature of power convert-
ers characterized by a limited number of converter basic VVs to
predict the future action of the controlled variables. Calculations
are performed in each sampling step for all switching states.
The selection of an optimal converter basic voltage vector is
made by minimizing the defined cost function J. One of the
main advantages is multivariable control of various physical
variables in a single cost function. Another valuable feature
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Fig. 2. Block diagram of conventional FCS-MPC.

is the possibility of introducing desired constrains or param-
eter optimization criteria in the cost function. The schematic
diagram of conventional FCS-MPC has been shown in Fig. 2.
The main control objective of ac—dc converters is tracking their
references, i.e., the grid current vector components ;; and i; that
are proportional to active and reactive power, respectively. The
measuring of the actual values of currents and voltages (step k)
starts the prediction process. The derivative of the grid current
vector is approximated using the forward Euler discretization
method with sampling time 7’
taq(k+1) —iqq(k)

d.  Nigg(k+1)
arte s T T T, - ©

Using (5) and considering (6) the future grid current vector
tqq(k + 1) is predicted

uip (k) — waq (k)
L

bag(k + 1) = aq(k) + Nigy(k + 1). (8)

It can be assumed that for sufficiently small sampling time
T, the reference grid current vector 4y, (k) does not change

gq(k+1) ~ g, (k). )

Next, using the predicted value of the grid current (8) and the
reference current (9), the future error of grid current vector is
determined

€¢dq(k + 1) = ’l,:;q(k + 1) — idq(k‘ + 1).

Nigg(k+1) = T, @)

(10)

The optimal converter basic voltage vector uqq(k), which
will be applied during the next sampling time 7 is chosen by
calculating the cost function J (11). The switching combination
wgq(k), which gives the minimum value of the cost function
J (11) will be chosen. The primary objective of the presented cost
function J (11) is to minimize the error between the references
i4,(k + 1) and the future predicted grid current vector %44 (k +
1) obtained through the prediction process

J=el(k+1)+er,(k+1). (a1

The nature of the operation of the microprocessor control
system causes a delay between the start of sampling and the
selection of a new converter basic voltage vector (sending new
switching state). This delay is caused, among other things, by
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a specific conversion time of the analogue to digital converter
and the calculation time. This issue was solved with a simple
delay compensation scheme using the same equations but with
the shift one step forward in time [39].

IV. FCS-MPC WITH VIRTUAL VVs

With the development of power semiconductors, the max-
imum possible switching frequency of converters increases.
Thanks to this, it is possible, e.g., to decrease the THDi of
grid current (increase the quality) or maintain the same THDi
and reduce filter inductance and as a consequence reduce the
dimensions and cost of the converter. In the conventional FCS-
MPC, in which the single voltage vector is utilized for the whole
sampling time, the switching frequency fs,, depends on the
sampling time T and it cannot be higher than f,, < (1/2-1/T)
[32]. In practice, the average switching frequency fsw (qv) Of the
ac—dc grid converter is a few times smaller than 1/7. Therefore,
to achieve a higher average switching frequency and use the
advantages of wide-bandgap semiconductors the sampling time
should be as short as possible. To obtain that, it is necessary to
use very fast and more expensive DSPs or FPGAs, which is a
huge disadvantage in the context of industrial implementation.
Some improvements, which in various ways try to solve this
issue, were presented in Section I. One of them is the virtual
VVs concept obtained by the DSVM technique.

The idea of virtual VVs is to increase the available VVs
while maintaining a discrete description of the operation of the
converter. Virtual VVs are generated by the combination of two
or three switching states during a single sampling interval. In
other words, virtual VVs are formed by a linear combination of
basic VVs, where each basic voltage vector is used in a switching
sequence for a certain time [32]. To reproduce virtual VVs, SVM
(called DSVM because of the use of a discrete map of switching
combinations) is used.

The number of virtual VVs is connected with the number
of subdivisions of the sampling period. With the increase in
the number of divisions, the total number of virtual VVs also
grows to ensure better performance. However, the calculation
burden during the selection of the best switching combination
by the evaluation of the cost function J grows dramatically.
For example, if in a 2-level ac—dc converter the number of
subdivisions of the sampling period is 2, the whole number of
VVs is 20 (8 basic and 12 virtual), like in a 3-level converter.
When the number of subdivisions is 3, the total number of
VVs is 38 (8 basic and 30 virtual) (see Fig. 3). In order to
record virtual VVs in the look-up table in the further part of
this article, the name fixed virtual VVs will be also used. The
control algorithm of FCS-MPC with fixed virtual VVs is almost
the same as in the conventional FCS-MPC described previously.
The main differences are as follows:

1) (depending on the number of subdivisions) 20 or 38 VVs

are analyzed instead of 8 VVs;

2) itis necessary to use a modulator to reproduce the virtual

VVs.

One of the main advantages of FCS-MPC with virtual VVs

is that the control algorithm may operate with longer sampling
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Fig. 3. Voltage vectors (8 basic and 30 virtual) for the number of the
subdivision — 3.

time achieving lower current ripples compared to conventional
FCS-MPC using single voltage vector during the same sampling
period. Moreover DSVM leads to a partially constant switching
frequency of the transistors, which can help with the design of
passive filters. However, the higher number of analyzed VVs
during each sampling period cause to the longer computation
time. Therefore, a need for a wise way to preselect virtual
switching states in each sampling time arises. Some ideas that
allow reducing the number of VVs analyzed in each control
step have already been proposed in [33]-[35]. Nevertheless,
the mentioned algorithms are designed to divide the sampling
period into three subdivisions. Therefore, more divisions of the
sampling time, with the aim of improving the performance,
could render the proposed techniques of preselection useless.
Furthermore, dividing the sampling time in three or even four
subdivisions does not guarantee that the distance from the actual
voltage vector w1y, to the three nearest virtual VVs is minimal
(and thus the lowest current ripples are achieved).

V. FCS-MPC WITH FLOATING VIRTUAL VVS

To overcome the abovementioned drawbacks, this article
proposes a solution, which ensures higher performance without
a significant increase of computational time. The main idea
of the method is to use floating virtual VVs computed online
basing on the reference voltage vector instead of using fixed
virtual VVs given in the look-up table. In the discussed method,
we distinguish three categories/levels of VVs: basic VVs, a
reference voltage vector u,, and floating virtual VVs. A graphic
interpretation of the above mentioned VVs is presented in Fig. 4.
The reference voltage uy, is most often used in a steady state,
which makes the method similar to the DB-SVM method [6]-
[8]. The second voltage level is the vectors located at the vertices
of the triangle inscribed in the circle with a radius of R, the
so-called floating virtual VVs (FVVVs). FVVVs are used to
correct control errors caused by inaccuracies in determining the
parameters of the real system, including the inductance L. The
third voltage level are basic V' Vs (six active and two zero). These
VVs are used when there are significant deviations of the system
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Fig. 4. Tllustration of the reference voltage vector (13), floating virtual VVs
(14)—(16) and basic VVs (3).

parameters from the real values, e.g., L from L,,,, and especially
during dynamic states with large step changes of the reference
current value.
The reference voltage vector uy, is determined using the
reference grid current vector 4, in the following equation:
Udg = €dq — JWgLigy. (12)
The voltage vector u, determines the reference voltage,
which should be reproduced by the converter to obtain the
reference current vector 4y,. However, due to errors, e.g., in
measurements, parameters of the model, etc., using only the
reference voltage vector u,, does not allow to achieve the
controllability of the converter. Due to this, the next idea is to
use three floating virtual VVs to compensate undesirable errors.
Those floating virtual VVs are created basing on the reference
voltage vector uy, . The floating virtual VVs are described as
vertices of an equilateral triangle whose center is the reference
voltage vector w,, . In this way, the created floating virtual VVs
ensure minimal deviations of the current from the reference
value (reduce its ripple and harmonics). The floating virtual
VVs cannot be too close to the reference voltage vector uy, .
Due to the model errors the actual voltage vector wyy (4) could
be outside the area determined by floating virtual VVs, which
will result in higher current ripple. This problem was clearly
described in Section VI. The reference voltage vector uy, and
floating virtual VVs are analyzed together with basic VVs by
the control algorithm as one of the possible voltages, which will
be reproduced by the converter. Detailed descriptions are given
in the following discussion.
The block diagram of the FCS-MPC with floating virtual VVs
is shown in Fig. 5. As it was already mentioned, the main control
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Fig. 5. Block diagram of the proposed FCS-MPC with floating virtual VVs.

objective of ac—dc converters is tracking their references, i.e., the
grid current vector components i, and ¢, that are proportional
to active and reactive power, respectively. The proposed control
algorithm also uses assumptions (6) and (9). The algorithm is
described in dg rotating reference frame oriented on the grid
voltage vector egq. The reference grid current component 4
is a product of a dc-link voltage controller, 7; is proportional
to reactive power ¥, both are used to compute the reference
voltage vector uy, (k)

g, (k) = eaq(k) — jwgLig, (k). (13)

Basing on the reference voltage vector uzq(k‘), the three-
floating virtual VVs uq (k), us(k), us(k) are obtained

uy (k) = ugy(k) —jR (14)
3 1

uy(k) = ug, (k) + Rg —|—j§R (15)
3 1

wy (k) = w (k) — R% +i5R (16)

where R is the maximal distance of the three floating virtual VVs
from the reference voltage vector uzq(k). These three vectors
should form an equilateral triangle inscribed in a circle with the
radius R (see Fig. 4).

Equation (17) is used to predict the change of the grid cur-
rent vector in the sampling time for converter VVS wcony (k).
When calculating the predicted change of the grid current vector
(17), Ueony (k) is substituted with: one reference voltage vector
uy, (k) described using (13), three floating virtual VVs u; (k),
us(k), uz(k) defined using (14)—(16), and seven basic VVs
described using (3)

ulh(k) - uconv(k)
L

Nigy(k+1) = Ts. (17)
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Theoretically, only one reference voltage vector and three
floating virtual VVs need to be analyzed, however, to ensure
better operation in dynamic states seven basic VVs are also
considered. This shortens the duration of transient states. Using
(17), the future grid current vector 44 (k + 1) is predicted

tag(k + 1) = iqq(k) + Adge(k +1). (18)

Next, using the predicted value of the grid current (18) and
the reference current, the future error of grid current vector is
determined

€idg(k + 1) = 1g,(k +1) —dag(k + 1). 19)

Like in the conventional FCS-MPC the algorithm uses the
cost function J to select the optimal converter voltage vector
Ucony (k) and a simple delay compensation scheme, similar to
one proposed in [39]. However, in the proposed method the
algorithm evaluates J for one reference voltage vector, three
floating virtual VVs, and seven basic VVs

J=cep(k+1)+e,(k+1). (20)

VI. IMPACT OF THE INDUCTANCE L. CHANGES

Changes or incorrect determination of the total inductance
L between the voltage source and the converter cause errors
in reconstructing of the reference grid current vector 7;,. That
is why it is so important to analyze the impact of inductance
changes on the operation of the converter controlled by all
algorithms. In this article, the changes in the inductance L were
carried out by changing the modeled inductance L,,, used in the
control algorithm.

In the proposed control method with floating virtual VVs, an
error may also occur when determining the reference voltage
u:‘iq (12). The error in determining the inductance L causes a
change in the voltage vector component —jwg Lig, in the Uy,
vector, and consequently a change in the position of the triangle
defining the floating virtual VVs w, us, us (see Fig. 6). If L =
L., [see Fig. 6(a)], the u ;;, voltage vector is located inside the
triangle. In this case, vectors proportional to current derivative
specified by (5) and the predicted changes of the grid current
(17) allow the current vector i 4, to be controlled.

Fig. 6(d) presents a situation in which the actual voltage vector
u 15, is outside the triangle defining the considered floating virtual
VVs. In this case, as indicated by vectors proportional to the
current derivative presenting the predicted changes of the grid
current [see Fig. 6(d)], every voltage vector increases the current
module so that full control over current regulation is lost. What
distinguishes the proposed method from others is the way of
operation, when the actual voltage vector u ;;, goes beyond the
triangle created by the floating virtual VVs. In this case, basic
vectors are used that prevent loss of control over the controlled
current.

The correct operation of the proposed algorithm is determined
by the appropriate value of radius R defining the floating virtual
VVs triangle. As arule, this triangle should be as small as possi-
ble (this results in maximum limitation of higher harmonics). On
the other hand, R decides when we lose control over the current
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Fig. 6. Illustration presenting influence of the L/L,, change for current regu-
lation. (a) L/L,, = 1. (b) L/L,;, = 4. (c) L/L,,, = 0.44. (d) L/L,,, = 0.4.

caused by a change of the inductance L in relation to the value
of the model inductance L,,, [see Fig. 6(c)]. The radius R affects
the lengths of the vectors Ldi;4/dt (see Fig. 6) connecting the
vertices of the triangle inscribed in the circle, with the radius
R, with the tip of the voltage vector u ;;, (corresponding to the
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TABLE I
SYSTEM PARAMETERS

Variable Parameters Value

e Grid-voltage 230 Vrms

Upc DC-link voltage 650 V

T (f5) Sampling time (sampling 50 ps (20 kHz)
frequency)

L Filter inductance 52mH

Cpe DC-link capacitance 1.1 mF

g Grid pulsation 314 rad/s

R Maximal distance of three 25V

floating virtual VVs from
the reference voltage vector

voltage forcing the grid current). In a boundary situation [see
Fig. 6(c)], the difference of the voltage vectors is equal to half
the radius R

wWyLmiy, — wyLigy = 0.5R. 1)

Assuming that i 4, = 1y,, the minimum radius of the circle is

R = 2wy AL i, ] (22)

where

module of the maximum reference value of the
grid current vector;

AL = |L,,-L| maximum expected inductance change.

|%3g_ max|

The radius R is determined at the beginning of control op-
eration and is permanently stored as parameter of the control
algorithm.

VII. SIMULATION AND EXPERIMENTAL STUDIES
A. Simulations Studies

Simulation studies were performed on a two-level VSC.
The parameters of the system have been shown in Table I.
Simulations were carried out in MATLAB/Simulink software.
Comparative tests were performed for the proposed FCS-MPC
with floating virtual VVs and two other methods described in this
article, i.e., conventional FCS-MPC, and FCS-MPC with fixed
virtual VVs. Additionally, tests were performed for the methods
which use the deadbeat principles, i.e., conventional deadbeat
with SVM modulator (DB-SVM) [6]-[8] and DB-FCS-MPC
with fixed virtual VVs [35], [38].

The simulated waveforms of the phase grid voltage ea and
current ia for the compared methods were shown in Fig. 7 (for
L = Lm). The presented results in a steady state were obtained
for active power P = 3 kW, and reactive power Q = 0 Var.
As it was shown in Fig. 7 and Table II, the FCS-MPC with
floating virtual VVs (the proposed method) gives almost the
same THDi of the grid current as the conventional DB-SVM
as well as has constant switching frequency at 20 kHz [see
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Fig. 7.  Grid phase voltage ¢, and current i,, for different L/L s ratios for five
control strategies: (a) DB-SVM, (b) DB-FCS-MPC with fixed virtual VVs, (c)
FCS-MPC, (d) FCS-MPC with fixed virtual VVs, (e) FCS-MPC with floating
virtual VVs. (f) Frequency spectrum of the grid current i, for FCS-MPC with
floating virtual VVs — THDi = 3.4%.



11882

TABLE II
THDI [%] VALUES FOR DIFFERENT L/Ly; RATIOS

L= LiLy=
Method — LiLy=4 Liy=2 LLy=1 8. a /o.Z
DB-SVM 416 3.64 3.32 10.4 10.6
DB-FCS-
MPC with
aapb 143 94 7.67 1.2 12.7
VVs
FCS-MPC 622 26.8 209 19.0 19.3
FCS-MPC
with fixed 13.2 8.68 7.3 10.3 123
virtual VVs
FCS-MPC
with 3.35 335 3.37 344 8.18
floating
virtual VVs

Fig. 7(f)]. The current is sinusoidal with low ripples and, as
it was proven the proposed method gives very good results in
a steady state compared to other examined algorithms from the
FCS-MPC family.

An important feature of the predictive methods is the de-
pendence of their accuracy on matching the parameters of the
model to the actual system. Simulation tests of the change in
the inductance L, were carried out by changing the modeled
inductance Lm used in the control algorithm, what affected the
L/L,, ratio, are shown in Table II and Fig. 7.

The most robust was the proposed control method FCS-MPC
with floating virtual VVs. The variation of L/L,, from 0.44 to 4
caused that L,,, value was in range from 11.8 mH to 1.3 mH and
it practically did not influence the value of the THDi current
[see Fig. 7(e) and Table II]. In Fig. 6(b) and (c), the tip of
the voltage vector u ;5 does not leave the area of the defined
triangle. As a result, directions of the predicted current vector
changes allow to preserve the control of the current i;,. The
reduction of L/L,, from 1 to 0.4 results in current deformations
(THDi increase to 8.18%). In this case, the voltage vector u ;p,
is outside the floating virtual VVs triangle (L/L,, = 0.4) and
the predicted changes of the current do not allow to control
the grid current (all directed upwards) [see Fig. 6(d)]. In this
case, basic VVs, which prevent the loss of control over the
controlled current are used. A conventional FCS-MPC algorithm
reacts particularly badly to the increase in L/L,, to 4, where
there is a clear reduction in the amplitude of the reproduced
current [see Fig. 7(c)]. Subsequent methods, i.e., FCS-MPC
with fixed virtual VVs and DB-FCS-MPC with fixed virtual
VVs are characterized by similar sensitivity to the change in the
inductance L,, [see Fig. 7(b) and (d)]. In the case of the DB-SVM
method, when L/L,,>1, the THDi value increases slightly [see
Fig. 7(a)]. This method is much more sensitive when L/L,,<1.
In this case, there is a significant increase in the THDi of the
grid current (see Table II).

Three cases were shown in Fig. 8 during step changes of
the reference grid current 7}, from 6 A to —6 A (inverter mode)
and back to 6 A (3 kW). In the first case [see Fig. 8(a)],
the conventional FCS-MPC method with a very fast dynamic
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Fig. 8.  Step changes of reference grid current component ¢}, for: (a) conven-

tional FCS-MPC with 7 basic VVs, (b) proposed FCS-MPC with only 4 VVs (1
reference and 3 floating virtual VVs), (¢) proposed FCS-MPC with 11 VVs (1
reference, 3 floating virtual, and 7 basic VVs).

response was examined for better comparison. In the second
case [see Fig. 8b)], the control algorithm operating only with 4
VVs (without basic VVs) was taken into account and in the last
case [see Fig. 8(c)], the proposed algorithm used 11 VVs (one
reference voltage vector, three floating virtual VVs, and seven
basic VVs), as presented in Section V. It can be noticed that the
removal of the basic VVs from the proposed algorithm drasti-
cally deteriorates the dynamic response [see Fig. 8(b)]. That is
because the algorithm uses only 4 VVs, which are very close to
the actual voltage vector u 75, and the corresponding derivatives
(components responsible for the current change) are short. This
situation is very desirable in a steady state because it guarantees
the lowest current ripple, however, it has a negative impact on
the duration of transient states. Therefore, an appropriate basic
voltage vector is also needed because it gives a long derivative,
which shortens the transition time [see Fig. 8(c)]. Thanks to
this the proposed method has the same, i.e., very fast dynamic
performance as the conventional FCS-MPC [see Fig. 8(a)].

B. Experimental Studies

To experimentally validate the proposed control strategy
2-level IGBT-VSC was built and low-cost microcontroller
STM32F7 based on an ARM Cortex-M7 core was implemented
as control platform. The computational burden for the micro-
controller was very low for all control methods presented in the
paper because the calculation time for the proposed method was
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Fig. 9. Experimental setup.

TABLE III
COMPARISON OF THDI FACTORS IN THE STEADY STATE

Control method THDi [%]
FCS-MPC with fixed virtual VVs 5.9
FCS-MPC with floating virtual VVs 23

(proposed method)

12.9 pus (25.8% of computational burden) while for the conven-
tional FCS-MPC it was 10.8 us (21.6% of computational burden)
and for the FCS-MPC with fixed virtual VVs it was 17.4 us
(36.8% of computational burden). All parameters were exactly
as in the simulations (see Table I). A programmable ac source
(MX30-3Pi) was used to power the VSC. The measurement of
the THD factor was made using the power analyzer Yokogawa
WT-1800. The experimental setup was shown in Fig. 9.

This section validates the feasibility of the proposed control
technique by experiments. First, two algorithms: the FCS-MPC
with fixed virtual VVs and the proposed FCS-MPC with floating
virtual VVs, have been compared in a steady state [see Fig. 10].
The dc-link of VSC was loaded by resistors to obtain active
power P = 3 kW. The 7, was 0 A to achieve reactive power
Q =0 Var. In the examined algorithm with fixed virtual VVs the
number of subdivisions of the sampling time 7’5 was 3.

As shown in Fig. 10(b), the best result is achieved for the
new control method with floating virtual VVs. The FCS-MPC
with fixed virtual VVs [see Fig. 10(a)] has larger current ripples,
despite of analyzed 38 virtual VVs. The THDi factor of the grid
current during steady state is compared in Table III.

The proposed FCS-MPC with floating virtual VVs was exam-
ined also during various grid voltage conditions [see Fig. 11]:
test under unbalanced (e, = 75% of the nominal value) and
higher harmonics (THDu = 7.1% distorted by 5% of fifth and
seventh harmonics) as well as single-phase voltage dip test
(e, =50 % of the nominal value). In all the examined variants the
grid current is sinusoidal and the algorithm tracks the reference
current. Even during a single-phase voltage dip, the transient
states are invisible [see Fig. 11(b)]. The results confirm that the
proposed algorithm is highly resistant to disturbances in the grid
voltage.
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Fig. 10.  Grid phase voltages and currents in a steady state for two control
strategies: (a) FCS-MPC with fixed virtual VVs, (b) proposed FCS-MPC with
floating virtual VVs.

Dynamic performances of the presented method are shown in
Fig. 12. In order to eliminate the impact of the voltage-controller
Uq. in the dc-link, tests were carried out in an open-loop system.
The reference value step of the grid current i}, = 6 A—10 A—6
A (3 kW—5 kW—3 kW) was carried out while the reactive
reference current remained constant iy, = 0 A. As one can notice
the proposed method is characterized by high dynamic in the
conditions of step changes of the references.

VIII. SUMMARY OF FCS-MPC WITH FLOATING VIRTUAL VVS

The presented FCS-MPC with floating virtual VVs can be
characterized as follows in comparison to the method with fixed
virtual VVs as following:

1) the reference voltage vector u,, was introduced as one of
analyzed by cost function VVs, that guarantees the lowest
current ripples;

2) floating virtual VVs are independent to the number of
sampling period subdivisions;



11884

@F e, [150 V/div]

c

Y

o/ \/

[5 A/div]

i i, i

<< 1602 (p-p) >>

:
1 450.0 V
®l i e, & e

c

[150 V/div]

i i, i

11 -15.00 A
0.000s << 1602 (p-p) >> 50.000ms

Fig. 11. Performances of the FCS-MPC with floating virtual VVs under
various grid voltage conditions such as: (a) distorted and unbalanced grid voltage
at the same time, (b) single phase grid voltage dip (the voltage e, dropped to
50% of the nominal value).

e. [100 V/div]

e, e,

P [2 kW/div]

PrmsCY P2ms(c2) PImean(c) PepkBACY Ps o6 PTmean(CY Poms(CY)
..... 298V 55544 sty 298

Fig. 12. Performances of the FCS-MPC with floating virtual VVs during
transient states. The waveforms of the active power, grid phases voltages, and
currents.

3) floating virtual VVs are much closer to the desirable actual
voltage vector u ;5, that allows us to minimize grid current
ripples;

4) lower calculation burden;

5) not required use of preselection technique;

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 10, OCTOBER 2021

6) there is a continuous adjustment of floating virtual VVs to
the optimal operating point.

IX. CONCLUSION

The FCS-MPC with floating virtual VVs has been proposed.
The new control technique outperforms the compared methods
in terms of lower THDi factor of the grid current and higher
robustness to the filter inductance changes. Furthermore, it as-
sures a constant switching frequency (solves one of the main dis-
advantages of conventional FCS-MPC). During simulation and
experimental validations, the presented control method proved
to be characterized by high dynamic response and robustness in
the case of unbalanced and distorted grid voltage conditions as
well as parameter variations.
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