., Eletrénica de Poténcia

SpeC|aI Issue — Open Journal of Power Electronics

Received March 04, 2024; accepted July 05, 2024; Date of publication July 29, 2024.
The review of this paper was arranged by Associate Editor Edivan L. C. da Silve® and Editor-in-Chief Heverton A. Pereira

Digital Object Identifier hitp://doi.org/10.18618/10.18618/REP.2005.2.029035

A Finite Control Set Model Predictive
Control Algorithm with Low
Complexity for Neutral-Point Clamped
Converters with Switching Constraints

Dimas A. Schuetz®!, Fernanda de M. Carnielutti®', Mokhtar Aly©?, Margarita
Norambuena®?, José Rodriguez®?, Humberto Pinheiro®!

"Federal University of Santa Maria, Research Group of Power Electronics and Control, Santa Maria, RS, Brazil.
2Universidad San Sebastian, Facultad de Ingenieria y Tecnologia, Bellavista, Santiago, Chile.
3Universidad Tecnica Federico Santa Maria, Electric Engineering Department, Valparaiso, Chile.

e-mails: dimasschuetz@gmail.com, fernanda.carnielutti@gmail.com, mokhtar.aly@uss.cl, margarita.norambuena@usm.cl,
jose.rodriguezp@uss.cl, humberto.ctlab.ufsm.br@gmail.com

ABSTRACT This paper proposes a Finite Control Set Model Predictive Control algorithm with low
complexity for three-phase grid-tied Neutral-Point Clamped converters with switching constraints. The
system model is represented in the converter output line-to-line voltage coordinates, where the voltage
vectors are integer values. First, the unconstrained solution is obtained to control the converter-side currents.
Ellipse constraints are inscribed in the Space Vector diagram to ensure the switching transitions between
only adjacent levels in the phase voltages. Moreover, the inverter voltage vector to be implemented in
the next sampling period is obtained with low complexity by rounding the constrained voltage vector.
Afterward, a cost function is calculated for the redundancies of the chosen inverter voltage vector, aiming
to balance the DC-link capacitor voltages. The proposed algorithm presents advantages such as low
computation burden, fast transient response, and good steady-state performance. Real-time Hardware-in-
the-Loop results are presented to demonstrate the good performance of the proposed algorithm compared
to other techniques with a reduced computational burden. Moreover, experimental results show the
effectiveness of the proposed algorithm in terms of transient response and steady-state performance.

KEYWORDS Computational burden, Finite Control Set Model Predictive Control, grid-tied converters,

Neutral-Point Clamped.

I. INTRODUCTION
Finite Control Set Model Predictive Control (FCS-MPC)
has emerged as a competitive alternative for multilevel
converters due to its numerous advantages over classical
control techniques [1]], [2]. These advantages include the
integration of system and converter operation constraints, the
ability to control multiple variables, and the incorporation
of control and modulation within the same algorithm [3].
Recent developments consolidate the application of FCS-
MPC algorithms for various classical voltage-fed multilevel
converter topologies, such as Neutral-Point Clamped (NPC),
Flying Capacitor (FC), Cascaded H-Bridge (CHB), Modular
Multilevel Converter (MMC), among others [4f|-[7]. The
complexity of the FCS-MPC algorithm is typically related
to the number of levels in the converter and the prediction
horizon [8]. As a result, the computational burden of the
FCS-MPC is usually high for multilevel converters with a
high number of levels, requiring digital processors with high
computational capability for real-time calculations.
Considering the NPC converter, several FCS-MPC algo-
rithms have been recently proposed in the literature [9]]—
[11]]. In this context, the cost function for the MPC algo-

rithm can be designed according to the application of the
NPC converter to control different variables, such as the
output currents and voltages, balance the voltages of the dc-
link capacitors, control the neutral-point current, reduce the
common-mode voltages and minimize the switching losses
of the semiconductor devices [|12]-[|14]. Moreover, to mini-
mize the MPC algorithm’s computational burden for the NPC
converter, a fast MPC was proposed in [[15] to find the nearest
vector from the optimal voltage reference in 3 coordinates.
Also, in [12], a computationally efficient Direct MPC was
proposed for a Back-to-Back NPC converter system for a
wind generation plant. The voltage vectors are divided into
different regions, and by the appropriate selection of the
candidate regions, a reduced number of voltage vectors is
considered for the cost function calculations.

Usually, the conventional FCS-MPC algorithms proposed
for multilevel converters require a high computational burden
for evaluating the cost function online, due to the high
number of possible voltage vectors. Therefore, different
authors have been working to deal with this issue and
some alternatives have been proposed in the literature [16].
In this context, it is possible to mention the division of
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the whole optimization problem into smaller ones [17]-
[20], the implementation of optimization algorithms, such
as the Sphere Decoding Algorithm (SDA) [21], as well as
dynamic programming and greedy algorithms, which are also
proposed to reduce the computational burden of the FCS-
MPC algorithms [22]]. Moreover, in [23], a Cascaded FCS-
MPC algorithm was proposed, that divides the optimization
problem into two cascaded FCS-MPC problems. First, a
cost function composed of a current tracking error term is
considered. Afterward, a second cost function is evaluated
for the redundancies of the voltage vector selected in the
first stage. As a result, this approach avoids the need to
design weighting factors for the cost function. Also, in [24]], a
simplified branch-and-bound algorithm is proposed for CHB
converters to reduce the number of calculations of the FCS-
MPC algorithm. In both cases, the computational burden
depends on the number of voltage levels of the converter,
and the execution time still increases when the number
of converter voltage levels increases. Another alternative is
minimizing the number of calculations for the cost function
by reducing the set of candidate voltage vectors for each
sampling period [25], [26].

In order to reduce the computational burden for digi-
tal implementation, this paper presents a low-complexity
FCS-MPC algorithm for NPC converters with switching
constraints and is an extension of the paper presented in
[27]. The system model of the NPC converter connected to
the grid by an LCL filter is represented in the converter
output line-to-line voltage coordinates, where the converter
voltage vectors have only integer entries. The unconstrained
voltage reference to control the converter output currents
is projected in the space vector diagram, which is also
represented in the converter line-to-line voltage coordinates
[28]. In addition, constraints of adjacent phase-voltage level
transitions and feasibility are included in the Space Vector
(SV) diagram, limiting the search space to a two-level SV
diagram around the last implemented voltage vector. In each
sampling period, first, the inverter voltage vector to be im-
plemented is obtained by rounding the constrained reference,
without the need for multiple cost function evaluations and
weighing factors design. Then, the set of redundant phase-
voltage vectors is defined based on common-mode voltage
limitation criteria, and the redundancies with transitions only
between adjacent phase voltage levels are considered by a
cost function to balance the DC-link capacitor voltages. The
proposed FCS-MPC algorithm presents advantages such as
a low computational burden, fast transient response, and
good steady-state performance. Moreover, it can be easily
expanded to other multilevel topologies without loss of
generality. The main contributions of this paper are:

e an improved literature review compared to [27];

e a detailed description of the proposed method with new
analyses of each step of the algorithm;

e inclusion of the converter switching constraints as el-
lipses in the space vector diagram;

e experimental validation to demonstrate the good perfor-
mance of the proposed algorithm;

e Jower computational burden compared to the methods
proposed in [22] and in [23].

The rest of the paper is divided as follows: Section
presents the system model of the grid-tied NPC converter in
the line-to-line voltage coordinates; Section [l1I| describes the
proposed FCS-MPC algorithm with the inverter constraints
and control of the neutral-point current; Section |[V| presents
Hardware-in-the-Loop (HIL) comparative results, and the
experimental results of the proposed algorithm are shown
in Section [V| Finally, the main conclusions of this paper are
summarized in Section [Vl

Il. SYSTEM MODEL

The system model of the proposed FCS-MPC is described in
this section. Figure [I] presents the three-phase NPC converter
connected to the grid by an LCL filter and Table [I] presents
the switching states of the NPC converter.

A. Operation of the NPC Inverter

Compared to the two-level converter, the NPC converter
presents advantages such as output voltages with a higher
number of levels and reduced Total Harmonic Distortion
(THD), lower reverse blocking voltages across the semicon-
ductor devices for the same DC-link voltage. These advan-
tages make the NPC converter suitable for power conversion
applications, including renewable energy systems, electric
vehicles, and industrial motor drives [29], [30].

The NPC converter presents a unique switching state
combination for each output voltage level and there are
no redundant switching states for each phase voltage level.
On the other hand, some line-to-line voltage levels can
be synthesized by different phase-voltage combinations of
switching states, which are called redundancies. In the NPC
converter, each redundancy can result in different current
polarities in the neutral point of the DC link. Usually, under
normal operation conditions, the blocking voltages across the
NPC semiconductor switches are clamped to half the value
of the DC-link voltage. However, due to some non-idealities,
such as dead-time, parasitic capacitances, and inductances,
the internal switches (S, and Ss,) can be submitted to
the total DC-link voltage [31]]. To prevent this over-voltage
across the semiconductor devices S5, and S5, and ensure the
safe operation of the NPC converter, the transition between
states “—1” to “1”, and vice-versa, should be avoided [32].

B. Simplified System Model

In this paper, the LCL filter is approximated by an L
filter and the filter capacitor voltages are considered as the
disturbances [33]]. As a result, only the inverter-side currents
and filter capacitor voltages need to be measured, reducing
the number of sensors in the system. Moreover, resistors are
included in series with the filter capacitors to reduce the
effects of the LCL filter resonance.
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FIGURE 1. Three-phase grid-tied NPC converter with LCL filter |27].

TABLE 1. Phase Switching States of the NPC inverter.

State  S1a Sox S3z Sz Phase Voltage (uzn)
ON ON OFF OFF Vpbe/2
0 OFF ON ON  OFF 0
-1 OFF OFF ON ON —Vpe/2

By applying Kirchoff’s Voltage Law (KVL) in the
inverter-side of the LCL filter, it is possible to write the
system equations [27]], [28]:

dig di

_uan+L1 ! + Vca _UC'IJ_LIi + Ubn :Oa
dt dt W
di die

—Upp + leijfl + vop — Voe — LlT; + Uen = Oa

where gy, Up, and u., represent the NPC output phase-
voltages, vcq, vop and ve. are the LCL filter capacitor
voltages, 4,1, 731 and i.; are the converter-side currents and
L1 is the converter-side filter inductance. Given that the
voltage vectors of a three-leg converter are always located in
a plane, a two-dimensional coordinate system can be chosen
to represent them [34], [35]]. From , the dynamic equations
of the system can be represented in the output line-to-line
coordinates, resulting in:

Li— (lab1) = —VCab + Uab,
L 4 (ibe1) = —VCbe + U
1dt bel Cbe be)

where i,51 and 4p.; can be interpreted as the converter-
side line-to-line currents, v, and veyp. are the line-to-line
filter capacitor voltages and u,p and wyp,. are the line-to-line
converter output voltages. In this paper, the “ca” currents
are omitted, once they are linearly dependent on “ab” and
“bc”. Figure [2] shows the SV diagram for the three-phase
NPC inverter, which is represented in the output line-to-line
voltages coordinate system and normalized to half the value
of the dc-link voltage, where the voltage vectors assume only
integer values [28]].

To obtain the discrete-time system equations, a fixed small
sampling period T is assumed, and the Euler discretization

s

FIGURE 2. Normalized SV diagram for a three-phase NPC inverter in the
output line-to-line voltages coordinate system |28].

method is applied to (2)), which results in:

. . T, T,
Labl(k+1) = Labl(k) T fluab(k) - fvaab(k),

. . T T ©)
Tbel (k+1) = bel(k) T Eubc(k) - EUCbc(k)v

which are also represented in the output line-to-line voltage
coordinate system.

lll. PROPOSED FCS-MPC ALGORITHM
This section presents the proposed FCS-MPC, whose block
diagram is shown in Figure [3] In this paper, it is considered
that the inverter-side currents i; = [ %41 %pel }T will
properly track their references i} = [ i*,, ., |7 for each
sampling period, such as [36]:
(3 =1
'abl(k+2) '(jbl(k+2)’ 4)
thel(k+2) =l (k+2)1
where the sampling period k+2 considers the time delay for
digital implementation on the microprocessor. The references
for the converter-side currents (¢]) can obtained from the
grid-side currents references (43), in the stationary reference
frame af3, by compensating the reactive power of the LCL
filter capacitor, as [33]:
0 -1 ] [ VCa
vep

ZTC\C J— i;(l
[i%}_{i%]ercf{l 0 ] ©)

By substituting in and considering the imple-
mentation delay, the inverter unconstrained output voltage
references to achieve the current references in the next
sampling period can be determined as:

* Ly /-~ )

Uap(k+1) = i (lab1(k+2) - Zabl(k+1)) + VCab(k+1)> ©
. Ly /.« .

Upe(k+1) = T (Zbcl(k+2) - Zbcl(k+1)> + VCbe(k+1)s

where the unconstrained line-to-line reference voltage vector
. _ T
is defined as ufy 1) = [ Ugp(e1)  Upe(hr)

Note that the current references in the stationary reference
frame (af) for k + 2 can be estimated from the values of
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FIGURE 3. Block diagram of the proposed FCS-MPC algorithm.

the current references for k, considering the fundamental
component, as:

cos(2wTs)
sin(2wTs)

—sin(2wTy)
cos(2wTs)

Z‘Ta(k’)

i*
la(k+2)
L15(k)

Up(k+2)

where the references in the inverter output line-to-line volt-
age system are obtained from a coordinate transformation.

A. Switching Constraints

In this paper, the unconstrained reference vector uzk +1) is
limited to guarantee its feasibility and the proper voltage
clamping of the NPC inverter. First, the unconstrained ref-
erence vector is constrained to a region where the candidate
switching vectors have at least one redundancy that switches
at most one level in each phase voltage from the last
implemented vector. So, the voltage clamping of the internal
switches of the NPC legs is ensured. Then, the reference
voltage vector is constrained to result in a region where only
feasible inverter voltage vectors can be selected from it.

To simplify the implementation of the constraints, ellipses
are considered to limit the region for the reference voltage
vector in the SV diagram, as illustrated in Figure @ The
quadratic equation of the ellipse is given by:

®)

Initially, a coordinate translation is carried out, where
the last implemented line-to-line voltage vector uwpy =
[ Uab(k) Ube(k) ] is set as the origin of a new line-to-line
coordinate system, such as:

2 2
Ugp + UagpUpe + Up, = C.

*/ *

Uab(k+1) = Yab(k+1) — Uab(k)s

*/ *

C))
Upe(k+1) = Wbe(k+1) — Wbe(k)-
Then, the unconstrained vector in the new coordinates
! _ */ */ T .
Uy = [ Uap(k 1) Ybe(k+1) ]* is tested by the ﬁrs.t el-
lipse constraint, which limits the convex hull of the candidate
vectors and can be done by substituting (9) in (8), resulting
in:

uab2(lc+1) + Ugp(kt1) Ybe(k+1) T ch%kﬂ) = C1(k41), (10)

where cq(x41) is the calculated size of the ellipse for the
unconstrained vector in the new coordinates and is computed
at every sampling instant for a given voltage reference.

synchronization |

If ¢y (1) is larger than Fy, which defines the maximum
size of the ellipse where the set of candidate voltage vectors
meet the first constraint, then the reference vector is limited
as:

*/ */ Fl
Uap(k+1) = Uab(k+1) 701(“1)
(11)
*/ */ Fl
Upe(k+1) = Ubc(k+1) 701(“1) )

where F = %Vfc is the maximum size of the ellipse of the
switching constraint, represented by the blue curve in Figure
Bl As a result, the limited SV space corresponds to a two-
level SV diagram around u(k), as illustrated in Figure
where at least one redundancy of each voltage vector meets
the switching transitions constraint.

Then, the constrained reference vector is remapped to
the original line-to-line coordinate system (uqp, Up.), Where
the second constraint is evaluated to guarantee that the
reference vector lies inside the maximum feasible region,
as represented by the red ellipse in Figure 5] The second
constraint is computed by:

uai(k+1) + “al%(kﬂ)ubg(kﬂ) + ubc2(k+1) = C(kt1), (12)
where cy(j41) is the calculated size of the ellipse in the
original coordinate system for a given reference voltage
vector.

If ca(x41) is larger than the maximum ellipse length for
the feasible vectors F5, the reference vector is limited over
it, as:

. « 2

U =u _—
ab(k+1) ab(k+1) Colkt1) -
. . I

Upe(k+1) = Ube(k+1) m,

where Fy = %Vfa is the maximum size of the ellipse of the
feasible constraint, represented by the red curve in Figure [5]
Note that the maximum size of each ellipse can be obtained
by substituting the coordinates of any vector that lies over
it, in (8).

A low complexity way to obtain the solution voltage
vector to be implemented is by rounding the reference vector
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such as:

{u“b(k"’l)] = round lu‘ib(k“)] . (14)

Ube(k+1) Upe(k+1)

In this paper, by introducing the ellipse constraints, the se-
lected voltage vector, in the line-to-line voltage coordinates,
presents at least one redundancy that has at most one phase-
voltage level transition from the last implemented voltage
vector. However, it can be noted that with the projection of
the unconstrained solution over the ellipse constraints, the
chosen vector may result in a sub-optimal solution, according
to the operational point of the system [27]. On the other
hand, the cost function difference between the sub-optimal
and the optimal solution is small, resulting in a negligible
impact on the grid-side currents tracking error.

In the SV diagram presented in Figure 2] some vectors
have more than one combination of switching states which
result in the same line-to-line voltages. To select a specific re-
dundant vector in the phase-voltage space, a common-mode
voltage criterion is used to generate the set of redundancies
that present at most a single phase voltage level transition
from the last implemented vector. It is based on the common-
mode voltage difference Av, from the last implemented
vector u(k) to the candidate redundancies of the selected

vector u(kH), such as:

Av, = vo(ugy)) — vo(uzk+1)), (15)

where v,(u(x)) is the common-mode voltage of the last
implemented vector and vo(uz‘k +1)) refers to the common-
mode voltage of the candidate redundancy.

Considering an SV diagram of a two-level three-phase
inverter, where each phase voltage switches at most one
level, the common mode voltage difference of two different
voltage vectors is always less or equal to 2, i.e, |Av,| < 2.
By expanding this criterion to the three-level SV diagram
presented in Figure [2| the redundancies that satisfy it are
selected as the set of candidate vectors Qugpc(r41) to be
implemented in the next sampling period. On the other
hand, the redundancies that present more than one switching
transition in each phase from the last implemented vector are
not included in the set of candidate vectors and can not be
implemented in the next sampling period.

B. Cost Function for Neutral-Point Balance

From the set of redundant vectors, a cost function is eval-
uated to balance the DC-link voltage of the NPC converter.
The cost function is composed of the capacitor voltage error,

such as: )
Ve
J = <2C - Uc1(k+2)> ;

where v, (x4-2) corresponds to the predicted voltage over the
upper DC link capacitor C at sampling instant (k42), which
can be estimated by:

(16)

T .
Vel(k42) = Vel(k+1) T 0*1%1(1%1)7 (17)

where iy (1,41) is the predicted current that will flow through
C1. It can be estimated from the equation of the current that
flows into the neutral point, that is:

)7 (18)

Zlm k+1) (1 -2

where © € {a,b, c} indicates the corresponding inverter
phase and 29#= € {—1,0,1} is the candidate inverter phase
voltage to be implemented.

Given that the total DC link voltage is constant or varies
slowly in time, we can assume that:

Ugzn(k+1)

n(k+1) Vd
c

dVye
~0 19
R0, 19)
we can write:
i1 + 202 = 0. (20)

Now, from Kirchoff’s Current Law (KCL) on the dc link
mid-point node, as seen in Figure I} we have:

Ge1 +in = ic2, (21)

where the simultaneous solution of (20) and (ZI)) results in:
. 1.

le1 = —5lin- (22)

Assuming that the total dc-link voltage is constant or
varies slowly in time, as 1), we have:
). (23)

. . 1
Lel(k41) = lel(kﬂ) (2 -
Since we are addressing a three-phase three-wire system,
(23) can be simplified to:

Ugn(k+1)
Vdc

Ugn(k+1)

Ve 24)

Lel(kt1) = — Z G2l (k1)

As a result, it is possible to obtain the feasible converter
phase voltage vectors by mapping the constrained solution
line-to-line voltage vector into the converter phase voltage
space. For the NPC converter, one, two, or three inverter
phase voltage vectors can be obtained for each line-to-line
voltage vector, %[ Uan  Ubn  Uen }T. In the cases where
two or three redundancies satisfy the common-mode voltage
difference (I3)), the cost function (I6) is evaluated and the
redundancy with the lowest cost function is implemented
during the sampling period from (k + 1) to (k + 2). Figure
H] illustrates the flowchart of the proposed algorithm.

C. Numerical Example

Figure [5] shows an example of how the proposed algorithm
works. Let us consider that, for a given sampling instant,
the last implemented vector ug,) was ugyg) = 2 and
Upe(k) = —1, normalized by half the DC-link voltage, as
represented by the yellow dot in Figure [5] This vector has
the phase-voltage coordinates as ugpe(p) = [ 1 —1 0 ]
which has v, (ux)) = 0. Given the normalized unconstramed
reference qu 41) = [ 3.3 —0.2 }T illustrated by the first
blue dot in Figure [5] the coordmate transformation results
in u( k1) = [ 1.3 08 ] . Calculating the ellipse equation
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FIGURE 4. Flowchart of the proposed FCS-MPC algorithm.

for this vector results in cy(x41) = 3.37, while Fy = 0.75.
As cypq1) > F1, it is necessary to limit the reference
vector over the blue ellipse using (II)), which results in
uZ,;_H) = [ 0.613 0.377 ]T. Now, by remapping this con-
strained vector to the line-to-line voltages coordinate system,
it results in u*k+1) = [ 2.613 —-0.633 ]T, as indicated by
the second blue dot in Figure [5] The second constraint is
then calculated by and results in cyx41) = 5.5744,
with F5 = 3.25, which indicates that the reference vector
is outside the feasibility region of the SV diagram. Then,
the reference vector should be limited over the red ellipse,
resulting in uzk—&-l) = [ 1.99 -0.48 ]T, represented by
the third blue dot in Figure [ Finally, the nearest vector
is_found by rounding the constrained reference vector, as
, which results in ) = [ 2 0 ]T. Given that
the selected vector does not present any redundancy, the
phase coordinates vector for the next sampling is equal to
Upery = [ 1 -1 -1 ]T-

As a second example, let us assume that the resul-
tant vector from rounding a given constrained vector is

FIGURE 5. Normalized SV diagram with ellipse constraints and its
resultant limited region.

U(py1) = [ 1 0 ]T, with the redundancies [ 1 0 0 ]T

and [ 0 -1 -1 ]T, and their common mode voltages
1 and -2, respectively. From @, the common-mode volt-
age difference from the last implemented vector, ugp,) =
[2 -1 ]T, are -1 and 2, respectively, indicating that
both redundancies present at most one voltage transition in
the phase-voltages from the last implemented vector, and
are included in the set of candidate vectors (Qugpe(k1))-
From the first redundancy, a current equal to 74341y Will
flow into the neutral point while the second redundancy
imposes a neutral-point current equal t0 —i4(;41). For each
case, (23) is calculated and the capacitor voltage v.i(x+2)
is predicted. Aiming to bring the capacitor voltages close
to their reference values, the cost function J is calculated
for both redundancies, and the one with the lowest cost is
implemented during the next sampling period.

Note that the cost function is computed at most two times
for the NPC inverter, once the null vector does not affect
the current at the neutral point. In addition, by the common-
mode voltage criteria, the redundant state of the null vector
which presents the minimum number of commutations from
the last implemented vector, i.e., the lowest Awv,, is automat-
ically selected for the next sampling period. Compared to the
classical FCS-MPC, where the cost function is computed for
the 27 different converter switching states, the computational
burden is significantly reduced, making it faster to compute
by commercial microprocessors.

IV. HARDWARE-IN-THE-LOOP RESULTS

In this section, the performance of the proposed FCS-MPC
algorithm is presented and compared to other FCS-MPC
algorithms to highlight the advantages of the proposed tech-
nique. To do that, real-time Hardware-in-the-Loop results are
obtained by Typhoon HIL model 404, and the algorithms
are implemented in a Digital Signal Processor (DSP), model
TMS320F28377D, from Texas Instruments, as demonstrated
in Figure [6] In addition, the main system parameters are
presented in Table [2]
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FIGURE 6. Typhoon HIL 404 and test-bed for real-time results. (i) HIL
device, (ii) DSP interface board, (iii) computer, and (iv) oscilloscope.

TABLE 2. System parameters of the grid-tied NPC with LCL filter for HIL
and experimental results.

Parameter Symbol Value
Grid voltage vg 40/70 V
Grid Frequency f 60 Hz
Grid impedance Zg 5 pH, 0.1 mQ
DC-link voltage Vbo 100 V
DC-link capacitors C1,Co 4700 pF
Inverter-side filter inductance Ly 900 pH
LCL filter capacitance Cy 100 uF
Damping resistance Ry 1Q
Grid-side filter inductance Lo 100 pH
Sampling frequency fs 40 kHz

Initially, the DC-link capacitor voltage balance is analyzed
for two different power factors (PF). In this case, an un-
balanced DC link is considered for PF=1, as presented in
Fig. [/(a), and PF=0.7, such as in Fig. [7[b). As can be seen,
when the test starts, the DC-link capacitor voltages of the
NPC converter are quickly balanced to their reference value,
indicating the effectiveness of the cost function adopted
in the proposed algorithm. Although high-frequency ripple
appears in the capacitor voltages for PF=0.7, they remain
balanced to their reference values with similar capacitor
voltages offset (vcf) as in the case where PF=1, which are
0.29% and 0.17%, respectively. The vcf is computed as:

|Vcc/2 - 6c1|
Vee/2

where v, is the measured mean value of C.

To compare the performance of the proposed FCS-MPC
with similar low complexity approaches, a Branch and
Bound FCS-MPC and a Cascaded FCS-MPC
algorithms were implemented in the HIL device for the same
system and parameters. The Branch and Bound FCS-MPC
algorithm was proposed to reduce the computational burden
of the classical FCS-MPC algorithms. In this approach, the
optimization problem is reduced to a two-variable integer
quadratic programming problem, where the global optimal
solution is evaluated from an algorithm with reduced compu-

vef(%) = 100 (25)

Tek Prevu
=
//
7
(@ 20.0v 2 )[20.0ms 5.00MS/s @ - |[30 May 2024
1M points 24.4 A J|09:33:07
(a) PF=1.
Tek Prevu
N
»
(@ 20.0v 2 )(20.0ms 5.00MS/s @ - |30 May 2024
1M points 24.4 A )| 09:39:44
(b) PF=0.7.

FIGURE 7. Dc-link capacitor voltages balance. Horizontal scale: 20
ms/div.. Vertical: 20 V/div..

tational burden. On the other hand, the Cascaded FCS-MPC
is based on the division into two cost functions, which are
evaluated to, first, find the optimal vector that reduces the
current tracking error and, second, obtain the redundancy to
control the neutral point current. In this case, compared to
the classical FCS-MPC algorithm for an NPC converter, the
computational burden is reduced by minimizing the number
of calculations of the cost function from 27 to 19 times.

In order to compare the dynamic response of the three
algorithms, Figure [§] presents two grid-side currents and two
inverter output line-to-line voltages for a step change in the
current reference from 0 to 10A. As illustrated, it is possible
to note the similarity of the three algorithms in terms of
dynamic performance, where a fast transient response is
obtained in all cases. In addition, the Fast Fourier Transform
(FFT) of the PWM voltages is presented, indicating an equiv-
alent harmonic spectrum for all algorithms. As illustrated,
the main harmonic content is spread around 20 kHz, and
the proposed Fast FCS-MPC algorithm presents the lowest
THD compared to the other FCS-MPC strategies. Moreover,
a steady-state comparison is presented in Table [3] in terms
of computational burden, vcf, grid-side current THD, and
current Root-Mean-Square Error (RMSE), settling time, and
PWM voltages THD. Here, the RMSE is calculated by:

LN G —ia(k)? )

5 k=0

RMSE = (26)

. . oK .
where ng is the number of samples in one cycle, i, is the
current reference, and 75 means the measured current.
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FIGURE 8. Grid currents, converter output line-to-line PWM voltages and their FFT spectra of similar FCS-MPC algorithms. Horizontal scale: 4 ms/div..

Vertical: 100 V/div. and 10 A/div..

TABLE 3. Performance comparison of similar FCS-MPC algorithms.

FCS-MPC Execution Current Current Settling Capacitor PWM Voltage
Algorithm Time (us) THD (%) RMSE (A) time (ms) voltage offset (%) THD (%)
Proposed 33 2.15 0.15 50 0.29 36.05
Cascaded 17.0 1.95 0.14 70 031 37.79
Branch and
2.43 0.52 120 0.32 37.52

Bound

As presented in Table[3] the proposed FCS-MPC algorithm
significantly reduces the computational burden once the
inverter voltage vector can be chosen directly by rounding
the constrained voltage reference. On the other hand, the cost
function needs to be evaluated 19 times for the Cascaded
and 5 times for the Branch and Bound algorithm, where
complex equations must be determined to find the optimal
vector. Moreover, the three FCS-MPC algorithms present
similar performances in terms of current THD, RMSE, and
capacitor voltage offset. In addition, a similar performance
can be also observed in terms of settling time and THD of the
PWM voltages. As a result, compared to these techniques,
the proposed FCS-MPC algorithm presents the advantages of
lower computational burden, switching transitions between
only adjacent phase-voltage levels, and has a similar perfor-
mance compared to optimal algorithms, such as the Cascaded
and Branch and Bound FCS-MPC approaches.

V. EXPERIMENTAL RESULTS

To demonstrate the good performance of the proposed FCS-
MPC algorithm, experimental results are provided for an
NPC inverter connected to the grid by an LCL filter. To do
this, an experimental reduced-scale prototype was developed,

FIGURE 9. Experimental prototype. (i) DC bus, (ii) NPC inverter, (iii) LCL
filter, (iv) DSP board, (v) grid connection.

with the same system parameters of the LCL filter presented
in Table [2| In the experimental setup, each phase of the
NPC converter is implemented by the SK7SMLIO66T IGBT
module, and the gate signals are obtained from the SKYPER
32 PRO drivers, both from SEMIKRON. The experimental
setup is shown in Figure [0

First, experimental results are presented for a step change
in the current reference of the proposed FCS-MPC algorithm.
Figure [I0[a) shows the converter-side currents and Figure
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FIGURE 10. Transient response due to a step change in the current
reference. Horizontal: 4 ms/div. Vertical: 10 A/div., 100 V/div., and 50V/div.

[T0(b) illustrates the line-to-line voltages, and the grid-side
currents for a change in the current reference, from 0 to 10
A. As a result, a fast transient response is obtained with
reduced steady-state tracking error, indicating the similarity
with the results illustrated in Section [[V] In addition, Figure
[T0fc) presents the phase voltages of the NPC inverter for the
transient event previously considered. As demonstrated, the
phase voltages present switching transitions only between
adjacent levels, as expected by the switching constraint
implemented in the proposed FCS-MPC algorithm.

mewmw

25.0M5/5 @ 7 7804
M points

FIGURE 11. DC bus and capacitor voltages and inverter-side current
during a transient due to a step change in the current reference.
Horizontal: 4 ms/div. Vertical: 10 A/div. and 25 V/div.

(@ _10.04A 2 @ 50V @ 50V W[a.unms

Moreover, Figure[TT] presents the DC bus and the capacitor
voltages, and one inverter-side current at the transient event.
It is possible to see that the capacitor voltages remain
balanced at their reference value, indicating the effectiveness
of the cost function utilized to select the redundancy that
minimizes the voltage deviation and to control the DC bus
capacitor voltages of the proposed FCS-MPC algorithm.

VI. CONCLUSIONS

This paper presented an FCS-MPC algorithm with a low
computational burden for NPC converter with switching
constraints. The system model is formulated in the converter
output line-to-line voltages, where integer coordinates repre-
sent the voltage vectors. In the resultant SV diagram, feasi-
bility and the converter switching constraints are introduced,
and the selected voltage vector to be implemented in the
next sampling period is found by rounding the constrained
reference. From the selected voltage vector, the set of redun-
dancies is obtained from a common-mode voltage constraint
criteria, ensuring that the converter switches between only
adjacent phase voltage levels, which reduces the dv/dt of
the output voltages. In addition, a cost function is evaluated
for the set of redundant vectors to balance the DC-link
capacitor voltages. As a result, the cost function is evaluated
at most two times, reducing the computational burden of
the algorithm, which is verified by the measurement of the
DSP execution time. Although the proposed algorithm can
implement a sub-optimal solution in some sampling periods,
real-time comparison results indicate a similar performance
with optimal FCS-MPC algorithms regarding grid currents,
THD, and tracking error, settling time, PWM voltages THD,
and capacitor voltage offset. Finally, experimental results for
the NPC inverter are provided and illustrate the fast transient
response and good performance of the proposed FCS-MPC
algorithm, preserving the DC-link voltage balance and the
switching constraints of the converter.
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