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ABSTRACT Long-horizon finite control set model predictive control (FCS-MPC) is known for its superior
performance, particularly when applied to complex, higher order systems, such as grid-connected converters
with LCL filters. This article proposes a long-horizon FCS-MPC method that effectively operates such
systems even in the presence of time-varying model parameters and distorted grid voltage with variable
harmonic content. To do so, the proposed method incorporates information about the grid voltage distortion
when generating the reference trajectories of the controlled variables, namely, the grid and converter currents
and the filter capacitor voltage. In addition, a fast estimation algorithm continuously updates the grid- and
converter-side reactances, thus ensuring robustness to parameter variations in the system model. Real-time
tests conducted in a hardware-in-the-loop environment validate the effectiveness of the proposed control
approach across various operating conditions.

INDEX TERMS Estimation technique, grid-connected converter, harmonic distortions, medium-voltage

(MV) system, model predictive control (MPC).

I. INTRODUCTION

In medium-voltage (MV) applications where the power flow
direction may change during operation—e.g., traction sys-
tems, steel rolling mills, downhill conveyors, high-power
wind turbines—power converters in back-to-back configura-
tions are required [1], [2], [3], [4]. The semiconductor devices
used in MV power electronic systems generate switching
losses that are considerably higher than the conduction
losses [5, Ch. 2.3]. As aresult, MV power converters are oper-
ated at very low switching frequencies, typically in the range
of a few hundred hertz. However, operating at such low fre-
quencies tends to increase current harmonic distortions. In the
context of grid-connected converters, LC filters! can be used
to improve the output current quality and ensure compliance

"'As the converter is connected to the grid via a transformer, the resulting
combination with the LC filter forms an LCL configuration, which is referred
to as an LCL filter hereafter.

with the relevant harmonic grid standards [6]. The resulting
resonance frequency, however, can overlap with the controller
bandwidth and adversely affect the system performance [7].
Even though active damping methods are used to address this
issue [8], [9], conventional control methods typically oper-
ate the MV converter at switching frequencies approximately
three times higher than the resonance frequency. This implies
that when low switching frequencies are required, the filter
can become bulky. Alternatively, a higher switching frequency
is needed to maintain a compact filter size, resulting in in-
creased converter losses.

Conventional control methods for the aforementioned sys-
tems can be either linear or nonlinear [10]. The former,
such as voltage-oriented control [11], are mainly based on
proportional—integral (PI) regulators and an explicit mod-
ulation stage. In contrast, the latter often use hysteresis
comparators to directly manipulate the converter switches
based on look-up tables, e.g., as in direct power control
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(DPC) [12]. Consequently, DPC techniques typically achieve
better dynamic performance but exhibit worse steady-state
performance, as quantified by the grid current total harmonic
distortion (THD), since the predefined switching tables may
not be fully optimal [13].

Although linear control methods result in lower harmonic
distortions, operating at low switching frequencies can still
lead to undesirable current ripples. This issue can be further
exacerbated by pulsewidth modulation (PWM), which may in-
troduce low-order harmonics [14]. Moreover, the PWM stage
under such operating conditions introduces significant signal
delays that limit the decoupling of the control loops [15] and
impact system stability [16]. Finally, since high-order systems
often employ state-feedback controllers in multiple loops, the
resulting cascaded-loop structure imposes an intrinsic band-
width limitation [17].

Moreover, when a nonideal grid is concerned—i.e., a grid
with external disturbances, such as persistent harmonics—the
controller design becomes more challenging. For instance,
to attenuate low-order harmonics in the line currents, linear
control strategies are often equipped with second-order
generalized integrators (SOGIs) designed in the synchronous
or stationary frames [18], [19], [20]. However, as more SOGIs
are required to achieve zero steady-state error at multiple
harmonic frequencies, the controller structure and tuning
process become increasingly complex [21]. Alternatively,
hybrid repetitive control—effectively an infinite number of
SOGIs [22]—can successfully suppress the harmonic content
at the multiples of the fundamental frequency [23]. It is worth
noting that these methods rely on the internal model principle,
which introduces a significant delay, approximately equal to
one fundamental period [24]. Consequently, such approaches
inherently suffer from relatively slow transient responses
and sensitivity to variations in the grid-voltage frequency,
thus requiring additional techniques to mitigate these issues
[25], [26].

A control method that can effectively handle the system
in question under such conditions is model predictive con-
trol (MPC) [27]. In particular, direct MPC, implemented as
finite control set MPC (FCS-MPC), is a promising candidate
due to its versatile formulation and multi-input multioutput
nature [28]. As a result, FCS-MPC can simultaneously ad-
dress the control and modulation tasks while meeting all
relevant control objectives, such as the control of the grid
and converter currents as well as of the capacitor voltage.
Moreover, the combination of full-state information and a
sufficiently long prediction horizon equips direct MPC with
inherent active damping, further simplifying the controller de-
sign procedure [29]. However, despite recent advancements in
long-horizon FCS-MPC, its real-time implementation remains
challenging, particularly for systems with complex dynamics.
This is especially true when the system order exceeds one or
when multilevel converters are considered, as computational
requirements increase significantly [30]. Consequently, long-
horizon FCS-MPC has primarily been applied to two-level
converters or first-order systems, often under the assumption
of fixed system model parameters [31], [32], [33].
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Recent works on MPC for high-order systems—e.g.,
three-level converters connected to an ideal grid via LCL
filters—have demonstrated promising results [34], [35]. How-
ever, when dealing with a distorted grid, the control design
becomes more complex, as the objective is to maintain a
sinusoidal grid current with as low harmonic distortion as pos-
sible. To this end, Falkowski and Sikorski [36] used an outer
loop based on a PI controller to generate the ideal current ref-
erence, while a low-pass filter extracts high-order harmonics
from the capacitor voltage. In [37], indirect MPC, i.e., MPC
with an explicit modulator, employs repetitive control that
is also based on low-pass filters in the reference generation
process. Furthermore, the indirect MPC method in [38] in-
corporates a feedforward term to generate the sinusoidal grid
current reference. However, this approach adopts a reduced-
order model that overlooks the filter capacitor dynamics, thus
compromising the accuracy of the system state predictions. A
similar simplified model is utilized in [39] for the reference
generation. However, the implemented FCS-MPC strategy
approximates the system state beyond the one-step horizon
using Lagrangian extrapolation. The method in [40] employs a
sliding discrete Fourier transform (SDFT) to isolate harmonic
components of the grid voltage, enabling individual extrapola-
tion of each harmonic. Nevertheless, an additional estimator is
still required to eliminate tracking errors caused by variations
in the grid reactance.

Motivated by the aforementioned challenges, this article
introduces a long-horizon direct MPC method for MV grid-
connected converters equipped with LCL filters operating
under distorted grid conditions.? To achieve favorable steady-
state performance and maintain a sinusoidal grid current with
low ripple, information about the grid voltage harmonic con-
tent is incorporated into both the prediction model and output
reference generation. In addition, to prevent performance
degradation in the presence of parameter mismatches and
variations, the controller is augmented with a simple and fast
estimation algorithm. This scheme can provide real-time in-
formation on the most critical system parameters, ensuring the
prediction model is updated as needed. Finally, the direct na-
ture of the proposed control method enables very short settling
times during changes in the power requirements, even under
adverse and varying grid conditions. The effectiveness of the
proposed control approach is validated through real-time tests
conducted in a hardware-in-the-loop (HIL) environment on a
system comprising a three-level neutral-point-clamped (NPC)
converter connected to the grid through an LCL filter.

The rest of this article is organized as follows. Section II
presents the mathematical model of the system in question.
Following, the controller is formulated and its settings are
assessed during steady-state operation in Section III. The esti-
mator design for the grid-side and filter reactances is discussed
in Section IV. Section V provides a performance assessment

2This article includes a more in-depth theoretical analysis of the proposed
method, complemented by real-time tests conducted across a variety of oper-
ating conditions.
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FIGURE 1. Three-level NPC converter connected to a distorted grid through t
orthogonal coordinates («s-plane) (on the right).

of the proposed method based on an HIL system. Finally,
Section VI concludes this article.

Il. SYSTEM MODELING

Consider the system in Fig. 1 that consists of a three-level
NPC converter connected to the grid through an LC filter
and a step-down transformer. It is assumed that the dc-link
voltage Vq. is constant and the neutral-point potential v, is
fixed to zero. Throughout the following derivation, the per
unit (p.u.) system is adopted, meaning that all SI variables are
normalized based on the rated values of the secondary side
of the transformer.> Moreover, all the three-phase quantities
are mapped into the orthogonal «8-frame using the reduced
Clarke transformation matrix K.*

According to Fig. 1, the converter output voltage is

ey

where up. = [t up ucl” is the three-phase switch position,
with the switch position on phase x € {a, b, ¢} being u, €
U={-1,0,1}.

The LCL configuration comprises the converter-side filter
reactance Xy with the resistance Ry, the filter capacitor re-
actance X, with the resistance R, the transformer reactance
X; with the resistance R;. It is worth noting that, as given in
Table 2, the resistances are almost negligible and therefore
do not provide any passive damping. The grid impedance
consists of the grid reactance X, and resistance R,. In addition,
the grid voltage v, is modeled as a nonsinusoidal voltage
source. Hence, in addition to the fundamental component vy 1,
it includes—for simplicity but without loss of generality—a
fifth v, 5 and a seventh v, 7 harmonic.

3The p.u. system is devised using the grid frequency and the peak values of
the rated phase quantities as the base values, i.e., wp = 27 fy, Vg = /2/3Vk,
and Ig = ﬁlR, Note that the rated voltage Vg, current Ig, and frequency f,
are defined in Table 1.

4To simplify the notation, only variables in the abc-frame are indicated by
the corresponding subscript, while the subscript is omitted for those in the
o B-frame.

SNote that X, corresponds to the inverse of the p.u. capacitor reactance [5,
Ch. 2.4].

VOLUME 6, 2025

he LCL configuration (on the left) and its equivalent circuit in stationary

TABLE 1. MV System Rated Values

Parameter Value

Rated line-to-line voltage Vi | 3300V

Rated phase current I 1575 A

Apparent power Sr 9MVA

Grid frequency fg 50 Hz

TABLE 2. MV System Parameters

Parameter Value [SI] | Value [p.u.]
Grid inductance Lg 0.403mH | 0.1047
Grid resistance Iy 12.6 mQ2 0.0104
Transformer inductance L 0.628 mH 0.1632
Transformer resistance Ry 9.6 m§2 0.0075
Converter-side filter inductance Ly | 0.452 mH 0.1174
Converter-side filter resistance Ry 0.484 m§2 0.0004
Filter capacitance C' 885 uF 0.3363
Filter resistance R, 0.484m2 | 0.0004
Dc-link voltage Ve 5.4kV 2.0041
System resonance frequency fres 302 Hz
Short-circuit ratio SCR 10

With the current directions defined in Fig. 1, the equivalent
circuit can be described by a system of first-order differential
equations and expressed in the state-space form

dx
% = Fx(t) + Gugpc(t) + Pvy(1) (2a)
(1) = Cx(1) (2b)

where the state vector consists of the converter current,
the filter capacitor voltage, and the grid current, i.e., x =

[idony 02 i3 17, while the control input is defined as three-phase

switch position ugp. € U3. Moreover, the system output is

selected to be the same as the state, i.e., y = [l v7 if 1"
The system dynamics are captured by matrix F e RO*6
(Rj +R.) 1 R,
— I +1 <1
le S e le 2
F= —x b 0 Yy
R 1 (RE +R¢)
vk —xhk —Txh
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with I and 0 being the identity and zero matrices, respectively,
whose dimensions are denoted by the corresponding sub-
script. Note that the grid-side lumped resistance and reactance
are Ry = R, + R, and X5 = X; + X,, respectively. Finally,
the input G and disturbance P matrices are

Vdc

G = TK P= ! I !
- I ] ’ X [ ]
2X, [2 0254 X 0254 I

while the output matrix is C = I.

To accommodate the discrete nature of MPC and ensure a
precise prediction model, exact discretization is typically ap-
plied to (2). This procedure, however, requires computing the
matrix exponential, making it computationally demanding.
Alternatively, a sufficiently accurate second-order approxi-
mation of the exact discretization can be obtained using the
Taylor series with the sampling interval 7 [42]

x(k + 1) = Ax(k) + Bugy (k) + Dvg(k)
y(k) = Cx(k)

(3a)
(3b)

where A=Y72 (FLV B_F1(A-I)G, and D=
F1(A —I)P.°

As mentioned earlier, the grid voltage is comprised of the
following components:

Vg(k) = vg1(k) + vg5(k) + vg7(k). “)

It is assumed that information about the harmonic content at
time step k is extracted, e.g., with the help of SDFT [40].
Moreover, on the basis that 7y is chosen to be sufficiently
small (i.e., Ty < T1, where Tj is the fundamental period), the
harmonic amplitudes can be considered constant. Hence, each
component of the grid voltage can be extrapolated at the next
time step k + 1 as

Von(k+1) = R (A@,)vg (k) Q)
with
R(Ag,) = cos(Ap,) —sin(Agy)
= sin(Agn)  cos(Apy)

where n € {1, 5, 7} represents the harmonic order, and Ag, €
R is the harmonic angle increment in the « 8-frame during one
Ts.

1Il. CONTROLLER DESIGN

A. OUTPUT REFERENCE CALCULATION

To obtain the output reference trajectories y.p =
[icTonv,ref vz:ref i;ref]T, where iconyref, Veref, and ig,ref are
the references for the converter current, capacitor voltage,
and grid current, respectively, the system dynamics and the
superposition principle are taken into account. Specifically,
to achieve a sinusoidal grid current reference, the current
harmonics are set to zero, i.e., iy, rer(k + 1) = 0 for n > 1.

Note that the calculation of B and D matrices is simplified to a first-order
approximation [43, Ch. 4.3.3].
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To determine the desired fundamental component of the grid
current, the active P and reactive Q.f power references are
used according to

Uga,l(k + DPes + vgﬁ,l(k + D QOret
Vg1 (k + DI

Ugﬂ,l(k + DPer — Ugot,l(k + DOrer
[ve.1(k + DII3

where vg 1(k + 1) is calculated using (5). Then, the capacitor
voltage and the converter current references for each harmonic
n can be expressed as

Venref(k +1) = vg n(k + 1)—
Ry, + Xs.D)ignret(k + 1)
conv.mret(k + 1) = ig nrer(k + 1) —
(Re + Xed e etk + 1)/ (R2+X2)  (7b)

igoc,l,ref(k + 1) = (63)

ig,B,l,ref(k + D= (6b)

(7a)

where J = [?

harmonics, and combining it with (6), the output references
that account for the grid voltage harmonics are

Ytk + D= Y Ytk +1). ®)
n=1,5,7

701]. Hence, by considering (7) for all nonzero

B. OPTIMIZATION PROBLEM

The aim of the controller is to regulate the output vector y
along its reference y,.;, while maintaining as low a switching
frequency fsw as possible by manipulating the switch position
U These goals are captured in the objective function with
two terms. Specifically, the first term evaluates the tracking
error between the reference values and the predictions of
the output vector yo. (£ + 1) =y s(£ + 1) — y(£ + 1) within
the prediction horizon, where £ =k, k+1,...,k+ N, — 1.
The second term calculates the control effort Aw,p.(£) =
Uype(L) — ugpe (L — 1) within the same time window or a
shorter one, as explained in the following. By combining these
two terms into a single objective function, it takes the form of

k+Np—1 k-+Ne—1
T= 3" Wenli+DIG + 2u Y AU (ON7  (9)
j=k =k

where the diagonal matrix Qg > 0 sets the tracking prior-
ity among the controlled variables, while the scalar A, > 0
determines the tradeoff between the two conflicting terms
in (9).7 In addition, in contrast to the tracking error, the control
effort is calculated only for N. < N, steps in the future, which
defines the length of the control horizon. As shown in the
following, a well-chosen value of N, does not compromise

"Note that setting A, = 0 must be avoided because it results in a subpar
steady-state performance. This is because it prevents control of the switching
frequency, thus resulting in a low sampling-to-switching frequency ratio, i.e.,
low granularity of switching, and causes behavior similar to a quantized
deadbeat controller, as thoroughly explained in [28, Sect. IV].
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FIGURE 2. Performance metric ¢; as a function of the switching frequency
fsw for horizon combinations N = {1, 1}, {3, 3}, {5, 5}, {7, 4}, and {7, 7} for
T; = 125 ps. Individual simulations are indicated by dots, and their trends
are approximated using polynomials.

optimality but significantly alleviates the computational com-
plexity of the proposed MPC algorithm. Finally, both terms
in the objective function (9) employ the £;-norm to guar-
antee the closed-loop (practical) asymptotic stability of the
system (3) [44], [45].

Based on (9), the MPC problem takes the form

minimize J (k)
Uk)yeU

subject to x(j + 1) = Ax(j) + Bugpc(€) + Dvg(j)  (10b)

yi+1)=Cx(j+1) Vj=k, ....,k+N,—1
(10¢)

(10a)

[Augpe (Do <1 VL= ky...,k+N,—1

(10d)

where the feasible input set is defined as U*e. Note that
constraint (10d) is added to avoid a shoot-through between the
dc-link rails of the converter by directly switching one phase
from 1 to —1, or vice versa.

By solving (10), the controller concludes to the optimal
sequence of three-phase switch positions

U = [wh o wl ke +1) ... wk k+N—D]" .

abc abc abc

The most straightforward approach to do so is to evaluate
all the 3°M candidate solutions U (k) € U. However, as the
number of candidate solutions grows exponentially with N,,
this method quickly becomes computationally intractable. A
more sophisticated alternative is to use a sphere decoding
algorithm (SDA) [46], [47]. To this end, the objective func-
tion (9) is reformulated into an integer least-squares problem,
as described in [46]. Furthermore, a minor modification is
made to incorporate the grid voltage as a disturbance in the
model (3), as shown in [48]. The main advantage of SDA
is that its average calculation complexity, typically associ-
ated with the iterations required to solve (10), increases only
gradually with N, [49]. Moreover, the computational time is
further reduced since N. < N,, as a smaller N, effectively
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shortens the search path over the candidate switch positions
during the SDA iterations. It is worth noting, however, that
resorting to shorter control horizons may cause the controller
to produce suboptimal solutions. Therefore, the performance
of this approach requires thorough evaluation, as discussed in
the following section.

C. ASSESSMENT OF THE OBJECTIVE FUNCTION

For the MV application in question, operation at low switch-
ing frequencies fg is essential to avoid excessive switching
power losses. To achieve this, the coefficient A, should be
increased to prioritize the penalization of the switching tran-
sitions in (9). This adjustment forces direct MPC to maintain
the last applied three-phase switch position u,.(k — 1) active
for a longer duration. As a result of this, and given that T
is sufficiently small, solving problem (10) for the steps be-
yond the first N, steps may be redundant. This is because the
three-phase position at the tail of the prediction horizon, i.e.,
the last N, — N, steps, may remain unchanged [50], while the
receding horizon policy of MPC emphasizes the significance
of the first control actions within the horizon.

To validate this assumption, a series of steady-state sim-
ulations was conducted for the system in Fig. 1, using the
parameters given in Table 2. The controller prioritizes tracking
of the grid current reference by setting the weighting matrix
Q = diag(1, 1, 50, 50, 500, 500). The results are studied for
various combinations of the prediction and control horizons
N = {Np, N.}; see Fig. 2. To assess the behavior of the differ-
ent combinations, the product between the grid current THD
and switching frequency, i.e., ¢y = Ig THD - fsw, is chosen as
the controller performance metric. A lower value of ¢ indi-
cates a more favorable tradeoff between harmonic distortions
and switching frequency, signifying improved steady-state
performance. To cover the relevant range of fy, each test is
executed at a specific value of 1,. Subsequently, the data are
collected over 20 fundamental periods, and the resulting c¢
values are recorded.

From the results shown in Fig. 2, it can be seen that the
combination N = {1, 1}, indicated by the dark blue line, ex-
hibits the worst performance. In contrast, the combinations
with longer prediction horizons, i.e., N = {3, 3}, N = {5, 5},
N = {7,4}, and N = {7,7}, yield lower values for the c
metric, indicating improved steady-state performance, partic-
ularly in the low switching frequency region. Notably, the
cy values for the combinations N = {7,7} and N = {7, 4}
completely overlap up to fiy =~ 350 Hz. This implies that both
horizon combinations provide the same optimal solutions at
low switching frequencies, despite the shorter control horizon
N, in the case N = {7,4}. Given that this combination can
significantly reduce the computational requirements due to
N, =4, it is chosen for the real-time implementation and
subsequent performance evaluation of the proposed method
presented in Section V.
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FIGURE 3. Estimation of the probability distribution for Avg as a
histogram with the total area normalized to 1. The values of Ay, are
computed for a grid voltage v, that includes a fifth and a seventh
harmonic with amplitudes of 11% and 9% of vy 1, respectively.

IV. ESTIMATOR DESIGN

A. GRID-SIDE REACTANCE

Following the approach in [51], the presented algorithm cal-
culates the estimated grid-side lumped reactance Xy, thus pro-
viding resilience to variations in it. Since Tregubov et al. [51]
considered an ideal grid voltage, i.e., a constant amplitude
lvell, the degree of noncompliance with this assumption is
evaluated first. This degree is quantified by a change in the
grid voltage amplitude during one sampling interval 7 ac-
cording to

Avg(k) = Jlvg(k)ll2 — [[vglk — D2 (1)

The values Av, are obtained over 10 s in real time,® and their
distribution is presented in Fig. 3. As can be seen, the observed
deviations in the grid voltage amplitude Av, do not exceed
1% of v, 1, with most values being within a +0.5% interval.
Therefore, for the introduced harmonic content and chosen
T, the variations in [[vg| are assumed negligible within one
fundamental period, implying

lvg(k)I3 — llvgk — D3 = e, ~ 0. (12)

With (12), and following the procedure presented in [52],
the estimated value of the grid-side lumped reactance Xy, can
be found by solving the following quadratic equation:

X3Az + XzBx +Cs = ¢, (13)

where the coefficients Ay, By, and Cx are provided in the
Appendix. Solving (13) yields two roots )/(\21)2, which are
considered as candidate estimates. However, because of the
assumption &, ~ 0, the roots may not provide an accurate
estimation of )?2. To address this, a third candidate, denoted
as ?E,prev, is considered, corresponding to the estimated value
from the previous time step k — 1. This addition is based
on the rationale that the reactance cannot change abruptly
but it instead varies relatively slowly compared to the sys-
tem dynamics. Therefore, the estimator output from time step
k — 1 may serve as a more reliable estimate than the roots
of (13) calculated at time step k. As shown in Section V, this
approach yields favorable results even when sudden changes
in reactances are introduced.

8The HIL testbench is described in Section V.
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Finally, to choose the most accurate estimate from the can-
didate values )/(\21,2,prev, the angle of the actual grid voltage
vector v, is taken into account. Specifically, the selection
criterion is that the angle of the estimated grid voltage vector
vg‘,s‘ should closely match that of the actual grid voltage v,. To
calculate the former, three separate grid voltage vectors are
calculated using each candidate for the estimated reactance
)/(\21,2@8\,, based on the discretized dynamics of the circuit, as
shown in Fig. 1°

Aig(k) X Aicony (k)

v k) = X;
(k) Z1.2prev T

1,2,prev

+ Veony (k)

(14)
where Aiy(k) = ig(k) —ig(k — 1) and Aicony (k) = icony(k) —
icony(k — 1). Consequently, the angles @ 1,2 prey Of the three
vectors v;,Stl,Z,prev’ respectively, are compared to that of the
distorted grid voltage vy, i.e., ¢4, which can be reconstructed
with the help of, e.g., harmonic detection techniques [53],
[54]. The candidate grid-side reactance that corresponds to the
smallest angle difference between vg,“ and v, is chosen as the
estimator output.

Furthermore, a closer examination of Ay reveals that it
includes the (squared) rate of change of the grid current.
Consequently, if the grid current exhibits (very) low ripple,
Ay may yield values close to zero, which can significantly
deteriorate the estimation quality. To overcome this issue,
the algorithm is executed only when a new switch position
is applied, i.e., when up. (k) # uyp.(k — 1). This condition
leads to a change in the grid current evolution, thereby helping
to avoid numerical problems when solving (13). On the other
hand, when the switch position remains unchanged between
two consecutive time steps, the estimator maintains the pre-
viously computed value )?z,prev. This value is also used when
the discriminant of (13) is negative. The pseudocode of this
estimation procedure is provided in Algorithm 1.

Finally, it is worth mentioning that, in contrast to the grid
current, calculating the converter current rate of change—
e.g., in By—can deteriorate the estimation results because of
the high converter current ripple in the target low-frequency
range. To improve the estimation accuracy, a simple moving
average technique is employed using a time window of five T;.
However, the drawback of this approach is a slower estimator
response to parameter deviations, which is proportional to the
window length, as will be shown in the time-domain results
presented in Section V. Nevertheless, this is acceptable, as
changes in the grid reactance are much slower than the fast
dynamics of the electrical quantities.

B. CONVERTER-SIDE FILTER REACTANCE

The controller performance may deteriorate because of varia-
tions in the filter capacitor and converter-side reactances [51].
However, these reactances, X, and Xy, respectively, usually do
not experience rapid or drastic changes as the grid reactance
might. Nevertheless, as seen in (13) and (14), the estimator

9Note that instead of the nominal X ' the estimated value )/(\f can be used.
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Algorithm 1: Update Xg in the Prediction Model.

if u,pe (k) # ugpe(k — 1) or 4C>;A2/B%; > 1 then 10

Xgred - Xgred(k — D

return
endif 02006 —004  —0.02 0 0.02 0.04
calculate X5 > from (13) and |¢,; — ¢,| based on (14) Av,
Ap = 00

for ! € {1, 2, prev} do
if |01 — @l < Ag then
Ap = |(pg,l - ‘Pg|
<1
end if
end for R L
Xged <~ Xz, € {(Xz,1, X5.2, X5 prev}

depends on Xy in, e.g., the calculation of the By and Cs
coefficients in (13). Thus, to further improve the robustness of
the proposed method, the same approach is applied to estimate
the converter-side filter reactance )/(\ £

Similarly to Section IV-A, and based on the assumption that

AV2(k) = [l (k)13 — vk — D3 =e.~0  (15)

holds, the estimated converter-side filter reactance can be
computed using the following equation:

Sf\}Af-l-)?fo-FCf =& (16)

where the coefficients Ay, By, and Cy are defined in the
Appendix. Then, in a similar fashion with (14), the three can-
didate estimates X 1,2, prev are used to compute three different
capacitor voltages using

Aicony (k)

s

v (k) = Xf1.2.prev +veom(K).  (17)
Finally, the same choosing criteria as for the grid-side re-
actance estimation can be applied, with the difference that
the capacitor voltage is used in this case. By doing so, the
converter-side reactance is estimated at the time step k.

It is worth noting, however, that the capacitor voltage might
have significant harmonic distortions, which could lead to
inaccuracies in the approximation given by (15). Indeed, as
shown in Fig. 4, deviations in Av.(k) for the given grid
voltage distortions can reach up to approximately 5% . Nev-
ertheless, as demonstrated in the next section, the estimation
of the converter-side filter reactance remains sufficiently ac-
curate. This can be explained by analyzing the constant
coefficient Cy — €. = Cr — 4/ Av, in (16). Specifically, since
Cy represents the difference between the lengths of two con-
secutively applied converter voltage vectors, it can become
quite large in a three-level converter, thereby dominating Av,.
As a result, even relatively big variations in the capacitor
voltage—and consequently in Av.—are still much smaller
than Cy, indicating that the latter has a more significant influ-
ence on the accuracy of converter-side reactance estimation.
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FIGURE 4. Estimation of the probability distribution for Av. as a
histogram with the total area normalized to 1. The values of Av. are
computed for a grid voltage v, that includes a fifth and a seventh
harmonic with amplitudes of 11% and 9% of vy, respectively.

Ugpe(k) | =

Minimization
of objective
function (9)

)

System
predictions

A A

Estimator

Harmonic
detection

I

D

¢ Prer Qlef

Reference
calculation

FIGURE 5. Block diagram of the proposed direct MPC strategy with output
reference tracking and the grid- and converter-side reactance estimator.

Considering the above, the block diagram of the proposed
control and estimation schemes is presented in Fig. 5.

V. PERFORMANCE ASSESSMENT

The proposed approach is evaluated in real time with the MV
system of interest (see Fig. 1) within an HIL environment. To
this end, the MV grid-connected converter is simulated at a
sampling interval of T g, = 3 us on the processor of Plexim
RT Box 1. The system parameters are provided in Table 2. The
nonideal grid voltage includes a fifth and a seventh harmonic
with amplitudes set to 11% and 9% of that of the fundamental
component, respectively. Moreover, the field-programmable
gate array (FPGA) of the RT Box performs the data acqui-
sition such that high fidelity of the real-time simulation is
guaranteed.

The proposed direct MPC method is implemented on the
processor of the dSPACE Scalexio hardware platform with
a sampling interval of Ty = 125 ws. In this interval, the al-
gorithm estimates the reactances, calculates the references,
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TABLE 3. Hardware Parameters of the HIL Test Bench

Processor ADC Ts
Controller | Intel i7-6820EQ 2.8 GHz ~ AMD Kintex-7 160T | 125 us
System ARM Cortex-A9 1 GHz on Xilinx Zynq Z-7030 3 us

Control platform

Real-time simulator

Analog
measurements

FIGURE 6. Block diagram of the HIL setup.

updates the prediction model when needed, and solves the
MPC optimization problem with SDA.

As previously mentioned, the prediction and control hori-
zons are chosen as N, =7 and N, = 4, respectively, while
the weighting matrix is Q = diag(1, 1, 50, 50, 500, 500), and
Ay 1s chosen to maintain a device switching frequency of
fsw ~ 250 Hz during the study. Finally, the FPGA of the con-
trol platform handles the analog-to-digital conversion (ADC),
while a wired interface links the two platforms. A summary of
the HIL system configuration is provided in Table 3, and the
block diagram of the HIL testbench is shown in Fig. 6.

A. STEADY-STATE OPERATION WITH NOMINAL
PARAMETERS

While operating under nominal conditions and a unity power
factor, i.e., {Pref, Oref} = {1, 0}, the time-domain behavior of
the proposed control approach is illustrated in Fig. 7. For
this test, no parameter variations are introduced, and the es-
timator is not used to update the MPC prediction model. As
shown, the controller exhibits favorable steady-state perfor-
mance despite the presence of significant disturbances in the
grid voltage. This can also be inferred by inspecting the grid
current harmonic spectrum presented in Fig. 8(a). As can be
seen, FCS-MPC effectively mitigates the grid voltage harmon-
ics, resulting in a nearly sinusoidal grid current with a current
THD of Ig,THD ~ 2.5%.

In a next step, the accuracy of the developed estimator is
examined. For this purpose, the estimator is run in parallel, yet
independently, from the controller, assuming nominal system
parameters. The estimated values of the lumped grid- and
converter-side reactances are recorded over a 10-s experiment,
and the results are shown in Figs. 9 and 10, respectively. It
can be seen that 95% of Xy, and X, r values are approximately
within £5% of the actual grid-side Xy and converter-side
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FIGURE 7. Steady-state operation of the proposed direct MPC method at
fow ~ 250 Hz for N = {7, 4} and T; = 125 pus. The system parameters are
nominal and the estimator is inactive.

Xy reactances. This indicates that the accuracy of the pre-
sented estimation algorithm is high under nominal operating
conditions.

Following, the proposed FCS-MPC is tested alongside the
estimator. To this end, the estimator updates the prediction
model using the estimated reactance values. Since X5 and
)/(\f are expected to be close to the nominal values, the re-
sulting system performance should resemble that shown in
Figs. 7 and 8. To validate this, the grid current harmonic spec-
trum obtained while operating under the estimated (nominal)
reactances is shown in Fig. 8(b). As can be seen, this spec-
trum is virtually identical to the one achieved when operating
with the nominal parameters without using the estimator. To
further demonstrate the accuracy of the estimator, the grid
current THD values are compared across a range of switching
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FIGURE 8. Harmonic spectrum of the grid currents (a) without and (b) with
the estimator. The gray bars denote the harmonic limits defined by the
IEEE 519 standard [6].

200 :
150+ } i
100F ‘ ]
sol \ il
0 [ I
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FIGURE 9. Normalized histogram showing the posterior probability
distribution of the estimated value Xs. The mean value of X5 (green
dashed line) is 0.268 p.u., which matches the grid-side reactance of the
system X5. The 95% confidence interval for )7; is Clgs = [0.258, 0.277].
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FIGURE 10. Normalized histogram showing the posterior probability
distribution of the estimated value X;. The mean value of X; (green dashed
line) is 0.1174 p.u., which matches the converter-side reactance of the
system X;. The 95% confidence interval for X; is Clos = [0.111, 0.123].

frequencies up to 500 Hz; see Fig. 11. The tradeoff curve
obtained when the estimator is active is shown as a solid
yellow line, while the curve for the inactive estimator is rep-
resented by a solid blue line. Individual real-time test results
are marked with dots of the corresponding colors. As can be
observed, the two tradeoff curves nearly overlap, indicating
that the estimator does not compromise the performance of
the controller under nominal operating conditions.
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FIGURE 11. Tradeoff between grid current THD /g tup and switching
frequency f, for the proposed direct MPC with (yellow) and without
(blue) the estimator.

TABLE 4. Considered System Parameter Changes

Parameter X4 X Xf
Nominal [p.u.] 0.105 0.163 0.117
Variation [%] —20 +20 —20 +20 —15 +15
Varied [p.u.] 0.084 | 0.125 | 0.13 | 0.196 0.1 0.135

B. TRANSIENT OPERATION WITH VARYING PARAMETERS
This section discusses the operation of the proposed di-
rect MPC algorithm alongside the estimator, as illustrated
in Figs. 12 and 13. These figures capture both steady-state
and transient behaviors, including the impact of parameter
mismatches and the estimator performance.

Although stepwise changes in system parameters are un-
common, they are considered here to clearly demonstrate the
robust and effective performance of the proposed solution
under a heavily distorted grid. To this end, a —20% variation
is introduced in X, and X;, along with a —15% variation in
Xr; see Fig. 12. Conversely, Fig. 13 presents the results for
the corresponding positive parameter mismatches of +20%
and +15%. The resulting reactance values and their deviations
from the nominal values are summarized in Table 4. Note
that the changes in the grid and transformer reactances lead
to changes in the lumped reactance Xy shifting from 0.268 to
0.214 p.u. for negative variations and to 0.321 p.u. for positive
variations.

In the beginning, the system operates at a unity power factor
with power references set to P = | and Qper = 0 p.u. Al-
though the controller can continuously update the prediction
model, it does not utilize the estimated value of the grid-side
reactance during this interval, i.e., the estimator is turned
OFF. As a result, the controller performance deteriorates be-
cause of the variations introduced in the grid-side reactances
X, and X;. A similar behavior is observed after = 20 ms
when a mismatch is also introduced into the converter-side
reactance Xy. As shown in Figs. 12 and 13, the tracking of
the active and reactive power references is relatively poor,
leading to tracking errors in the grid current. However, when
the estimator is activated at 1 = 45 ms, the reactances are esti-
mated with sufficient accuracy, enabling effective elimination
of the steady-state tracking errors. As a result, the system
performance significantly improves—that is similar to that
in Fig. 7—maintaining a favorable behavior until the power
references change at t = 60 ms.
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FIGURE 12. Time-domain results of the proposed direct MPC method for N = {7, 4} and T; = 125 us. Att = 0 ms, the system operates under a unity
power factor. A -20% variation is introduced in the grid X; and transformer X; reactances, leading to a parameter mismatch in the grid-side lumped

reactance used by the prediction model, i.e., X?®! = X3!, At t = 20 ms, a further deviation of —15% is applied to the converter-side reactance X;, causing

a mismatch in the second parameter, i.e., X} red o X,sy“. At t = 45 ms, the estimators for both reactances are activated. Following, at ¢t = 60 ms, the power
references are stepped from {P,g;, Qref} = {1, 0} to {Pef, Qres} = {0.8, 0.6}, transitioning to a nonunity power factor. Finally, at ¢ = 70 ms, the power
references are changed back to their initial values.
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FIGURE 13. Time-domain results of the proposed direct MPC method for N = {7, 4} and T; = 125 ps. The same conditions as in Fig. 12 are considered,
with the difference that the grid-side reactances are changed by +20% and the converter-side reactance by +15%.

At that instant, the power references are changed in a
stepwise manner to Pr = 0.8 and Q. = 0.6 p.u., thereby
deviating from unity power factor operation. As can be seen,
the discussed direct MPC algorithm demonstrates excellent
transient performance with a very short settling time of about
2.5 ms. This is a feature of direct control methods since the
switch positions are not determined by a modulator. Hence,
the controller has all required degrees of freedom to fully
utilize the available voltage margin. In the final step, the power
references are returned to their initial values at t = 70 ms,
restoring unity power factor operation.
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Regarding the estimator, its ability to provide accurate es-
timates aligns with the analysis presented in Figs. 9 and 10.
Specifically, during extended periods when the reactances re-
main unchanged, the estimated values stay within the 95%
confidence interval, indicated by the dotted lines. However,
at instances where abrupt changes in reactances occur or
power demands change in a stepwise manner—introducing
brief transients into the system state—small transient vio-
lations can be observed in the estimated value S(\f. These
violations, however, do not adversely impact the estimations
5(\2 [see (13)], as confirmed by the results. Consequently,
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FIGURE 14. Time-domain results of the proposed direct MPC method
under variations in the grid harmonic content at ¢ = 10 ms.

the overall tracking performance of the controller remains
excellent.

C. VARYING GRID CONDITIONS

To provide further insights into the system operation under
varying grid conditions, changes in the grid voltage harmonic
content are introduced; see Fig. 14. Specifically, the amplitude
of the seventh harmonic is increased from 0.09 to 0.11 p.u.
at t = 10 ms, while the initial phases of both v, 5 and vg 7
are shifted by /2. Consequently, the shape of the grid volt-
age waveform is changed, requiring the controller to update
the references to maintain the sinusoidal line currents under
these new conditions. As a result, the converter current refer-
ence changes in a stepwise manner, causing a small transient
in the grid current. However, after the change at # = 10 ms,
good reference tracking is observed, showcasing the ability
of the controller to maintain sinusoidal grid currents when
information about the grid voltage harmonics is available.

202

—

power [p.u.]
s &

‘ ‘

|

[

|

|

| I

o
ot
-
[==}
—_
(=2
Do
o

qrol
ot

w
(e}
w
ot
'
o

=

Vg,abc [p-u.]
o

|
—_

o =

":g,abc [p-u.]
|

—

|
—

iconv,abc [p.ul]
o

=

Ve, abe [P-u~]
=

Time [ms]

FIGURE 15. Time-domain results of the proposed direct MPC method
under a sudden grid fault (symmetrical grid voltage sag down to 65% )
occurring between t = 10 ms and t = 30 ms.

D. OPERATION DURING A FAULT

The system operation can be affected by faults in distribution
or transmission lines. Before the fault is cleared, the grid
voltage experiences a decrease in its rms value, depending on
the type and location of the fault. To evaluate the controller
behavior under a symmetrical fault, a grid voltage sag down
to 65% of the nominal value is considered in Fig. 15. In
this scenario, the amplitude of the grid voltage fundamental
component ||vg || instantly drops at t = 10 ms and returns
to its nominal value after one period at + = 30 ms. Since
the controller is of grid-following type, a current limitation
strategy can be directly applied to the grid current references,
e.g., using a circular limiter [55]. Consequently, during the
voltage dip, the power references in Fig. 15 remain constant,
but the MPC algorithm delivers active power at a reduced level
since the grid current reference limit is set to 1 p.u. in this
case. As a result, the sinusoidal reference trajectories of the
grid current remain unchanged during the dip. Subsequently,
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TABLE 5. Maximum Execution Times in us

max max max max max max max
tPLL test tmodel tref tdel tSDA tta Ts

2 1 80 2 1 20 110 125

the references icony. rer and v, rer are updated according to (7)
to account for the decrease in ||vg 1]

As shown, despite the fault, good tracking performance is
observed without significant overshoots or oscillations in the
controlled variables at the onset and clearance of the fault.
This is attributed to the key features of the proposed algo-
rithm, including full-state information, long prediction and
control horizons, and an accurate prediction model. The small
overshoot that is observed in the active power during the
transient conditions is caused by the instantaneous changes in
the grid voltage phase quantities. Overall, these results further
highlight the performance benefits of the proposed method,
demonstrating its ability to effectively operate the MV system
even under such adverse operating conditions.

E. TIMING ANALYSIS

The total turnaround time #;, required for executing the pro-
posed algorithm can be divided into several components.
Table 5 reports the maximum times required for various cal-
culations: the phase-locked loop 757", both estimators 75*,
the prediction model update %%, the reference generation
o, the delay compensation #3;%*, and the FCS-MPC solver
tgngjg. 10° As seen from the table, the maximum turnaround time

is 1™ = 110 us, which is smaller than the chosen sampling

ta
interval of Ty = 125 pus. This maximum time is the most
relevant indicator from a computational point of view, as it
corresponds to the worst-case scenario, thus demonstrating
the feasibility of the real-time implementation of the proposed
control scheme. It is worth noting, however, that the average
execution time of the algorithm is significantly shorter, as the
estimation algorithm is executed only a few times within a
fundamental period, meaning the prediction model is updated
infrequently.

For a better understanding of the required execution time,
the system operation was recorded over a span of 10 s. The
distributions of the captured execution times for the most
computationally demanding tasks are presented in Fig. 16.
From Fig. 16(a), it can be observed that the prediction
model update takes negligible to no time in the majority of
recorded instances. However, when significant changes to the
prediction model are required, this task consumes the most
computational time, as also indicated in Table 5. Similarly,
Fig. 16(b) shows that the SDA finds the solution to (10) on
average in fgyy A 4 ps, while the maximum time is 1J15x =
20 ws. Finally, the average turnaround time can be deduced
from Fig. 16(c) as t;, © ~ 25 us.

19Note that there are other less-intensive hardware-specific computational
tasks that add negligible overhead to f,. For this reason, these tasks are not
explicitly mentioned in Table 5, but their contribution is considered in #.
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FIGURE 16. Histogram of the execution times required for: (a) updating
the prediction model, (b) solving (10) using SDA, and (c) executing the
complete algorithm.

VI. CONCLUSION

This article proposed a direct MPC strategy tailored for MV
three-level converters equipped with LCL filters. The ap-
proach effectively mitigates grid voltage disturbances, such as
significant low-order harmonics, by utilizing an accurate pre-
diction model in conjunction with a long-horizon formulation.
Consequently, the produced grid current is nearly sinusoidal
with very low harmonic content. In addition, to improve
the robustness of the control method against parameter vari-
ations and mismatches while maintaining desirable system
performance, an estimation algorithm is integrated to enable
rapid and accurate updates of the grid- and converter-side
reactances. This ensures favorable steady-state and dynamic
behavior of the proposed FCS-MPC method across various
operating conditions. The presented real-time results, ob-
tained from an HIL environment, validate the performance
benefits of the proposed solution.

APPENDIX
The coefficients in (13) are

Az = A2 (k+ 1)+ AAZ 4k + 1)
— AA] (k) — AA; 4(k) (18a)
By =2 (AAg o (k 4+ Dvcony,a (k)
+ AAg p(k + Dvcony,p (k) — AAg o (K)veony.o (k — 1)
— AAg g(k)veony,p(k — 1)
+ X5 - (AAgo(k + 1)AAcony,a(k + 1)
+ AAg gk + 1D AAconyplk + 1)
— Mg (k) AAcony o (k)

- AAg,ﬁ(k)AAconv,ﬁ(k) ) (18b)
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Cy = ”vconv(k)”% — lvconv(k — 1)”%

+2Xy - (AAconv,a(k + 1)vcony,a (k)
+ AAcony, g (k + 1Dveony, g (k)

— AAcony,a (K)veony,a(k — 1)

— AAcony, g (K)veonv,p(k — 1))

+ X7 (AAZ ok + 1)+ AAZ L o(k+ 1)
— ALy (k) = AAZ L 5(K)). (18¢)
The coefficients in (16) are
Af = AMonalk + 1)+ AAZp, sk + 1)
— AAL o () — AAL 4 (), (19)
By =2 (AAconv,a (k + Dvcony,« (k)
+ AAcony,g(k + Dveony, g (k)
— AAconv,o (k) Veony,o (kK — 1)
— AAconv, p(k)Vcony, g(k — 1), (19b)
Cr = Iveonv(®)|I3 = 1Dcony (k = I3 - (19¢)

In expressions (18) and (19), the derivatives are defined as

ig,(£+1)—ig.(£)
]—;‘ 9
iconv,z(g +1) - iconv,z(g)
T

Ay (L+1) = (20a)

AAconv,z@"'l) = (2Ob)

with z € {«, B}, and £ € {k, k — 1}.
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