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Abstract

Power transference between energy sources and the power system must meet a long and rigorous
list of technical and operational requirements. To this end, LCL filter grid—connected three—level
neutral point clamped converters have become a popular configuration for medium—voltage high—
power applications, such as integrating distributed energy resources. The presence of the LCL
filter increases the complexity of the control system when using traditional linear control schemes,
so model predictive control (MPC) strategies arise as a convenient alternative as they have proved
to render excellent reference tracking together with a fast dynamic response. Nevertheless, the
computational complexity of MPC strategies becomes an issue as commercial control platforms
must execute the real-time calculations in some tens of microseconds. Among the possible MPC
strategies available, multistep—finite—control-set (MFCS) MPC has already been proven to be a vi-
able option regarding computational burden. However, MFCS controllers do not generate periodic
nor symmetric voltages between the phases of the system, resulting in continuous Fourier spec-
tra in the system’s states. This a fundamental drawback for grid—connected applications, as grid
codes pose limits to the admissible amplitudes of the grid currents’ harmonic components, where
the analysis over interharmonics depends on the specific application, making MFCS controllers
unsuitable for this type of application. On the other hand, optimal pulse patterns (OPP) guaran-
tee a low and fixed switching frequency of the semiconductors while minimizing the distortion of
the state variables. However, the state-of-the—art formulations for OPPs assume that the system
can be modeled as a purely inductive load. Such a model would lead to suboptimal performance
and would not allow adding constraints that guarantee meeting with grid codes regarding the grid
currents.

This work proposes integrating two optimization stages dealing with different control objectives
into a single and generalized control framework. This framework was then used to develop a control
strategy (OPP-MFCS) that combines the benefits of OPPs and MFCS controllers. To this end,
a novel formulation for OPPs considering the model of the LCL filter was proposed, allowing the
direct minimization of the total demand distortion (TDD) of the grid currents while guaranteeing
that the admissible limits for the harmonic components are met. On the other hand, by formulating
a novel variable—step—size prediction horizon MFCS controller, extending the time—span covered by
the prediction horizon with no additional computational burden was possible. This improvement
led to an enhanced controller performance regarding both transient and steady-state responses of
the system.

Extensive analyses of the contributions regarding OPPs, MFCS controllers, and the OPP—
MFCS strategy were held. The OPP-MFCS strategy was tested through both simulation and
hardware—in—the—loop experiments, showing its capability of meeting with the IEEE Std. 519-
2022 technical standard while the converter operates at a low and fixed switching frequency of the
semiconductors, with periodic and symmetric voltages, fulfilling all control objectives defined.
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Chapter 1

Introduction and motivation

1.1 Context and motivation

There are no doubts about how relevant the integration of renewable energies into power systems
has become in the last three decades. Most countries in the world have centered their politics and
energy planning around the diversification of the energy matrix, aiming to include a wide variety of
energy resources [3, 4, 5]. The enabling technology in this integration process is power electronics—
based converters, as they allow incorporating sources working with different voltage levels, AC
and DC voltages, and also different frequencies [6, 7, 8]. However, the operation of the power
converters must not only be efficient to reduce the system’s operational costs, but it must also
meet a wide variety of requirements defined in technical standards [1, 9, 10, 11]. When assuming
a balanced and strong grid (as in this work), those requirements are mainly limits imposed on
the harmonic content of the currents at the point of connection to the power system. In that
regard, there is a well-known trade—off between the harmonic distortion of the system states and
the switching frequency of the power converter semiconductors. In medium—voltage high—power
applications like the one analyzed in this document, operating at high switching frequencies leads
to significant losses because of the large currents circulating through the semiconductors. To reduce
the switching frequency and still meet grid codes, LCL filters interfacing the converter with the
utility grid became popular as an effective solution [12]. The main issue that arose with LCL filters
is the oscillations induced by its low—frequency resonances, causing stability issues when operating
with linear controllers [13], which led to complex control schemes that consider strategies as active
damping [14].

With the industry advances in the hardware capacity of commercial control platforms, specifi-
cally in field—programmable—gate—arrays (FPGA) and digital signal processors (DSP), optimization—
based control techniques such as model predictive control (MPC) have gained popularity through
the last decade [15, 16, 17]. MPC works by minimizing a cost function at each control step,
subjected to a set of constraints applied to the control action and the predicted system states
to guarantee feasible operation. Additionally, the receding horizon approach allows high—speed
dynamic responses. It has also been proved that MPC strategies with long prediction horizons do
not require additional control elements as active damping, as they are capable of dealing with the
oscillations of the LCL filter. One of the main drawbacks of MPC is the computational burden in-
volved in solving the optimization problem in real-time. The number of inputs and states and the
prediction horizon length increase the computational capacity required to solve the optimization
problem. In that line, multistep finite—control-set (MFCS) controllers have been proven to be a
feasible option, as commercial control platforms are capable of solving the associated optimization
problem in real-time [15, 18]. Nevertheless, MFCS controllers do not generate periodic voltage
waveforms nor symmetric voltages between the three phases of the converter, generating a con-
tinuous and unpredictable Fourier spectrum in the states of the system. Therefore, in its current
form, MFCS controllers are unsuitable as a control option for grid—connected applications [19].

On the other hand, optimal pulse patterns (OPP) arise as an excellent option for low and
fixed switching frequency operation. OPPs are steady—state voltage patterns that minimize a cost
function (related to the state variables harmonic distortion) while fixing the switching frequency of
the semiconductors [20]. They are calculated offline for a set of modulation indexes and then stored
in look—up—tables (LUTSs). On their own, OPPs achieve a slow dynamic response but an excellent



trade—off between harmonic distortion and switching frequency. To improve the dynamic response
of OPPs, the MPC strategy presented in [21] and [2] incorporated them into the control scheme,
which resulted in a high—speed dynamic response and an excellent steady—state performance. The
main drawback of this method is the high complexity of the optimization problem solved to define
the actuation and the complexity of the control algorithm. Even though OPPs have been used for
LCL filter grid—connected converters [22, 2|, there is no literature documenting the incorporation
process of the LCL filter model to the OPP optimization problem, even though the authors in [2]
reported it was done in that work. Additionally, constraints that guarantee meeting grid codes
related to the grid currents have never been included.

As can be noticed, controlling an LCL filter grid—connected medium-voltage high—power con-
verter poses a set of control objectives. On one hand, long—term objectives arise, such as mini-
mizing the distortion of the grid currents, operating at a low and fixed semiconductors’ switching
frequency, and producing periodic and symmetric voltages between the three phases. On the other
hand, short—term objectives must also be met, such as a fast dynamic response, a low compu-
tational burden so the strategy can be executed in real-time, long prediction horizons to avoid
additional elements such as active damping, and a low—complexity control structure. Because both
long and short—term objectives are mixed in one single control problem, generating a control frame-
work in which different entities deal with different objectives according to the time—span related
to each objective arose as a natural procedure. However, those entities must work together in a
single control strategy.

This work proposes a control framework that allows the development of control strategies
capable of dealing with different—term objectives. Namely, for this particular control problem, the
positive features of OPPs and MFCS controllers are leveraged to generate a single control strategy.

1.1.1 Hypothesis

Consider an LCL filter grid—connected three—level converter. Short— and long—term objectives must
be met to guarantee proper performance. Regarding these objectives, we claim the following:

OPP and MFCS control can be integrated into one unified scheme using a reference generator
block as a linking element. The OPPs can be used in real-time by the reference generator to define
steady—state references to be tracked by the MFCS controller. The optimization problem defining
the patterns can include the LCL filter model, resulting in an enhanced steady—state performance
that guarantees meeting grid codes, whereas the MFCS control strategy will render a fast dynamic
response and a proper tracking of the OPPs steady—state optimal trajectories, which will lead to
fulfilling the long—term objectives of the control problem.

1.1.2 Objectives

e To design and implement a control framework with two optimization stages linked by a refer-
ence generator, consisting of the offline calculation of OPPs, and an online MFCS controller,
for an LCL filter grid—connected three—level neutral point clamped (3L-NPC) converter.

e To formulate an OPPs optimization problem that incorporates the model of the LCL filter
S0 it guarantees minimizing the harmonic distortion of the grid currents and meeting grid
codes as [1] and [9].

e Develop an online reference generator that is suitable for any system in state-space repre-
sentation and can be executed in real-time using a commercial control platform.

e To enhance the traditional MFCS control problem formulation by efficiently extending the
prediction horizon over time to deal with the oscillations induced by the LCL filter.

e Apply the proposed strategy to a 3L-NPC converter and verify its performance regarding
dynamic response and grid codes.

e Develop an efficient implementation of the proposed strategy and verify its viability to be
executed in real-time by a commercial control platform.

e Implement the complete strategy in an experimental setup to test the performance of the
control strategy.



Chapter 2

Background

This chapter provides the theoretical concepts and state—of-the—art of the core
topics involved in this work, namely LCL filter grid—connected converters, OPP,
and MFCS controllers. The main issues of controlling an LCL filter grid—
connected converter are presented, together with the reasons to deem OPPs
and MFCS controllers as promising alternatives for this type of system. Finally,
the traditional assumptions and mathematical formulations of OPPs and MFCS
controllers are detailed, and each strategy’s positive features and weaknesses,
in their current state, are highlighted.

2.1 LCL filter grid—connected neutral point campled convert-
ers

Since the end of the 90’s decade and the beginning of the new millennium, multilevel converters have
become one of the main focuses of power electronics research as an excellent solution for big—scale
power conversion in medium and high—voltage systems. Topologies such as neutral point clamped
(NPC) converters, modular multilevel converters, and modular multilevel matrix converters have
been proposed for high-power drives [15], high voltage direct current transmission systems [23],
integration of renewable energy sources to distribution and transmission systems [24, 25], and for
the realization of soft open points in medium voltage distribution networks [26], to name a few
applications. One of the most popular topologies, widely used for medium—voltage and high—power
applications, is the three-level NPC (3L-NPC) converter [15]. The small amount of components,
the simplicity of the topology and its operation, the flexibility to incorporate different sources
through its split de-link, and the fast dynamic response achievable are the main reasons why this
type of converter has been a success on the market [27, 28].

Incorporating different high-power energy sources into the power system comes with specific
requirements. First, the grid currents must have a low harmonic content, meeting grid codes as
IEEE Std. 519-2022 [1] and IEEE Std. 1547-2018 [9], so a filter is usually connected between
the power converter and the grid, as shown in Fig. 2.1. The second fundamental requirement is
reducing the losses related to the power flow from and to the grid, as a high—efficiency performance
is mandatory. To this end, operation at low switching frequencies is desired, as it reduces the
switching losses of the semiconductors. However, lowering the switching frequency is usually related
to an increment in the harmonic distortion of the systems’ currents. For this reason, LCL filters
are preferred over L filters as the attenuation of the harmonic components is higher, enabling the
operation at low switching frequencies while still meeting the grid codes [29].

Even though LCL filters reduce the grid current’s harmonic distortion, the large transient
responses introduced by the resonances of the filter have made it necessary to incorporate different
strategies to dampen the oscillations caused by the resonances. There are two main resonance
frequencies [30], determined as

1 L+1,
Wr, = W, =
et JL,C <2 =\'LL,C

(2.1)

Passive damping strategies [31], based on adding passive elements as resistors, are usually discarded
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Figure 2.1: Circuit schematic of an LCL filter grid—connected three-level NPC converter.

as they increase the system’s complexity and filter’s cost, compromising the general efficiency. On
the other hand, active damping strategies [32], which only require additional measurements and
computation time, have been widely considered for both linear control methods [33] and MPC
strategies [34], proving their effectiveness in reducing the impact of the filter resonances.

Even though active damping methods properly achieve the attenuation of the resonances, they
increase the complexity of the control system. On the other hand, long prediction horizon MPC
strategies not only enhance the performance of the system when compared with those of short hori-
zon [19] but also remove the necessity of incorporating active damping methods as they naturally
deal with the dynamics of LCL filters [35, 2]. Because of this reason, a long prediction horizon
strategy as MFCS controllers is used in this work.

2.2 Multistep finite—control-set MPC

As stated in the previous section, MFCS control is a long prediction horizon MPC strategy that
allows dealing with high—order systems. However, in its current form, it presents some advantages
and disadvantages that will be introduced in this section.

2.2.1 Model and control problem

To develop an MFCS controller, it is assumed that the system under study can be modeled in
continuous-time as

8.
—~

~~
~—

|

Fx(t) + Gu(t) (2.2)

where x is the state—space vector of length n,, w is the input of the system of length n,, and y
is the output vector of length n,. F is the continuous-time state matrix, G is the continuous—
time input matrix, and G is the output matrix. Through exact discretization [36], considering a
sampling period T, the discrete-time model of the system is expressed as

x(k+1) = Axz(k) + Bu(k) (2.3)
y(k) = Cx(k), '
where A = e and B = —F~! (I — A) G, with I being the identity matrix of the corresponding
order.
The main concept behind this type of controller is that, at each instant k, the optimal actuation
u (k) is found by solving an optimization problem that minimizes a cost function. This cost function
is usually composed of multiple objectives, where the principal one is to track references y* for the
system’s output. In MFCS controllers, the cost function considers a prediction horizon of N > 1
steps, i.e., the system’s behavior has to be predicted using the model (2.3) N times.

11



Formally speaking, in real-time, the state variables are sampled and controlled periodically,
meaning that the control problem is solved at each instant k, every T, seconds. The problem is
formulated over a prediction horizon of N steps, i.e., the optimal positions of the switches are
calculated for instants k to k+ IV — 1, and the system’s behavior is predicted for instants £+ 1 to
k + N. The vector comprising the predicted outputs at instant k is defined as

Y(b)=[y (k+1) ...y (k+N)] ",
whereas the vector of predicted switches positions is
Uk)=[u"(k) ... w (k+N-1)] .

The respective reference vector Y*(k) is defined accordingly. MFCS controllers work under the
receding horizon principle, which means that, even though the whole vector U (k) is determined at
each instant, only its first element, i.e., u(k), is actually applied to the system.

Traditionally, the MFCS problem is a multi-objective optimization problem, with one objec-
tive J;) (Y (k)) related to tracking Y*(k) and one objective J; (U (k)) that directly depends on the
actuation. Defining the cost function involves setting a set of weighting factors A, which are param-
eters of J; and J) and define the relative priority between the different objectives. Additionally,
some operational constraints are included. This problem is usually expressed as

in J=J)(Y(k)+J) (Uk
p i = (Y () + I U (k)
s.t.

z({+1) = Az({) + BPu(() Vee{k...k+N—1} (2.4a)

y(l) = Cx(?) Vee{k+1...k+ N} ( )

x(k) = xg (2.4¢)
)

)

[Au(f)|oo <1, Vlel{k...k+N—1} (2.4d

U(k) € IU? (246

where the model (2.3) is included as a constraint, x¢ is the vector of measured states at instant k,
the infinity norm is defined as
lelle = maxle], (2.5)

whereas Awu(?) is defined as

Au(l) =u(l) —u(f — 1),
so (2.4d) is imposed to avoid large steps in the applied voltage, and U 2 U x...xU is the N-times
cartesian product of the set U, where U is the feasible set of u.
By following the same procedure done in [18], a problem that is equivalent to (2.4) can be
written as
gl(ilg J=Uk)"QUk)+20"U (k)
lAu(l)||oo <1 Vle{k,....,k+N -1}

Uk) eU,
where all constraints besides (2.4d) and (2.4e) are considered now in the cost function J, @ is
constant and by definition a symmetric positive definite matrix when all weighting factors are

greater than zero, and © is updated at each control step. Both @ and © depend on the specific
form of the cost function and are obtained by expressing J using the model

Y (k) = Do + YU (k) (2.7)

which results from defining each element of Y (k) using the discrete-time model (2.3) along the
whole prediction horizon, and the matrices I" and Y are constant and obtained during the deriva-
tion.

By completing squares in J, it results in

J=(Q'@+Uk) Q(Q'®+Uk), (2.8)

12



from where it can be noticed that
Uuine(k) = —Q_l('-)(k) (2.9)

is the unconstrained solution of (2.6). Given that Q is symmetrical and positive definite, it can
be expressed as
H'H=Q, (2.10)

where H is a non-singular and lower triangular matrix, derived from the Cholesky decomposition
of Q. Subsequently, by replacing (2.10) and (2.9) in (2.8), (2.6) can be written as an integer least
squares (ILS) problem as

. — — T, = _
min J = (U(K) = Ounc(k) (U(K) = Oune(k)
s.t.
U(k) = HU (k) (2.11)
[Au(f)]loo <1 VCE{k,....k+N—1}
U(k) e U,

where H is understood as a transformation matrix, called lattice generator. With this transfor-
mation, J becomes the squared distance between U (k) and Uypc(k) , i.e.,

J = ||[HU (k) — Uune(k)13,

where the domain of U(k) is the truncated lattice generated by the transformation of U. This
problem, as explained next, can be solved in real-time using the SDA.

2.2.2 Solution of the control problem: sphere decoder algorithm

For single—step prediction horizons and a small number of voltage levels at the converter’s output,
the exhaustive search method has been widely used to solve (2.4) as it is a small combinatorial
problem. This method consists in enumerating all possible combinations to determine the corre-
sponding cost function value and selecting the one that renders the smallest value. Therefore, it
is not well suited for the long—horizon MFCS problem as the number of possible combinations in-
creases exponentially with the number of steps in the prediction horizon, resulting in an extremely
high computational burden.

Reducing the number of candidates evaluated before finding the solution is mandatory for
real-time control applications, as control periods are short and the computational resources in
commercial control platforms are limited. In this line, branch—and-bound techniques arise as a
promising type of method as they allow discarding many of the candidates when evaluating the
related cost function at each node in their exploration tree. Specifically, during the last decade,
the sphere decoder algorithm (SDA) has been the most studied method to solve the long—horizon
MFCS problem.

The SDA is used to solve the ILS
problem (2.11) as it efficiently deals
with its combinatorial nature by tak-
ing advantage of its structure. First,
let 7 be a parameter defining the
number of levels at the converter’s
output as (2n+1), i.e., n = 1 for a
3L-NPC converter. Then, as an ex-
Figure 2.2: Tree structure representing the possible com- alnple’ consider a prediction horizon
binations for U (k). The node types © ; @ | and ® mean of N = 5 and a 3L-NPC converter.
uj = —1, u; =0, and u; = 1 respectively. There are n, = 3 inputs, thus, U (k)

has n, - N = 15 entries, where each
entry can take || = 2n + 1 = 3 different values. The full set of possible combinations for U (k)

has a cardinality of (2n + 1)"“‘N, and can be represented through a search tree of depth n, - N, as
in the example shown in Fig. 2.2, which is a case where n, =1, N =2, and 4 = {-1,0,1}. Each
entry is denoted as uj, so U(k) = [u1,...,Un,.~]. A node in the tree at level j represents u; being
equal to one of the possible values in /. All nodes are connected to other nodes at adjacent levels
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through branches. The root node (colored in gray) is not an entry of U (k) and is represented to
show the connection of the first—level nodes. Each path of n, - N nodes, going from the first to the
last level, so all nodes in the path are exclusively at different levels, represents an option of U (k).
Hence, to find a candidate, the SDA must traverse the full depth of the search tree.

The SDA is initialized with a feasible solution Uyy; (initial incumbent). The traditional approach
usually considers an educated guess as the initial solution [18]. This educated guess is generated
by shifting the previous solution in one step and repeating the last control action. This can be
expressed as

0 Is 0 ... O
0 0 I3
Ueg(k) - ) ) 0 Uopt(k — 1) (212)
0 ... ... 0 I
0 ... ... 0 I

The SDA only considers candidates that are located inside a sphere of radius pinc that is centered
around Uy, i.e., a new candidate U (k) must comply with

I HU (k) — Ogne ()13 < P (2.13)

The radius depends on the incumbent Uj,. according to

Pinc = ||HUinc - Uunc(k)H27 (214)

where the initial radius is pin;, which results from evaluating Ujy; in (2.14). To look for candidates,
the SDA starts searching from the first level (j = 1), and advances to higher levels until it reaches
the top if all the nodes in the path are feasible and inside the sphere (depth—first strategy). To
discard combinations located outside the sphere, when a path gets to a node at level j, a partial
radius p; is defined as

_ 2
P5 = pj—1+ (Hija)Us = fune 5 (K)) (2.15)

where p;_1 is the partial radius of that path at level j — 1 with pg = 0, and B,y c.q is the sub-
matrix of & composed by the intersection of rows a to b with columns ¢ to d. Uj is the vector
generated by the path until level j, and #unc,; is the 4t element of Tjunc(k). Recall that H is a
lower triangular matrix, so H{; 1.; are the only non—zero elements in the 7 row of H. If Pj < Pinc
and (2.4d) is satisfied, the SDA advances to level j + 1; if not, the branch is pruned, the paths
springing from that node are discarded, and the SDA backtracks to level j — 1. Then, it evaluates
the next node in j that is connected to the node at 5 — 1. If no more options are available at j,
it backtracks again and repeats the process. If the algorithm reaches the last level, meaning that
Pn,-N < Pinc, the radius of the sphere is reduced by updating it as pinc = pn,.n, and the related
candidate U, .y becomes the new incumbent (i.e., Ui, = U,,.y) until a better candidate is
found or the algorithm finishes, which happens when no more options are available or the explored
nodes’ limit is reached. This limit is defined according to the computation time available. Once
the algorithm is finished, the current incumbent becomes the solution (i.e., Uspy = Uinc). The
SDA is shown in Algorithm 1, where vectors n and p?, of respective lengths n, - N and n, - N +1,
are defined to keep track of the paths explored and the partial radius of the path, respectively,
uj—1 is used to evaluate (4.15d), and Max_Nodes is the explored nodes’ limit.

2.2.3 Multistep finite—control-set for LCL filter grid—connected convert-
ers

Formulating the MFCS problem as in (2.11) allows using the SDA in the way it is described through
Algorithm 1 to find the optimal solution. The SDA has turned long—horizon MFCS controllers into
a viable option for real-time applications. As described in [19], for high—order systems, such as LCL
filter grid—connected converters, long horizons render a considerable enhancement in performance
in comparison with short horizons, with the second benefit that active damping strategies are not
required. In this line, extending the prediction horizon is essential to improve the performance
of this type of controller for high-order systems. Additionally, control frequencies must be high
to get a fine granularity to modify the actuation, rendering faster dynamic responses. In general,
the prediction horizon used for three-level converters operating at a sampling period of 25us is
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Algorithm 1 Sphere decoder algorithm

1: function Uy, = SDA (Uyne, Uini, u(k — 1))
2: j=1

3 nodes_left = 2n+1

4: set each element in n to —n

5: set each element in p? to 0

6 PR < |HUi — Ounelh)|3 > see (2.14)
7 Uinc — Uini

8 for nodes = 1 to Max_Nodes do

9: nodes_left —=1
10: Uj <= Nj

11: P31 o5+ (HyjiUj — ane,j ) > see (2.15)
12: if p2,, < pf,. and U; meets (4.15d) then
13: if j =n, - N then

14: Uinc — Uj

15: pi2nc — p§+1

16: if nodes_left = 0 and n; = 7 then
17: break

18: end if

19: else
20: j+=1
21: n; =—
22: nodes_left +=2n+1
23: end if
24: else
25: if nodes left = 0 then
26: break
27: end if
28: if n; <n then
29: un +=1
30: else
31: while true do
32: g —=1

33: if n; <n then

34: uh +=1
35: break
36: end if
37: end while

38: end if

39: end if
40: end for
41: Uopt < Uince

42: end function

no larger than N = 5 [37] because of limited computational resources. Therefore, reducing the
SDA computation time is highly desired if additional strategies that improve the steady-state
performance need to be included, or the prediction horizon has to be extended.

On the other hand, [19] also highlights that MFCS controllers, in their current form, are not
suitable for grid—connected converters as they do not impose a periodic pattern, resulting in asym-
metrical voltages between the three phases and currents with continuous and non—deterministic
harmonic spectra. This is a severe issue for grid—connected applications, as grid currents must
meet grid codes related to the amplitude of individual harmonics. Additionally, a fixed switching
frequency is desired, given that a variable switching frequency usually leads to conservative de-
cisions related to the filter’s design, the converter’s dimensioning, and the semiconductors used.
On the other hand, losses related to high switching frequencies of the semiconductors considerably
hinder the power transmission efficiency, increasing the operational cost of the system. In this re-
gard, low switching frequencies are mandatory in medium—voltage high—power applications as high
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switching frequencies together with high currents would lead not only to a low efficiency but may
also damage the converter unless it is designed conservatively, which would considerably increase
its cost.

One modulation method that achieves fixed and low switching frequency, together with symmet-
ric periodical voltages, is OPPs, offline calculated voltage waveforms that minimize the harmonic
distortion introduced by the converter. Used as modulators, OPPs result in an outstanding steady—
state performance; however, the dynamic response is slow and driven by the natural modes of the
system.

This work aims to leverage the benefits of the real-time feasibility of long horizon MFCS and
its fast dynamic response, with the excellent steady—state performance of OPPs.

2.3 Optimal pulse patterns

OPPs are periodic voltage waveforms designed for steady—state operation, consisting of a sequence
of voltage steps at specific angular positions, called switching angles (SAs). OPPs are usually
calculated to be applied as the output voltage of a power converter, where the pattern, u (6),
results from normalizing that voltage waveform, v (6), as

(2.16)

where, without loss of generality,
it is assumed that the converter’s
topology presents a DC link volt-
age Vy.. For simplicity, the tradi-
tional approach to OPPs assumes a
pattern with half and quarter-wave |
symmetry, with only positive values
in the first half-wave (unipolar pat- -
tern). Because of the half-wave sym-
metry and the periodicity of the pat-
tern (27‘(‘ periodicity in terms of angu- Figure 2.3: Multilevel OPP with half and quarter—wave

lar position), it is held that symmetry.
u(0) = —u(m + 6) (2.17a)
u(0) = u(27) =0, (2.17b)

while, because of the quarter—wave symmetry, the following holds:
u(f) = u(r — ), (2.18)

A multilevel pattern with 2n + 1 levels, n = 2, and all the traditional assumptions considered
is shown in Fig. 2.3. As can be noticed from Fig. 2.3, because of (2.17) and (2.18), the pattern is
fully described by its definition in the interval [O, gi To define the pattern, let d be the number
of switching transitions in a quarter—wave. In each switching transition, w(6) changes from u;_1 to
u;, where u; € U,Vie {0,...,d},andUd = {-n,—m+1,...,0,...,n—1,n} . Let D be the set
defined as D := {1,...,d}, so each SA «a; € [0, 5] defines the angular position of the switching
transition d; = u; — u;_1, Vi € D, and where §; is limited to have an amplitude of one, so

5; € {—-1,1}. (2.19)

Notice that, as ug = 0, u; can be expressed as
i
ui=» &, VieD, (2.20)
j=1
where, naturally, the following must hold:

> §;<n, VieD. (2.21)
j=1
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The OPP wu(#) is a periodic function, meaning it can be defined through its Fourier series.
Because of the half-wave symmetry, even harmonics are zero, whereas there are no cosine parts in
the harmonic components because of the quarter—wave symmetry, which leads to the expression

u(f) =Y _ iy sin (6h), (2.22)
h=1
where Z
4N "§;cos(a;h), hodd
Th g ilt),
in =14 iep (2.23)
0, h even

The three—phase patterns are generated by shifting a single—phase pattern by 27” and %’T radians.

Hence, the triplen harmonics of the single-phase pattern are common—mode voltage components
that do not generate currents in a balanced system with isolated neutral points. Therefore, the
only components capable of producing currents in that type of system are the fundamental and
the harmonics of order

h=6j+1, j€&Zsop. (2.24)

Finally, let H be the set of cardinality H comprising the order of all consecutive harmonics that
satisfy (2.24), starting with h = 5, i.e., H ={5,7,11,...}.

2.3.1 Traditional formulation

The main objective of OPPs is to, given a fixed value of d, determine the SAs that minimize some
metric of merit for a specific modulation index in the range of [0, %], assuming that d > n, and
where the modulation index m is defined as

01

Vae -~

2

m =

(2.25)

The traditional formulation assumes that the system under study can be modeled as a purely
inductive load, so it considers the total demand distortion (TDD) of a current circulating through
a purely inductive load L as the metric of merit. By applying (2.23), the TDD of such a current

is defined as Y
2V
Itpp = ——% /g1 (84, ), (2.26)

7.M?InoleL

where 84 := {0; : @ € D} is the set of switching transitions, ag := {e; : i € D} is the set of SAs,
ILom is the nominal RMS value of the current, w; is the fundamental angular frequency of the
system, and gr,(ag) is defined as

MAUTEHEDY <hlzz51 cos (aih)> : (2.27)

heH i€D

Notice how gr,(ag) is the only term in (2.26) that is not constant and depends on ay, so, for a
specific modulation index, g, (84, aq) is chosen as the cost function in the traditional formulation.
As the OPP problem is defined for a specific modulation index, the interval [0, %] is sampled
M — 1 times, generating a set M = {1,...,M — 1}, so my = A‘%,Vk‘ € M. The optimization
problem is formulated independently for each my, thus, for specific m and d, the SAs ay must
satisfy
A Z dicos () =m (2.28)
™ ieD
to guarantee the required m. Additionally, the SAs are bounded to be in the interval [0, F] while
preserving their sequence, which is written as the constraint

0§a1§~--§ad§ . (229)

|

The resulting optimization problem defines a set of switching transitions 64 and angles a4 for
each my, k € M. To solve the problem, a finite number of harmonics H must be selected for the
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cost function gz, (84, otg) defined in (2.27). Once both M and H are set, the following optimization
problem must be solved M — 1 times:

nin - g (8a, aq) (2.30a)
s.t. (2.19), (2.21), (2.28) and (2.29). (2.30b)

Notice (2.30) is a mixed integer nonlinear programming (MINLP) optimization problem, and its

solution is out of this work’s scope. For a three-level converter, i.e., n = 1, the OPPs are three—
level unipolar patterns with half and quarter-wave symmetry. This means that each J; is now a
parameter in the problem, where §; = (—1)*~!. Hence, the traditional OPP problem takes the
form

min gz, (eva) (2.31a)
s.t. (2.28) and (2.29), (2.31b)

which is a nonlinear programming (NLP) optimization problem.

2.3.2 OPPs for LCL filters grid—connected converters

OPPs are calculated to minimize the TDD of a current while keeping a fixed and low switching
frequency. The single pattern resulting from (2.31) is shifted by 2% and 4 radians to generate the
voltages on the other two phases. Therefore, the voltages between the three phases are symmetric
by definition. However, when defining ITpp in (2.26) for deriving the cost function, the assumption
that the system can be modeled as a purely inductive load is false in the case of an LCL filter grid—
connected converter. Additionally, with the traditional formulation, it is impossible to guarantee
that the grid currents resulting from operating with OPPs in steady—state will meet the grid
codes required, as the harmonic components of those currents cannot be estimated using a purely
inductive model. Including the LCL filter’s model in the OPPs problem is mandatory so the actual
TDD of the grid currents can be minimized and constraints can be added to guarantee meeting
grid codes. This procedure was done in [2]; however, the authors of that work do not specify
how the model was determined nor what is the resulting optimization problem. To properly
incorporate OPPs in grid—connected applications, a more sophisticated model of the particular
system is necessary to guarantee safe operation. In this case, the LCL filter’s model is understood
as a mathematical model that accurately predicts the amplitudes of the grid current’s harmonic
components instead, i.e., the transfer function between the grid currents and the converter output
voltage. With that model, it is possible to include constraints in the optimization problem that
forces the resulting OPPs to meet the grid codes in steady—state operation.
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Chapter 3

Control problem and challenges

Controlling an LCL filter grid—connected converter entails dealing with many
control objectives, where different objectives involve different timescales. In
this chapter, the control objectives and their origin are explained. Once the
control objectives and the multi—term challenges are presented, the proposed
control framework is explained, showing its relevance in dealing with multi—
term objectives simultaneously. Finally, the proposed control strategy is devel-
oped using this control framework.

3.1 Control objectives

This work is centered around the challenges that arise when controlling an LCL filter—grid con-
nected 3L-NPC converter for a medium—voltage high—power application. This type of application
is related to integrating different energy sources into power systems, so many regulations must be
met, such as limits over certain grid currents harmonics and TDD and amplitude of interharmonics.
Additionally, the system operation must be efficient and safe, so reducing the operational losses
and guaranteeing a fast dynamic response is mandatory. These requirements lead to the following
list of operational objectives:

e Fixed switching frequency of the converter’s semiconductors, so the filter and the converter
can be properly designed without making over—conservative decisions.

e Low switching frequency, to reduce the converter losses and render an efficient performance.

e Periodic and symmetric voltages between the three phases, given that grid codes demand
specific harmonic components under certain amplitude limits.

e Reduced grid currents harmonic distortion, as the grid codes impose a limit over the TDD
of the currents at the point of connection to the grid.

e Proper tracking of references and fast dynamic response, so the converter can properly drive
the system states fast, according to the changes on the grid active and reactive power refer-
ences.

Traditional control strategies usually consider only some of these control objectives simultane-
ously, as it is challenging to include all of them in a single control strategy. The standard approach
is dealing with grid codes using offline calculated optimal patterns, whereas real-time controllers
deal with proper tracking of ideal references and fast dynamic responses.

Selective harmonic mitigation (SHM) methods have been the main optimal modulation strate-
gies that dealt with grid codes in grid—connected applications [22, 38]. This type of strategy bounds
the amplitudes of the pattern harmonic components according to the grid code by adding a con-
straint to the problem for each specific harmonic. SHM has proved to work fine when combined
with a properly designed LCL filter, even though the constraints are usually related to the voltage
harmonics at the point of connection to the grid. Incorporating the dynamics of the LCL filter in
the optimization problem to directly limit specific grid current harmonics has never been reported.
Doing so would guarantee meeting grid codes by operating with OPPs in steady—state. In general,
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when offline calculated patterns are used, their application in real-time control is based on incor-
porating them as modulators for other control strategies. This results in slow dynamic responses,
even if the steady—state performance can comply with the rest of the control objectives.

On the other hand, real-time controllers based on MPC, as MFCS controllers, are designed to
track sinusoidal references while rendering fast dynamic responses [39]. The weighting factors in
the cost function are tuned to deal with the trade—off between switching frequency and harmonic
distortion, trying to reduce both metrics as much as possible (Pareto optimallity). Aside from the
proper tracking and fast dynamic responses, the main benefit of this type of strategy is its viability
in real-time, as their implementation (and algorithms related) are well studied and, in general, are
relatively easy to implement.

Control objectives are usually grouped together according to their nature. Offline calculated
patterns deal with metrics such as switching frequency, TDD, and, in general, grid codes. On
the other hand, real-time control strategies can adequately deal with reference tracking and fast
dynamic responses. This separation is not a coincidence and is justified mainly because of the
timescales involved in each objective. Metrics such as switching frequency, TDD, or harmonics
amplitudes are defined by the steady—state operation of the system, meaning that at least a com-
plete fundamental cycle has to be analyzed. Covering a whole fundamental period would require
hundreds of steps using sampling periods of tens or even some hundreds of microseconds (for fun-
damental frequencies of 50 or 60 Hz). Using an MPC controller to that end would imply solving
an optimization problem of that size in real-time, requiring a computational capacity that is out
of the current technology capacities. On the other hand, offline calculated patterns can meet those
requirements, as offline computation does not need to be fast and counts with larger computa-
tional resources to implement more sophisticated strategies. However, offline calculated solutions
cannot deal with the tracking of references in real-time nor with the requirement of fast dynamic
responses. Real-time controllers can execute those tasks, as control periods are short and can only
incorporate a small number of steps into the prediction horizon, which is enough to guarantee fast
dynamics responses and good reference tracking, even though it is impossible to guarantee meeting
long—term objectives.

Long and short—term objectives are part of the same control problem, making it tough to develop
a real-time control strategy that can address all of them simultaneously. In that line, to meet long—
term objectives via real-time control, the strategy must be fed with information about the expected
steady—state operation. To this end, this work formalizes a generalized framework to develop a
control strategy that meets all objectives mentioned above. As a real-time control strategy is
not enough to guarantee that those objectives are fulfilled, a framework incorporating an offline
and a real-time optimization stage is necessary, as each stage deals with the different timescales
involved in the problem. Those two entities, represented by optimal modulation methods and
MPC, respectively, must be linked, even though they have worked separately in many strategies,
so incorporating them in one single control framework is a natural step forward.

3.2 Solution approach: a generalized control framework

As OPPs and MFCS controllers cannot achieve the control objectives independently, it is necessary
to incorporate them into a single control strategy. To this end, the control framework in Fig. 3.1 is
presented, where x are the states of the system, u are the inputs, w are eventual disturbances, and
a generalized system is represented through generic functions f (x,u,w) and ¢ (z,u,w), and the
controller comprises two main entities: the optimization-based reference generator (OPRG), that
deals with the long—term objectives, and the real-time optimization stage (ROS), that operates
in real-time. The OBRG is separated in two entities: the offline stage (OPRG-OS) and the
model-based real-time stage (OPRG-RS).
The full control framework operates in the following way:

e The OBRG-OS determines and stores a set of optimal policies calculated offline. These policies
are the solution to a high—complexity problem that cannot be solved in real-time because of
the hardware requirements, so the output w of this block is a control action that renders good
operational indicators in the long—term. Depending on the applied strategy and its implemen-
tation, it may or may not require feedback from the system. The solutions provided by the
OBRG-0S are targeted to achieve the control objectives in the long term, so, in the context of
power electronics—based systems, its timescale goes from units to hundreds or even thousands
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of milliseconds. Given that the control actions are determined for a large timescale, by directly
applying u, the control loop’s dynamic response will generally be slow.

e The OBRG-MRS uses the optimal actuation @ and the model of the system to generate the
optimal trajectories & that would result, in the long—term, from applying @ to the system. This
block communicates and coordinates the optimal actions calculated offline by the OBRG-OS
with the ROS, as it takes information regarding the long—term operation while running in real—
time in coordination with the ROS. The optimal trajectories are generated to be used as tracking
references by the ROS according to its own real-time timescale, so & or gy may be passed to the
ROS, where y = Cz.

e The ROS takes the optimal trajectories & or the tracking references gy and includes them in the
real-time optimization problem. This problem defines the control action, so it must be solvable
in real-time and may consider operational indicators to be optimized together with the tracking
of y. This entity must properly track the references and guarantee a fast dynamic response.
Given that the ROS solves the real-time problem, which may have a prediction horizon of a
few control steps, it considers a timescale that goes from tens to hundreds of milliseconds in the
power electronics context.

A detailed description of how this framework was used to develop the proposed control strategy
is given in the next chapter.

© Optimizationbased reference generator wl
R _ v . o —
y Offfine stage m Mod<?1 based Z,Y _R.eal .tlme uyl z f(z,u,w)
3 real-time stage | optimization stage y =g (z,u,w)
""""""""""""""" Controller System

t z |

Figure 3.1: Generalized control framework proposed to develop the control strategy.
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Chapter 4

Proposed control framework

The proposed control framework comprises three fundamental entities. This
chapter presents the proposed execution of each entity and the link between
them developed for this application. It also details the improvements done
in OPPs and MFCs control to work together to meet the control objectives.
Additionally, details are given regarding the efficient implementation of both
OBRG-MRS and ROS so they can be viable to run in real-time using com-
mercial control platforms.

4.1 Control strategy structure

The proposed control framework is the foundation for the proposed control strategy. The system
under study is the LCL filter grid-connected 3L-NPC converter of Fig. 2.1, and the main goal
is to control the active and reactive power flow at the point of connection to the grid while
achieving the objectives detailed in Chapter 3. Dealing with all the objectives simultaneously
made it necessary to develop a control framework capable of separating the control objectives
through different entities, where all entities must operate together. The joint operation of the
entities comprising the controller allows to deal with all control objectives simultaneously, which
is a crucial difference from traditional approaches, where the main focus is only on the real-time
controllers. The specific approach through which the proposed framework was applied to the
studied system is illustrated in Fig. 4.1. A detailed mathematical and theoretical development of
each entity is given in further sections, but, in general, each element is described as follows:

e OBRG-OS: The offline optimization stage, which is part of the OBRG is based on OPPs. Solving
the OPPs NLP optimization problem results in a set of SAs and harmonic content that can be
stored in LUTs to be used for real-time control. The traditional formulation for calculating
OPPs deals with the objective of a fixed and low semiconductors switching frequency; however,
minimizing the TDD of the grid currents and meeting the grid codes is not possible because the
system is modeled as a purely inductive load. To this end, it is necessary to incorporate the
model of the LCL filter in the optimization problem to directly minimize the TDD of the grid
currents and, based on that model, add constraints over their harmonic components so the grid
codes are met.

The resulting SAs and the harmonic content of the patterns are stored in LUTs indexed by the
modulation index. A strong grid is assumed to calculate the required modulation index, and a
phase-locked—loop (PLL) is used to determine the angular position of the grid voltages. Notice
that the ideal references y* are sinusoidal signals under the strong grid assumption. Naturally,
the ideal references y* can be directly mapped from active and reactive power references P* and
Q*, respectively, using phasors theory. The SAs (ay) and the harmonic content of the pattern
(@) corresponding to that modulation index are passed to the OBRG-MRS, as shown in Fig. 4.1.

e OBRG-MRS: The main goal of the OBRG-MRS is to generate the tracking references Y and
U to be followed by the ROS. To this end, it uses the SAs and the harmonic components of
the pattern received from the OBRG-OS. The tracking references Y are the system output’s
trajectories that would be obtained if the OPPs were directly applied by the converter in steady—
state. They are generated from the harmonic components passed by the OBRG-OS. On the
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other hand, U is generated from the SAs, where U is the vector resulting from sampling the
corresponding OPP along the prediction horizon.

e ROS: The real-time optimization stage solves an MFCS control problem, where both ¥ and U
are tracked, so the ideal sinusoidal references are not part of the ROS. Notice that the elements
in Y are generated using the OPPs from the OBRG-OS, which are pulsed waveforms and not
sinusoidal. Hence, the references tracked have harmonic content, even though it was minimized
by the OBRG-OS. Keep in mind that power converters cannot generate a purely sinusoidal
voltage as the possible states of the output voltage are discrete. OPPs consider this discrete
nature, meaning that references Y can be perfectly tracked if the respective OPP can be perfectly
generated in real-time. Tracking feasible trajectories is a fundamental element in the proposed
controller, in contrast with traditional approaches, which attempt to track sinusoidal references,
even though it is impossible. In any case, recall that the fundamental component of the elements
in Y are the sinusoidal references that compose Y *.

Notice how the information from the OBRG-OS regarding the steady—state operation is passed
to the ROS, where Y would be the output of the system if U is directly applied. This means
that perfectly tracking both Y and U would result in the same steady—state performance of
OPPs, i.e., the system would operate at a low and fixed switching frequency while meeting the
grid codes.

Recall that, as stated in Chapter 2, the ROS’s prediction horizon must be as long as possible to
obtain a good steady—state performance, meaning that any implementation improvements will
positively impact its performance.

OBRG-0S OBRG-MRS ROS wl

| f\M [RIINI

z = f(x,u,w)

PQ S || st ik " YU 0T L u, | oy =g (muw)
{ i V T T T TJTT1I System
OPPs (LUTS) Optimal trajectories MFCS-MPC
Controller
T

Figure 4.1: Control strategy developed based on the proposed generalized framework.

4.2 OBRG-0S: optimal pulse patterns

As previously stated, the OBRG-OS is an offline calculation stage determining OPPs that min-
imize the grid currents TDD and guarantee meeting grid codes by modifying and extending the
traditional formulation presented in Chapter 2. The same assumptions of half and quarter—wave
symmetry were considered. Even though dropping those assumptions may lead to better results,
they are kept for simplicity and without loss of generality. However, generalized approaches, as in
[20], can be easily incorporated.

4.2.1 Incorporation of the LCL filter model

As detailed in Section 2.3.1, the traditional approach assumes that the system under study can be
approximately modeled as a purely inductive load. This assumption can be a good approximation
to the real system’s dynamics in cases such as electrical drives. However, when the system differs
considerably from that specific model, it will lead to suboptimal solutions, which is the case of
LCL grid—connected converters, as in Fig. 2.1. Given that an LCL filter is a third—order system,
a first-order model as a purely inductive line would not be a good approximation, neglecting the
effect of the filter’s capacitor.

In the context of grid—connected converters, the main interest regarding the harmonics intro-
duced by the converter is to reduce the grid current distortion, as it affects the active and reactive
power at the point of connection to the grid. In grid codes [1, 9], these distortions are measured

23



through the TDD of those currents. Hence, the objective in this case is to minimize the TDD of
the grid currents. The TDD of a single current is defined as

1 "
Iytop = —(=— i s (4.1)
\/ilnom h#l

where %_q,h is the amplitude of the h'" grid current harmonic. To incorporate this metric into the
OPP optimization problem, the I, Tpp has to be expressed in terms of the harmonic components
of the resulting pattern. To this end, the transfer function Tj,(s), that relates the grid currents
with the converter voltage is required. When evaluating T}, (s) at s = jw; h, the amplitude 7, 5, of
the h current component can be expressed as

4 Uhp
bgh = e, (4.2)
T Ty (h)]
where T, (h) takes the form
v+Jx
) = (43)
and
v=R+R,—[(L+L,)CR.+ (R,L+ RL,)C]wih?
X = [(RR. + RyR. + RR;) C + L + Ly wih — LL,Cwih® (4.4)

¢ = CR.w1h.
By replacing (2.23) and (4.2) in (4.1), the expression for I, rpp takes the form

4Vdc
Iy oD = mv g (ea), (4.5)

where

2
g(ag) = Z (W 25i cos (aih)) . (4.6)

heH €D

By substituting g1, (ag) by g (aq) as the cost function in (2.31), i.e.,
min g (aq) (4.7a)
(o ]
s.t. (2.28) and (2.29), (4.7b)

OPPs that actually minimize the TDD of the grid currents are obtained. In this case, the cost
function depends on the nominal frequency of the system w;, which is a key difference from the
traditional approach. By simplifying the model of the system to an equivalent inductance, the
solution obtained is independent of the frequency at which the patterns will be used and on the
value of the equivalent inductance; however, the resulting patterns will be suboptimal. In this
case, the patterns depend on both the frequency and parameters of the system, but the resulting
patterns are optimal.

4.2.2 Grid code constraints

Many technical standards define maximum allowable amplitudes for specific harmonic components
of the currents at the point of connection to the power grid. Given that T,,(h) was derived, it
is possible to include constraints in the optimization problem so the resulting OPPs guarantee
meeting the grid codes regarding the amplitude of those harmonics. To this end, let H. be the set
of harmonic orders h whose amplitude is limited to a maximum value #}'** by the grid codes. Given
that v, has only sine components because of the symmetry imposed to the pattern, according to
(2.23), its amplitude 95, can be positive or negative, the constraints that guarantee meeting the
grid codes can be written as

2Vye )
_ smax _ “V¥Vde ) ‘ < max . 4
iy = |Tv(h)|ﬂ_hz(51,cos(azh) Sty Vh € H,. ( 8)
g i€D
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By incorporating (4.6) and (4.8) into a unique optimization problem, the resulting OPPs will
minimize the TDD of the grid currents at the same time that grid codes are being met. That
optimization problem is formulated as

rr;idn g (o) (4.9a)
s.t. (2.28), (2.29), and (4.8). (4.9b)

By solving (4.9), the OBRG-OS takes charge of minimizing I, rpp and meeting grid codes
at steady—state operation. The SAs and the harmonic components of the patterns resulting from
(4.9) are stored in LUTSs for each my, k € M.

4.2.3 Connection with the OBRG—MRS

The SAs are stored in LUTs indexed by the modulation index. To calculate the reference mod-
ulation index m*, the procedure below is followed. For this procedure consider all variables and
parameters in per unit, where the base values of the system are

2
SB = Snom VB = \/QVQ Ip = \/ilnom WB = Wy

Vi Zp 1
IB B wp B wBZB’

(4.10)

3
Sp = §VBIB Zp

where w, is the grid angular frequency, Shom is its rated apparent power, Vj is its rated RMS
line-to-line voltage, and I oy, is the rated RMS value of the grid phase current.
The reference for the apparent power S* is calculated as

S*=p" +jq"

so the phasor of the grid current reference I} can be determined form the grid voltage’s phasor

Vy=1as
S*
I}, = conj (Vg) ,

where the operator conj() is the complex conjugate operator. Following the same procedure, the
references for the capacitor voltage V%, the converter current I* and the converter voltage V* are

equal to
1

¢~ 1+ jR.C
I" = jCV:+ T,
V*=(R+jL)I" + V],

(Rg+jLg) I + Vy)

so m* is results in .
A%
m* = |Vdc‘. (4.11)

2

Then m* is used as input of the LUTs to get the associated SAs and harmonic components
that are passed to the OBRG-MRS.

4.3 ROS: multistep finite control set

Before explaining how the OBRG-MRS works, it is relevant to understand the operation of the
ROS, as the OBRG-MRS generates the references for the ROS optimization problem. The proposed
ROS is based on MFCS control; however, some modifications and enhancements were done from
the traditional formulation so it can incorporate the information of the steady—state operation of
the OPPs and find the optimal real-time solution more efficiently. Additionally, a variation over
how the prediction horizon is sampled in time is proposed to extend the prediction horizon in time
at no additional real-time computational burden.
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4.3.1 Model of the system

The system under study is the one in Fig. 2.1, modeled in continuous—time as
&(t) = Fa(t) + Guap(t)
y(t) = Cx(1),

where Eupe = [€a &b §C}T, €up = [€a §g]T, €op = P&y and P is the well known Clarke’s transfor-
mation matrix. The state-space vector is defined as & = [in i iga g8 Vea Ves Vga vgﬁ]—r, the input
vector is the vector of the converter’s equivalent switches positions of the phases, so . € U,
where U £ U x U x U, and U := {—1,0,1}. The output is y = [in igigaigs Vea Ves] ', and all
variables are expressed in per unit. The matrices F';, G and C are defined as:

(4.12)

AL L gn o
F_ Ly, Rt AL -1EDL
e %912 *%912 62 0g2
0, 02 02 Mg
o Viewn lI 0 T (4.13)
= v, |l O
C = [Is Ogx2]
0 —w
)
g L"Q 0

where wy is the grid frequency, I, is the identity matrix of order n, 0, x, is a zero matrix with n
rows and m columns, and 0,, is a squared zero matrix of size n.

Through exact discretization, based on a sampling period T, the discrete-time model of the
system is expressed as

x(k +1) = Az(k) + Buogs(k)

y(k) = Ca (k) (4.14)

where A = efTs and B=-F~! (I3 — A)G.

4.3.2 Control problem

The procedure to formulate the control problem is similar to the traditional approach presented
in Chapter 2. One key difference is that the proposed MFCS controller does not track the ideal
references. In this case, the objective is tracking both Y (k) and U (k) while considering the same
operational constraints as in the traditional formulation. This problem is expressed as

min  J} (Y (k) + J; (U(k))

U(k),Y (k)
s.t.
x({+1) = Axz(l) + BPug({) Veelk...k+N—1} (4.15a)
y(£) = Cx(0) Vef{k+1...k+ N} (4.15b)
x(k) = x (4.15¢)
[Awape(O)|loo <1 Vle{k...k+ N —1} (4.15d)
U(k) € U. (4.15¢)
In this case, the multi—objective function is composed by
E+N
Ty (Y (k) = > 150 - y(O)ll3e
t=k+1 (4.16)
k+N—1

TR UE) = > lane(t) = wae(O)Xe
=k

where

lellx := VeT Ae, (4.17)
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J2 (U(k)) considers the tracking of the pattern in a similar way as in [40], and X is a square
positive definite matrix with the corresponding dimension. The weighting factor matrices A and
AJ, defined for each step, are

A = diag{/\f;, A, AN AG, A;} (4.18)
Al = A\, (4.19)
where A is the weighting factor of the switches positions tracking error, A, is the weight of the
converter currents tracking error, Aj is the one of the capacitors voltages and A\] the grid currents

one.
As explained in Chapter 2, problem (4.15) can be written as:

Ln]l(i;l) J=Uk)"QU (k) +20"U (k)

s.t. (4.20)
|Augbe(O)|lo <1 VL€ {k,....k+ N —1}

Uk)eU. -

The derivation process of (4.20) requires defining the following matrices:

Q = Y"M,Y+M, (4.21)
M, = diag{Al,,,...,AL ) (4.22)
M, = diag{A},..., A yn_1) (4.23)
CB
CAB CB
T = , , , (4.24)
CAN-'B CANB ... CB
® = Y'M,Tz, - Y "M,Y(k)— MU k) (4.25)
T
r = [a ... (cav)’ |, (4.26)

When its arguments are matrices, the operator diag{...} generates a matrix with blocks of ele-
ments corresponding to the respective matrix argument, and all other elements are zeros.

Once the problem is written as in (4.20), it can be noticed how the prediction horizon can be
extended in time without increasing the number of steps considered, therefore, at no additional
computational cost. This is achieved by modifying the sampling time along the prediction horizon,
as explained in the next section.

Finally, it is important to write the proposed formulation in the standard ILS form used to
solve the problem using the SDA so it is clear that the proposed MFCS optimization problem is
viable in real-time. This is written as

: 7 2
(I}l(lg J =||HU (k) — Uunc (k)|
[Atgbe()]oo <1 Ve {k,....k+N—-1}

Uk)eU.

4.3.3 Variable—step—size predictive model

MFCS-MPC is based on predicting the system’s behavior through a horizon of N steps, where a
step is understood as each of the future instants at which the state variables are predicted. To
this end, a discrete—time model as (4.14) is used to evaluate the system’s performance for different
inputs at each of the N steps.

The control system running in real-time is usually driven by a type of processor unit such as a
micro—controller or a DSP. This processor unit is in charge of synchronizing and coordinating the
measurements of the system variables, the execution of the control algorithm, and the implemen-
tation of the control decisions. This synchronization process is done by periodically interrupting
this processor unit with a period Ty, frequently called sampling or control period, depending on
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whether the measurements are synchronized with the control actions or not. This is the main
reason why the traditional approach of MFCS discretizes the horizon with N instants equally sep-
arated by a fixed interval Ts. Recall that MFCS-MPC operates according to the receding horizon
principle, which means that, even though the control actions are calculated for the whole prediction
horizon, only the control actions of the first step are applied, repeating the procedure on every
control period. When using MPC, namely MFCS-MPC, for control of high—-order systems (third
order or above), long prediction horizons render considerable benefits in terms of both dynamic
and steady—state performance [19]. This allows to expect that, by extending the timespan covered
by the prediction horizon, the performance can be improved to some extent. However, extending
the prediction horizon by enlarging the number of steps entails exponential growth in terms of the
computational burden related to solving the control problem in real-time. Another option to look
further ahead in time is by increasing the sampling period T, so each step covers a larger timespan.
This procedure allows to cover a longer timespan with the same number of steps in the prediction
horizon; however, recall that MFCS control is a direct MPC strategy, meaning that the decision
variables are directly applied to the semiconductors at the end of each control period. Therefore,
the control actions are held during the whole period T, changing only at the next step. Given that
each actuation is held for a whole period, T; must be as small as possible for the control actions to
have a fine granularity. A fine granularity is required to guarantee fast dynamics responses, and
also allows the resulting actuation to be similar to the original OPP in steady—state [41].
This work proposes a variable—

step discretization of time to extend A

the timespan covered by the pre- $1Is 52T SN T

(cihctl((i)n horlzon; Consider the or- . I I I o I . ,t
ered set S := {s1,82,..., SN}, YooK+ 1 kE+2  kK+N-1 E+N

where each element is a scal-

ing factor of the real-time sam- T

pling period T,;. By scaling the IF/—I |

size of each step in the prediction I [ o —|' —|' —|_|_>t

horizon, a new set of samplings ko k+1k+2 ...

instants {k', k' +1,..., K + N} is

generated, where instant & — k. Figure 4.2: Proposed variable discretization of time.

This variable-step-size manner of

sampling time is illustrated in Fig. 4.2, where the upper plot shows the proposed sampling strat-
egy, whereas the bottom plot represents the traditional regular—sampling. If all elements in S are
greater or equal to one, the timespan covered by the prediction horizon is always larger than that
of the traditional approach. It is important to recall that a high granularity of the actuation is
required and that the control actions are applied for a period of Ty seconds. Thus, it is recom-
mended to define s; = 1 so the decision taken is actually applied for the same period considered
when solving the control problem.

It is important to mention that this strategy implies no additional computational burden re-
garding the real-time control problem. The ILS formulation in (4.27) does not change, so the
problem is solvable through the same methods as in the regularly—sampled discretization case.
However, the expressions for X and I' are different; therefore, the matrices Q, H, and © also
change, even though their expressions are the same. In this case, at step £, the sampling period is
equal to s¢Ts, which implies that, for that step, the discrete—time model is defined by the matrices
Ay =eFsTs and By = —F~! (Is — Ay) G. By considering model (2.7), the generalized expressions
for ¥ and T' are the following:

CB,;
CAQBl CBQ
T = : : (4.28)
=2 (=3
C(H Ag)Bl C(H Ag> B, CBy
L (=N (=N
i =1 TT
r = | (cA)' (CAA)T ... <C 11 A£> (4.29)
L (=N
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* * y*(0)
y*(t)\y\(f)\>< y () = |
Ay(e) = Ay(0)
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(a) (b)

Figure 4.3: Approximation of integral for different sampling methods along a prediction horizon.
(a) Traditional sampling. (b) Variable-step—size sampling.

Recall that both ¥ and I' exclusively depend on the parameters of the system, so they are
calculated offline, which means that the variable-step—size prediction horizon only affects the offline
computational burden, which, in general, is not an issue. Also, it is important to notice that the
matrices involved have the same size as in the original formulation and that the number of matrix
multiplications does not change.

Cost function

Consider the continuous—time cost function

tht N
/ Ay(t)%dr, (4.30)
tr

where Ay(t) = y*(t) — y(t), and t; is the time at the sampling instant k. Using the integral
approximation

tht+At
/ f(r)dr = Atf(ty + At), (4.31)
tr
the value of this cost function can be approximated, as shown in Fig. 4.3a for a regularly—sampled
time, as
tht N N thto N
/ Ay(r)%dr =) / Ay(r)%dr ~ To > Ay(tes.)?, (4.32)
ty 1=1 Ythdi—1 =1
where T, can be factorized because the time is sampled regularly, meaning each rectangle in

Fig. 4.3a has the same base. When defining a discrete-time cost function with the form

k+N

Ay D Ay, (4.33)

{=k+1

it can be understood as the approximation process in (4.32), where the factor T is absorbed by
the weighting factor \,, which is also constant. Notice that (4.32) and (4.33) are equal if A\, = 7.
Let us define
Ay = NTs,

where Aj would be the “real” weighting factor of the cost function. For a constant A,, a larger T
would result in a smaller Aj and vice versa. Let us now consider a variable-sampled time with the
scaling factors defined by the set S, as shown in Fig. 4.3b. In this case, the continuous—time cost
function takes the form

thtN N thto N
/ Ay(r)%dr =) / Ay(r)2dr =~ To Y s.Ay(ter.)?, (4.34)
bk =1

thti—1 =1

where the base of each rectangle in the approximation shown in Fig. 4.3b is now s,Ts. In this
case, the discrete-time cost function (4.33) is, in general, not equal to (4.34), as A, is constant,
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but the factor s,Ty is, in general, different at each step. However, (4.33) can be understood as
an approximation of (4.34) in which A, absorbs the term s,T; in each step, but at the same time
it applies a “real” weight that changes depending on s,. A larger s, results in a smaller “real”
weighting factor for that step, and a smaller s, would imply a larger “real” weight. If the intention
is to have an exact approximation of (4.34), it is necessary to define a different cost function with

the form
k+N

> lay©)?, (4.35)

{=k+1

where )\f; =Ny -5, with ¢ =k +¢and ¢ € {1,...,N}. Notice that this cost function is equal to
the approximation (4.34) when A, = T,. In this case, scaling A\, by s, results in weighting factors
/\f; with equal “real” weights for all the steps in the prediction horizon. The traditional approach
in MFCS-MPC is to weight all steps in the prediction horizon equally, which is simply done by
setting a constant A\, at each step in a regularly-sampled prediction horizon. However, to weight
all the steps equally in a variable—sampled prediction horizon, it is necessary to scale the weighting
factor at each step by the scaling factor s,, as setting a constant A, for each step would result in
smaller weights for the steps with larger values of s, and larger weights for those with a smaller s,.

4.3.4 Generalized search tree exploration pattern

As noticed from Algorithm 1, in the traditional SDA, the exploration of all levels in the search tree
starts with the node u; = —n (which is usually understood as exploring the tree from left to right,
considering the traditional arrangement of the tree). This situation is illustrated in Fig. 4.4a, for
a case with n, = 1 and N = 3. The first explored candidate, if feasible, is marked in red, whereas
the initial solution, located anywhere in the tree, is marked in green. The SDA initial candidate
is always feasible, and, as will be analyzed in the next chapter, it is chosen to render a small cost
function value. Hence, instead of starting the exploration of the tree in an arbitrary manner, as in
Algorithm 1, it is proposed first to explore the zones of the tree that are close to the initial solution
and paths composed of elements that are similar to those of the initial solution. This exploration
pattern of the three can be understood as a rearrangement of the search tree’s elements while
keeping the original exploration pattern (i.e., from left to right), so the first path explored is the
initial solution.

Understanding this proposed pattern as a rearrangement of the tree allows representing it as
in Fig. 4.4b, where it can be noticed that the first explored path is the initial solution. The
arrangement consists in modifying the order of the nodes at each level and letting the first one on
the left be the respective entry in the initial solution, while the other ones can be sorted arbitrarily.
In this case, for simplicity, all the nodes initially located at the left of the initial solution entry are
positioned at the extreme right in the same order. For example, if the initial solution entry is of
type @ | the level is sorted, from left to right, as [@, o, @}.

To incorporate this exploration pattern into the traditional SDA, an array O, containing the
order of each level is added as an input. This addition allows ordering each level as desired, bringing
the flexibility to define the arrangement of the tree based on any chosen criteria. To illustrate this
idea, e.g., the array O, related to the rearrangement of the search tree in Fig. 4.4b, would be

1 -1 -0
Op=1| 0 1 -1
-1 0 1

The addition of O as an input in Algorithm 1 only requires a few modifications to the original
SDA, as shown in Algorithm 2, where the function SDA., is defined. Incorporating the exploration
pattern does not increase the SDA computational cost. Notice that this modification to the SDA
is general for any 7, so it can be applied to any multilevel converter.

It is important to highlight that, because of the proposed exploration pattern, the first explored
path is always the one of the initial candidate, which is perfectly known before starting the explo-
ration. This is a big difference from the traditional approach. To start the traditional SDA, the
initial radius pin; has to be calculated, so, for the initial candidate, the partial radius at each level
is determined. This is equivalent to evaluating n,, - N nodes (is not exactly the same given that the
feasibility conditions are not evaluated). The traditional SDA does not use this initial information,
as it always explores the tree from level j =1 to j = n, - N, starting from the node u; = —1. As
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Algorithm 2 SDA with exploration pattern

1: function U,y = SDAc,(Uuncs Uini, Uabe(k — 1), Ocp)
2: 7=1

3 nodes_left = 2n+1

4: set each element in 7 to 1

5: set each element in p? to 0

6 P2 | HUi — Uyne (k) ||3 > see (2.14)
7 Uinc — Uini

8 for nodes = 1 to Max_Nodes do

9 nodes_left —=1
10: uj <= Ocp, [j.m;]

11: p?H — p? + (H[jjl:j]Uj — ﬂuncyj)Q > see (2.15)
12: if p2,, < pf,. and U; meets (4.15d) then
13: if j =n, - N then

14: Uinc — Uj

15: p12nc A p§+1

16: if nodes_left = 0 and n; = 27+ 1 then
17: break

18: end if

19: else
20: j+=1
21: n; = 1
22: nodes left +=2n+1
23: end if
24: else
25: if nodes left = 0 then
26: break
27: end if
28: if n; <2n+1 then
29: n; +=1
30: else
31: while true do

32: jg—=1

33: if n; <2n+1 then

34: U +=1
35: break
36: end if

37: end while

38: end if

39: end if
40: end for
41: Uopt — Uinc

42: end function

the tree exploration advances, the algorithm will get to the initial candidate’s path and re-evaluate
it (unless a better candidate is found before), even though the partial radius at each level were
calculated at the beginning. On the other hand, given that in the proposed exploration pattern
the first path evaluated is always Uipi, the SDA,, can instantly start at level j = n,, - N, which can
reduce in n, - N the nodes explored by the algorithm. From now on, the terms SDA and SDA.,
will be used indistinctly unless explicitly specified.

Finally, it is possible to incorporate the parallelization method presented in [42], by dividing
the tree at the first level in 21 4 1 sub—trees, where a different SDA explores each sub—tree. As
an example, the parallelization of the search tree in Fig. 4.4b is shown in Fig. 4.5, where three
SDAs operate in parallel. Notice that the SDAs can have different exploration patterns, but with
the proposed one, the first path explored by SDA; will be the initial solution, whereas the other
SDAs’ first paths (marked in Fig. 4.5) will be equal to the initial solution except for the first
element. With this parallelization strategy, the computation time required to find the solution can
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Figure 4.4: Search trees explored by the SDA in the traditional and the proposed strategies.
(a) Traditional search tree explored by the SDA. (b) Proposed re—arrangement of the search tree.

Figure 4.5: Search trees of three SDAs operating in parallel.

be considerably reduced [42].

4.3.5 Transient operation

The SDA looks for potential candidates inside a sphere, which must have a small radius to reduce
the number of options so the solution can be found quickly. A small p;,; reduces the number of
candidates located inside the sphere at the beginning of the algorithm in comparison with a large
Pini, SO0 most of the time, by properly choosing Ui,;, the number of iterations required to find
the solution can be considerably reduced. However, that is not always the case. Let Cy be the
convex—hull of U, so Cy := {U e RN 1. n=U=<1- 77}, where —1 is a vector of ones of
the proper length. Given that p;,; depends not only on Usy;, but also on Uyye, whenever Uy, is
located far from Cy, the initial radius will be large, and, as detailed in [43] and [44], this frequently
happens during transient operation. In those cases, independently of the initial incumbent, the
number of candidates inside the sphere will be large as all points in Cy are far from the center of
the sphere.

In this work, the strategy used in both [43] and [44] is adopted to deal with this issue. It
consists in modifying the original optimization problem every time U,y is far from Cy (which
happens mainly during transient operation). In those cases, the optimization problem solved by
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the SDA is

i moZH ki_ckz
(I}l(l}gJ a = [HU (k) — Unc(k)ll2

s.t. (4.36)
[Atugbe(d)|lo <1, VLe{k,....,k+ N —1}

U((k) e U,

where Jyoq i an approximation of the original cost function J, in which Ugpne (the center of the
sphere) is replaced by U,. = HU,,, and Uy, is the euclidean projection of Uy, over Cy when
Uine ¢ Cy. When Uy € Cy , Upe = Uune - Given that (4.36) is solved only in cases when
Uune ¢ Cu, (4.36) is not the same es (4.27). The vector Uy, is the solution of the following
box—constrained quadratic programming problem:

U(I}Icl)iencu J=Uk)"QU (k) +20"U(k), (4.37)

which must be solved in real-time before solving (4.36) with the SDA. It is important to mention
that [43] and [44] do not solve this problem when the unconstrained solution is not in Cy, but
when it is not in the set {U ER™N:—2.n<U=<2- 77} so the problem is not modified when it

is close to the borders of Cy. In this work, the set {U e RN —/3. n=U < V3 77} is used,
which is the hypercube in which a ball circumscribing Cy is inscribed.

An efficient strategy to solve (4.37) is required, as most of the available computation time must
be left for the SDA to find the optimal actuation. This work uses a simple algorithm based mainly
on closed—form expressions and simple operations: The Frank—Wolfe algorithm (FWA) [45]. In
simple words, the FWA starts at a feasible point and then advances in the direction of a feasible
set’s vertex that minimizes the current gradient of the cost function. The step size at which the
algorithm moves in the new direction can be determined in many ways; however, in this work, the
simplest one is chosen as it has a closed—form expression that can be easily evaluated.

Formally speaking, the algorithm starts at a feasible point U°. Then, the following optimization
problem is solved at each t*" iteration:

¢te atl;gergin ¢H'vr (U, (4.38)

where

VJ(U'™Y) =2QU' +20.

Notice that, if the j™ element of A* = QU'"' 4 © is non-negative, the j* element of ¢* (¢!) is
equal to —n, whereas, if negative, Cjt = 7. Once ¢! is calculated, the solution is updated as

Ut = (1-7) U 44" (4.39)
where the step size 7' is defined as

A= . (4.40)

This process is repeated for Njie, iterations, as in Algorithm 3, where the pseudocode of the FWA
implementation is shown.
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Algorithm 3 Frank—Wolfe algorithm
1: function Uy, = FWA(O)
2: U’«+~0 > feasible initialization with zeros
3: for t = 1 to Njter do
. 2

4: Yy — m

5: At~ QU + 0

6: for j=1ton,-N do
7: if A§ > 0 then

8: Ct=-n

9: else

10: Ci=mn

11: end if

12: end for

13: Ul =(1-y) Ut +44
14: end for

15: U, «— U

16: end function

Finally, to keep the initial radius small, a convenient initial candidate Uy, is calculated. Fol-
lowing the same procedure as in [43] and [44], this candidate is generated by quantizing Uy, to the
closest element in U and then applying a greedy algorithm to force the quantized vector to meet
(4.15d). In a generalized case, for a large 7, greedy algorithms may not lead to a feasible candidate
or may require an extensive computation time [46]; however, for n = 1, the algorithm used gener-
ates Ugq in a straightforward manner. First, Uy, is quantized by approximating each of its entries
to the closest element in /. Then, in a sequential manner, i.e., from 57 = 1 up to j = n, - N, the
constraint (4.15d) is evaluated by comparing the switching state with the corresponding previous
one. If the entry does not comply with (4.15d), it is forced to the closest value that does, e.g., if
ugy = 1 and uy = —1, then uy is forced to uy = 0 so the amplitude of the transition is equal or
smaller than one.

4.4 OBRG: model-based real-time stage

Once the ROS is established, it is possible to design an OBRG-MRS capable of communicating
the OBRG—-OS with the ROS so all the control objectives are met. The OBRG-MRS task is to
generate the tracking references Y and U in real-time using the OPPs calculated by the OBRG—
OS. The tracking references Y are the trajectories that the system’s outputs would follow if the
system operates using OPPs in steady-state. On the other hand, U is the OPP associated with m*,
synchronized through the PLL output (as any reference) and sampled (using the zero—order—hold)
along the prediction horizon, so its generation is straightforward.

The first task is to determine the initial element (¢ = k+1) in the prediction horizon, which is
the same as g(61), where 61 = Oprr, + s1wyTs, OpLr is the angular position reference calculated by
the PLL. This point is part of a steady—state trajectory resulting from periodic inputs (the OPPs),
so it can be found using Fourier series and phasors theory. Consider a set H,. that is the subset of
H comprising the first H, elements of H, and that those H, harmonic components of the OPPs
are stored for each modulation index. Recall that the OPPs’ harmonics only have a sine part, so
only the amplitude is needed to store each harmonic (amplitude with sign).

Then, the following impedances need to be defined:

h— R4 jLh, z'=R.—jA, 2h—=R,+jL,h, zh ——<29_ yhen (4.41)
z" = .7 9 ZC— (o jCh’ Zg_ g j g’y zeq_zg+zg T .

h ok
c*®yg

So, by analyzing the circuit using Kirchhoff’s laws, it is possible to determine the phasors for
each harmonic component of the outputs as

i" = kha', V. =K'ah, T, =K'ah Vhe, (4.42)

where these phasors are calculated considering the converter’s output voltage angle as the angular
position zero, and 4" is the phasor of the h*" harmonic component of the respective OPP (this
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phasor has angle zero and its amplitude can be positive or negative). The parameters K" K"
and K, g are defined as

1 K}
K'= . K!=z.K" K!==% VheH,. (4.43)
z +zeq Zg

The ideal references of the system outputs, which are the fundamental components of g(6,), are
determined as

4 2 T
Z;ﬁ(el):I*|P[ sin (@+91) sin <£+91+§) sin (@+91+;) ]
-
iy 05(0h) = || P [ sin (ﬁ—i— 91) sin (E—i— 61 + ) sin (L—&- 01 + ) } (4.44)
vl ,5(01) =|V:iP | sin ({V* + 91) sin {V* +6, + il sin {V* +6, + n '
c,af3 c c c 3 c 3 )

whereas their harmonic parts correspond to

=P S [ (o) sin (A 40p) sin (A ver) |

heH,
iy aﬁ Ph;ruh [ Sln( + Hh) sin (LJr 9h) sin (LJr 9h) } (4.45)
ol 5(01) Ph;JV cl [ sin (L—i—@h) sin( \70 +9£‘) sin (&4—9?) }T,
where
- (M+ el)h, o) = 0 + 4? o =0 + ? Vh € H, (4.46)

So, the tracking reference vector for the first step of the prediction horizon is

T

5600 = | (as0)) " (es0) @raso)” | (4.47)

where
bap = thg + a5, Ggap =155+l 0 Boap =05+ 04
To determine the tracking references for the rest of the prediction horizon, the matrices Y, and
T, are defined as

I CB,
CA;3B, CB;
Y, = : :
=3 (=4
C <H Ag> B, C (H Ag> B; --- CBy (4.48)
L (=N (=N
] -
.= | (CA2)" (CA34,)" ... (C 11 A¢> ;

which are derived following the same procedure to determine Y and I', but starting from step
¢ =k + 2 instead of £ = k + 1. Notice that Y, is a sub-matrix of Y so it is not necessary to
calculate it. Hence, the tracking references are determined as

Yy=[g"0) v, ], (4.49)

where

Y, = T,.&(01) + T Upy +1m,8)» (4.50)
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and

z(0h) = [ (iaﬂ(%))T (%9’%3(91))T (Beap(®1)) " (va5(61)" } (4.51)

.
Vg,ap(01) = |Vy|P [ sin (61)  sin (91 + 4;) sin (91 N 2;7) } '

Notice that Y, is generated by using U as the input in (4.50), which is generated by sampling the
OPP using zero—order—hold with different sampling periods along the prediction horizon, depending
on 8. This means that U is not identical to the respective OPP, therefore Y, is not the exact
trajectory followed by the outputs of the system in steady—state when operating with the respective
OPP. However, this is a good approximation when the step sizes considered in the variable—step—
size prediction horizon are small.

4.4.1 Efficient implementation

It is easy to notice that the amount of sine operations required to generate the tracking references,
in the way shown above, is large. Given that the whole control strategy must run in a short period
(e.g. 25 microseconds), it is mandatory to make an efficient implementation of each part of the
strategy in both time and resources. To reduce the number of sine operations it is proposed to
take advantage of the fact that the OPP only has harmonic components that comply with (2.24).
Let us consider ifﬁ(el) as an example.

The expression for Zfﬁ (01) can be written as

sin(@JrG h)
:PZ|Kh|'&h sm(L—i—G h—?)
heH sin (L—!—H h—i—@)

where 0, = (ZV* + 91> and h = 65 + 1 for j € Z~(. Using trigonometric identities, the following
can be deduced for phase a

sin (@ +6, (65 £ 1)) =sin (&) (cos (656, ) cos (6,) F sin (656,) sin (Hv)>+

(4.52)
cos ((Kh) (sin (646.,) cos (6,) £ cos (656,) sin (9,,))
whereas, for phases b and ¢, the following holds
. 2mh B . A 2mh B\ . (2mh
sin (ZK + 5 + 0 h) =cos (0,h) <s1n ((K ) cos (T) =+ cos ((K ) sin (3)>—|— W)

sin (6, h) (cos (@) cos (?) F sin (M) sin (27;?))

where |K"|, sin ((K h) and cos ((K h) are values that can be stored in tables without requiring

large memory resources. Additionally,

cos (?) =-05 VheH, sin (27T (67 & 1)> V3

— 42
3 2
so those sines and cosines do not need to be calculated.

This same procedure can be followed for ’L op(01) and o, 5(01), so, to generate the harmonic
part of all the tracking references, only cos (6]0 ), cos(6,), sin(656,), and sin(6,) need to be
calculated online, adding up for a total of H,./2 4 2 sine/cosine operations (naturally, considering
an even value for H,.). To reduce the computational burden even more, recall that

cos (£) = sin (5 + g)

so only sine operations would be required, which can be implemented using a single LUT, rendering
a considerably faster and cheaper implementation.
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Chapter 5

Simulation and analysis

The proposed control framework and strategy developed are the main novelties
of this work. In addition, the development of the strategy led to some innova-
tions in the area of OPPs and MFCS. In this chapter, all the improvements and
contributions regarding OPPs, MFCS, and OPP-MFCS are analyzed and veri-
fied through simulation experiments. For all the experiments, unless otherwise
specified, the parameters of the system are the ones in [2].

5.1 System under study

The system under study is a a high-power medium-voltage grid—connected converter as the one
depicted in Fig. 2.1 and, unless specified, the parameters used in this and further chapters are the
ones in [2], as specified in Table 5.1. The filter was designed so the resonances are located at 262
and 491 Hz, expecting that the switching frequency of the converter’s semiconductors is around
250 Hz.

Table 5.1: Parameters of the studied system [2].

Parameter Value Parameter Value
Shom 9 MVA Vy 3150 V (RMS)
Toom 1649.6 A (RMS) Ve 4840 V

R 0.3 mQ2 R, 27.51 m€)
L 350 puH L, 875.6 uH
R, 4 mQ} C 420 pF

The system is modeled in per unit using the base values and the relations defined in Chapter 4.
The sampling frequency at which the controller operates is T = 25 us, and the nominal frequency
of the system is f; = 50 Hz.

5.2 Optimal pulse patterns

The traditional formulation of OPPs assumes that the system can be modeled as a purely inductive
load, which is not the case for an LCL filter grid—connected converter. In this work, the model
of the LCL filter was incorporated into the cost function of the optimization problem to minimize
the TDD of the grid currents directly. Even though this was reported to be done in [2], the
formulation of the optimization problem and analysis of the resulting patterns was never presented.
Additionally, using the LCL filter model, it was possible to add constraints that guaranteed the
resulting patterns to meet grid codes at a low and fixed switching frequency.

A series of simulation tests were held to evaluate and analyze these novelties. First, the tra-
ditional formulation of OPPs assuming an L. model was compared with the proposed formulation
incorporating the LCL filter model in the cost function. Then, the model including the constraints
of the grid codes is tested, and the grid code requirements are verified. Finally, the computation
time to solve the full model was compared with the model with no grid code constraints to verify
its scalability.
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5.2.1 Incorporation of LCL filter model

The first test is to compare the performance

between the OPPs resulting from the tradi- Table 5.2: L and LCL model OPPs comparison.
tional formulation (2.31), with the proposed

dedicated OPPs (4.7), that incorporates the I, top (%) | Igrup (%)

model of the LCL filter into the cost func- m L LCL L LCL
tion to minimize I, rpp. To this end, the sys- 0.8 | 5.92 1.31 8.82 1.95
tem under study was simulated using Matlab— 09| 201 1.20 | 5.02 2.99
Simulink with the PLECS blockset, and both 1.0 | 2.99 1.03 | 23.23 8.03
THD and TDD of the grid currents were cal- 1.1 | 7.02 1.67 | 49.11 11.67
culated. Patterns with d = 5 were used, im- 1.2 | 2.85 245 | 6.87 5.90

plying a semiconductors switching frequency of

250 Hz. Five cases were tested for different modulation indices, resulting in the I, rpp and I, TaD
shown in Table 5.2, where the results are summarized, and column “I.” corresponds to the results
with OPPs from the traditional model (2.31), whereas column “LCL” are the dedicated OPPs from
model (4.7). The benefits of incorporating the LCL filter model in the optimization problem’s cost
function to directly minimize I, Tpp are clear, with reductions larger than a 50% in the TDD of the
grid currents for some cases. For all modulation indices, both TDD and THD of the currents are
reduced considerably, where the TDD, in all cases, is smaller than 5%, which is the limit imposed
by the IEEE Std. 519-2022 [1] in a system of this characteristics.

5.2.2 Meeting grid codes

A key factor in the operation of grid—connected converters is meeting grid codes as IEEE Std. 519—
2022 [1]. For the system under study, which is a medium—voltage high—power system designed
mainly as a power generation facility, the amplitude limit on the harmonic content and I, tpp, in
per unit with respect to the maximum current of the grid, are specified in Table 5.3.

Table 5.3: IEEE Std. 519-2022 [1] limits for amplitudes of harmonics and I, tpp.

|2<h<1l 11<h<17 17<h<23 23<h<35 35<h<50| I,top
Limit (pu) | 0.04 0.02 0.015 0.006 0.003 | 0.05

Even harmonics of order h < 6 are limited to half of the value shown in Table 5.3; however,
recall that the calculated OPPs, because of quarter—wave symmetry, do not present even harmonics,
and, because of the isolated neutral points, triplen order harmonic components are zero in the grid
currents. Hence, only differential harmonics that meet (2.24) need to be limited. To guarantee
that these limitations are met, the model (4.9) was proposed.

Because of the filter’s size, the re-
sults from model (4.9) with d = 5 are 90
almost identical to the ones of model
(4.7), where the main difference is
that when including the grid code
constraints the problem becomes in- 19 60
feasible from m = 1.22, i.e., the grid

~ R =
codes cannot be met at a switching /%“;
frequency of 250Hz in the interval =
[1.22, 4]. This is a significant result g 30

as it allows knowing the limits for
a proper operation at that switching

frequency. [mo —a2 —a —as —os
To show the benefits of model S8 09 0.95 1 1.05 11 e
(4.9), the proposed formulation was Modulation index m

tested in a modified system, in which
the filter capacitor has 70% the ca- Figure 5.1: Comparison of SAs resulting from models (4.7)

pacitance of the original filter, result- (dashed lines) and (4.9) (solid lines).

ing in resonance frequencies of 314
smax

and 587Hz. For this analysis, the grid code limits 4}'** over the harmonic components were
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Figure 5.2: Fourier spectra of grid currents. The first row plots result from model (4.7). The
second row from (4.9).

applied considering the 95% of their amplitudes, so the problem was even more restricted. The
SAs for this case are shown in Fig. 5.1 in the range m € [0.85, 1.15], so the differences can be
clearly noticed. The dashed lines are the SAs with no grid code constraints, whereas the solid lines
are the SAs meeting the grid codes.

To test the effectiveness of the proposed model(4.9), it was compared with (4.7) by simulating
three cases of modulation indices, which are m € {0.9, 1.05, 1.135}, for a switching frequency of
250Hz (d = 5). The Fourier spectra of the resulting grid currents and the grid currents’ TDD
are shown in the arrangement of plots in Fig. 5.2, where each column corresponds to one of the
modulation indices evaluated. The plots in the first row result from the operation using OPPs
derived from model (4.7), that do not incorporate grid code constraints. As can be noticed, in the
three selected cases, at least one of the harmonic components does not comply with the maximum
amplitude allowed by the norm, even if they meet the TDD limit. On the other hand, when
incorporating the grid code constraints through model (4.9), all grid code requirements are met
in all the cases, as can be noticed in all plots in the second row. By adding the constraints, the
spectra of the currents are modified by enlarging some components that are still far from their
maximum amplitude allowed and reducing those that are over }'**. Even though this comes with
a rise in the grid current’s TDD, the new values are still below the grid code limit, so it is not an
issue. From these results, the effectiveness of adding grid code constraints by incorporating the
model of the LCL filter into the OPP optimization problem is validated.

5.2.3 Computation time

One concern that may arise when adding the grid code constraints to the OPP problem is the
increase in the SAs computation time. To test this, the SAs were calculated for d € {5, 6, 7, 8, 9}
using the software AMPL and the solver Artelys Knitro 13.2.0 in a computer with an 11** Gen-
eration Intel(R) Core(TM) i7-11700 @ 2.50 GHz processor, 32 GB of RAM and a Samsung 860
EVO solid—state drive of 2 TB. The total elapsed time, in seconds, for each case, when solving
both models (4.7) and (4.9), are summarized in Table 5.4.

Table 5.4: Computation time comparison between solving problems (4.7) and (4.9).

|d=5 d=6 d=7 d=8 d=9
Elapsed time for (4.7) (s) | 17.6  19.2 225 266  32.3
Elapsed time for (4.9) (s) | 152.9 1424 149.7 137.5 144.7
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From Table 5.4 it can be noticed how the computation time is considerably increased when
comparing the results from solving (4.7) with the ones from (4.9). However, when increasing the
number of switching transitions per quarter-wave, the computation times do not vary considerably,
and, in some cases, it is even reduced. In that sense, incorporating these constraints is perfectly
scalable regarding d. On the other hand, even though the computation times can be eight times
greater than the times for OPPs from the model with no grid code constraints, the elapsed times
are still small considering that the OPPs are calculated offline and that meeting grid codes in
real-time operation is mandatory.

5.3 Multistep finite—control-set MPC

Regarding long—horizon MFCS-MPC, it is necessary to extend the prediction horizon and enhance
the efficiency of the SDA. In this line, this work proposes a generalized variable-step—size long
prediction horizon formulation to extend the prediction horizon over time with no additional real—
time computational burden. Regarding the efficiency of the SDA, a general exploration pattern of
the search tree was introduced, which can be understood as a rearrangement of the nodes at each
tree level, reducing the number of nodes explored before the solution is found.

To evaluate the proposed improvements, different variable—step—size prediction horizons were
tested to visualize the enhancement in the trade—off between switching frequency and I, tpp for
long horizon MFCS control. Then, the traditional exploration pattern and the one proposed were
compared regarding nodes required to find the solution.

5.3.1 Problem formulation

The formulation of the MFCS problem in all these cases is the following:

k+N k+N—-1
min > 'O —y@IRy + > Nluasc(®) = warel? = DI
l=k+1 =k
s.t.
z(l+1) = Agx(l) + BiPugy(¢) VL€ {k,....,k+ N —1} (5.1a
y(0) =Czx(t) Vec{k+1,....k+ N} (5.1b

[Atape(O)]lo <1, Y {ky... k+N—1} (5.1d

)
)
z(k) = xo (5.1c)
)
)

U(k) €U, (5.1e

where all variables are in per unit.

The objectives are the tracking of ideal references and the penalization of the switching effort.
Following the same procedure as in chapters 2 and 4, this formulation can be written as a truncated
ILS problem and be solved using the SDA.

Regarding the notation, the apostrophe was dropped when denoting the sampling instants
{K', ¥'+1, ...} for ease of notation. However, the generalized variable—step—size prediction horizon
is used in all the following analyses, and the set S is specified in each case. So, from now on, the
apostrophe will be dropped unless explicitly declared.

5.3.2 Selection of MFCS variable—step—size prediction horizon and weight-
ing factors

The generalized variable—step—size prediction horizon adds another degree of freedom to adjust
the MFCS controller. Hence, it is relevant to analyze the effect of all degrees of freedom together,
i.e., the prediction horizon and the weighting factors. First, the tracking of each output reference
is weighted by an element of A} at each instant ¢. Because evaluating different combinations of
weighting factors is too complex, a simple and effective solution is that tracking all references is
weighted equally at each step. Therefore, the only weighting factor to be adjusted is A, which is
kept constant along the prediction horizon.

In the traditional approach with a regularly—sampled prediction horizon, the weighting factor
related to the tracking of a reference is kept constant for the whole prediction horizon. This can be
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Figure 5.3: Comparison of Pareto fronts between the traditional prediction horizon S; and the
variable-step—size one proposed. The prediction horizons are (a) Sz, (b) Sz, and (¢) Sy.

understood as this objective being equally relevant at each step, i.e., no steps are more important
than others. However, as explained in Chapter 4, for the variable-step—size prediction horizon, a
constant weighting factor weights less the steps with larger scaling factors, which means that the
steps will have different relevance according to their scaling factor.

Two approaches will be analyzed. On one hand, the weighting factor is kept constant along
the prediction horizon, so the relevance of the objective at each step will be reduced if the scaling
factor is large. On the other hand, the weighting factor is scaled at each step by the corresponding
scaling factor, making the objective equally relevant at each step. So, let the matrix A} be defined
as

A =w, - diag{)\z, DYEPYADVS N}, l=k+4u,Vee{l1,2,..., N} (5.2)

By setting w, = 1, the relevance of tracking the references varies along the prediction horizon,
whereas it is kept constant for w, = s,. Recall that, as stated before, the weighting factors were
set as A} = AJ = \§ = 1 for this section, so

XN =wls, {=k+:,Vee{l,2, ...,N}. (5.3)

Now that the adjustment of the weighting factors is clear, all these degrees of freedom are
evaluated for steady—state and transient operation, together with a Fourier spectrum analysis.

Steady—state operation

On steady—state operation, the trade—off between switching frequency of the semiconductors (fs.)
and I, rpp was assessed. To this end, the prediction horizons tested were S; = {1, 1, 1, 1, 1},
Sy =1{1,2,2,2,2}, S3={1, 2,2, 4, 4}, and Sy = {1, 4, 4, 4, 4}. For all prediction horizons, the
cases w, = 1 and w, = s, were evaluated (excepting for the traditional horizon S;, given that
s, = 1,Ve € {1,2,..., N}). The prediction horizon considered was N = 5. The experiment
consisted in setting p* = 1 and ¢* = 0 and analyzing the steady—state operation of the system for
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Figure 5.4: Comparison of Pareto fronts between (a) w, = 1 and (b) w, = s,.

different values of A%, simulating 99 cases in the interval [1073, 10°[. The number of nodes explored
by the SDA was not restricted, so the control action applied was always the optimal. Notice that
an increasing scaling factor along the prediction horizon implies that, for w, = 1, the tracking of
references is more relevant in the first steps, losing weight as the steps go further in the horizon.

The results are shown in Fig. 5.3 and Fig. 5.4. In Fig. 5.3, the Pareto fronts for each set S
are compared with the one of traditional prediction horizon S;. It can be noticed that all the
cases working with the proposed variable-step—size prediction horizon result in a better trade—off
between I, rpp and fe,, as the proposed formulation allows extending the horizon in time. As
the prediction horizon is extended further in time, the Pareto front gets closer to the origin and
takes more distance from the traditional approach. Notice how the configurations w, = s, and
w, = 1 render a similar performance, even though the former one is slightly better at low switching
frequencies. In any case, both approaches perform better than the traditional one.

On the other hand, in Fig. 5.4, the different prediction horizons are compared based on the
setting of the weighting factors through time, i.e., w, = 1 or w, = s,. Both plots clearly show how
the Pareto fronts get closer to the origin as the prediction horizon is extended in time, and how
the operation at low switching frequencies is improved. In general, it is clear that even for S,
which is the shorter (in time) variable-step—size prediction horizon analyzed, the performance over
the traditional approach is considerably better, achieving similar values of I, rpp with switching
frequencies 200 Hz smaller in the range of 200-700 Hz, for the case w, = s,.

Transient operation

To test the speed of the dynamic response for different prediction horizons, the system operation is
initialized with p* = 1 and ¢* = 0, and simultaneous steps on active and reactive power references
are applied so the new references are p* = —0.8 and ¢* = —0.8. The same prediction horizons
are evaluated. Each weighting factor is set so the operation point is the closest one to fg, =
600 Hz in the previously determined Pareto front. The results for each prediction horizon with
both configurations are shown in Fig. 5.5. It can be clearly noticed how all variable-step—size
prediction horizon cases perform better than the traditional approach. Regarding the weighting
factor selection, the case w, = s,, in general, performs better than the case w, = 1, as the overshoot
tends to be reduced and the oscillations after reaching the new reference are smaller.

On the other hand, Fig. 5.6 allows comparing the prediction horizons when w, = s,, which
showed to be the selection of weighting factors that performs better. From Fig. 5.6 it is easy to
notice how the transient response is improved as the variable—step—size prediction horizon extends
in time. Overshoots and undershoots are reduced, the new references are reached faster, and the
oscillations after getting to the new references are smaller as the prediction horizon is extended,
proving that the proposed strategy not only enhances the steady-state performance of MFCS
controllers but also makes the dynamic response faster. Notice that the active and reactive power
references are properly tracked in every case.
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Figure 5.5: Dynamic behavior of instant active and reactive power after steps in their references.
(a) Step in active power reference. (b) Step in reactive power reference.
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Figure 5.6: Comparison of dynamic behavior between prediction horizon in case w, = s,. (a) Step
in active power reference. (b) Step in reactive power reference.

Fourier spectrum and grid codes

Regarding grid codes, the proposed variable—step—size horizon was tested in the case p* = 1 and
q* = 0. The horizons &7 and 84 with w, = s, were tested on steady—steady state operation. The
Fourier spectrum of one grid current was calculated for every horizon, as shown in Fig. 5.7, where
the fundamental component was removed to obtain a clearer graphic. It can be noticed that both
spectra are continuous, meaning that many interharmonics are present. This is a well-known issue
of MFCS-MPC. Because the applied voltages are neither periodic nor symmetric between the three
phases, interharmonics and triplen harmonics appear. It can also be noticed how the amplitude
of low order harmonics is considerably reduced when comparing the proposed horizon S; with the
traditional one &7, showing the benefit of the proposed approach.

On the other hand, Fig. 5.8 shows the Fourier spectra without all interharmonics, so only
components considered in Table 2 of the IEEE Std. 519-2022 [1] are shown, together with the
respective limits imposed. The TDD of the grid current analyzed is 3.61% for horizon S; and 1.96%
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Figure 5.8: Grid code limits and Fourier spectra of grid current ¢, , for horizons (a) S; and (b) S4
with w, = s,.

for horizon Sy. As can be noticed, horizon S; does not meet the grid code as the 6t® harmonic
component is over the allowed limit, even though it meets the current TDD limit. In contrast,
the variable—step—size horizon Sy meets both harmonics amplitudes and TDD limit. However, this
standard also specifies that limits for interharmonics should be evaluated case—by—case, meaning
that, depending on the specific application, these results may not meet the grid codes. Even though
the variable—step—size prediction horizon improves both steady—state and transient performance,
MFCS controllers cannot be generalized as a suitable strategy for grid—connected applications as
it is impossible to predict if grid—codes will be met because of the continuous and unpredictable
Fourier spectra of the resulting control actions.

5.3.3 SDA search—tree exploration pattern analysis

Regarding the efficiency of the SDA used to solve the optimization problem of MFCS-MPC, the
novel exploration pattern developed to reduce the nodes explored before the solution is found
was tested. 5601 cases were generated from the operation of the proposed strategy with S =
{1, 4, 4, 4, 4}, w, = s,, and the same weighting factor as in the transient analysis. The system was
simulated during seven fundamental cycles, where the problem formulated at each control period,
every 25 us, was stored, resulting in the 5601 cases mentioned.

The two metrics analyzed are the nodes the algorithm requires to find the solution and the
total nodes explored until the algorithm finishes. Recall that the algorithm finishes when no nodes
are left to explore or when the node limit is reached. Therefore, in general, the algorithm keeps
exploring nodes after the solution is found. For this analysis, the algorithm never stopped by node
limit, so the problem was always solved to optimality. The histograms showing the probability
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Figure 5.9: Histograms of nodes explored. Upper plots are from the traditional exploration pattern.
Lower plots are from the proposed approach. (a) Nodes required to find the solution. (b) Total
nodes explored until the SDA finishes.

density function (PDF), in percentage, are shown in Fig. 5.9, where the upper plots result from the
traditional exploration pattern, whereas the lower ones are the results from the proposed approach.
As can be noticed from Fig. 5.9b, with the proposed approach, the number of nodes explored before
finding the solution tends to be smaller, and its PDF presents a shorter tail than the traditional
approach, with all marked percentiles located in smaller numbers of nodes explored. In 67.5%
of the cases analyzed, the proposed approach found the solution exploring a smaller number of
nodes, and in 85% of the cases, it required fewer or the same amount. These results prove that
the proposed exploration pattern allows reducing the limit of nodes explored Max_Nodes N, as the
solution is found quicker, reducing the computational burden of the SDA.

Something similar to the nodes required to find the solution happens to the total nodes explored
until the SDA finishes. All marked percentiles are smaller in the proposed approach, and its tail
is shorter, concentrating most cases on the lower side of the distribution.

One key benefit of the proposed exploration pattern is the possibility of starting the SDA from
level j = n, - N in the search tree, as the first path is the initial incumbent. In all cases where
the nodes required to find the solution is non—zero, this initialization reduces in n,, - N the number
of nodes explored, whereas the total nodes explored by the SDA is always reduced. In this case,
n, - N = 15, leading the proposed exploration pattern to perform better than the traditional
pattern in 69.4% of the cases and better or equal in 87%, improving the performance even more.
Even though this may seem like a small improvement, reducing in n,, - N the nodes required to find
the solution is a considerable improvement when stopping the SDA based on the explored nodes
limit because of the computational burden, as will be shown later.

5.4 Proposed control strategy: OPP-MFCS

Operating the system using OPPs as a modulator would allow meeting grid codes at a low and
fixed switching frequency, but it would lead to a slow dynamic response. On the other hand,
MFCS controllers entail a fast dynamic response and a low I, rpp, but, as shown in the previous
section, the resulting Fourier spectra of the grid currents is continuous, and therefore MFCS—
MPC cannot be generalized as a strategy suitable for grid—connected converters. Based on two
optimization stages, the proposed control framework was used to develop a controller (OPP-
MFCS) that leverages the benefits of both OPP and MFCS controllers. The proposed strategy
must meet the grid codes on steady—state while operating at a low and fixed switching frequency
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of the semiconductors, with periodic and symmetrical voltages between the three phases, which
would traduce in a discrete Fourier spectrum. Also, the dynamic response of the strategy must be
fast. Additionally, as OPPs are being combined with MFCS control, the SDA can be initialized
with ﬁ(k) as the initial candidate, which results in requiring a smaller number of nodes explored
to find the solution. To evaluate the benefits of the proposed OPP-MFCS controller, its degrees of
freedom must be adjusted, which will be the first step. Then, an evaluation of the initial candidate’s
impact on the number of nodes explored before finding the solution is done. Finally, the capacity
of OPP-MFCS to meet the grid codes is tested by analyzing the steady—state operation of the
system. The control formulation used in this section is detailed in Chapter 4.

5.4.1 Selection of MFCS variable—step—size prediction horizon and weight-
ing factors

As in Section 5.3, the first task is to adjust the weighting factors along the prediction horizon.
Regarding J, (Y (k)), as done for the MFCS-MPC analysis, the weighting factors are set as ), =
AJ = X =1, so, for the variable-step-size prediction horizon, the weighting factor matrix related
to tracking the outputs’ references is defined, at each step in the horizon, as

XN =wls, {=k+,Vee{l,2, ...,N}. (5.4)

In the proposed formulation (4.15), the same thing has to be done regarding the tracking of U (k),
which is the objective defined by J,, (U (k)). To this end, it is proposed to set the weighting factors
along the prediction horizon as

Ay =XNwls, (=k+,Vee{l,2,..., N}, (5.5)

where \* is a parameter that must be tuned. The tuning process is simpler than in the traditional
MFCS-MPC problem, as calculating the Pareto front is not required; this is because the tracking
references U (k) result from sampling, at each instant k, the OPP used to generate Y (k), and it is
sampled according to the variable—step—size prediction horizon used. Because Tj(k‘) is a sampled
version of the OPP, the control action can perfectly track it, as it considers the discrete nature of
the converter’s output voltage and the discrete nature of the instants at which the actuation can
change (recall that MFCS controllers do not use a modulator. Therefore, the actuation can only
change at the end of each control period). Hence, by adjusting A" in a large enough value, the
output of the controller will perfectly track U (k) in steady—state operation, given that applying
the first element of U (k) would result in system outputs y that are consistent with the tracking
references ¢(k), which would imply a small tracking error of the outputs.

Recall that OPPs are steady—state voltages, so directly applying them would result in a slow
dynamic response. Hence, by adjusting A", the speed of the closed loop is also adjusted, where,
in general, a larger value of A* would result in a slower dynamic response. In contrast, a smaller
A" would allow more aggressive control actions, where the aggressiveness is understood as the
switching effort, i.e., a more significant number of additional switching transitions would occur
during transient responses.

As a large \* guarantees that U(k) is perfectly tracked in steady—state operation, the tuning
process of \* is as simple as, for a given prediction horizon, setting a small enough \* that entails
a fast dynamic response while guaranteeing that U(k) is perfectly tracked on steady—state.

The same step response as in Section 5.3 was tested, and for the same cases, excluding the
prediction horizon S;, which was not considered as longer horizons rendered a better performance
in the MFCS controller analysis. The parameter \* was adjusted so the step response was fast,
while the voltages would entail a fixed switching frequency of the semiconductors on steady—state.
The system’s steady— state behavior is analyzed in detail in a further section. The results from
these simulations are shown in Fig. 5.10. As in the analysis of the MFCS controller, with the OPP—
MFCS strategy, longer horizons in time resulted in faster dynamic response and a better capability
of damping the oscillations introduced by the filter. The overshoots in the dynamic response are
clearly reduced, being S, the variable—step—size horizon that results in the fastest response with
the smallest overshoots, in particular for w, = s,, which in all cases performed better than setting
w, = 1.

The switching patterns ugp. applied by the converter, for the horizon Sy with w, = s, are shown
in Fig. 5.11. It can be noticed that the system starts operating in steady-state with symmetric
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Figure 5.11: Switching patterns resulting from OPP-MFCS in step response, for Sy with w, = s,.

voltages between the three—phases and at a fixed and low switching frequency. Right after the step
in active and reactive power references, additional switching transitions occur, which allow the
controller to render a faster dynamic response. However, once the system reaches the references,
the switching frequency returns to the value defined by the OPPs, and the voltages between the
three phases become symmetric again. Naturally, if A" is set on a larger value, the steady—state
pattern would be reached faster. However, the tracking of the references would be slower, and
the oscillations induced by the filter would not be properly damped. It is important to highlight
that additional switching transitions are needed to render a fast dynamic response. Nevertheless,
an excessive number can damage the converter. To deal with this issue, a term penalizing the
switching effort, as the one in [41], can be added to the cost function with its own weighting factor.
This analysis is left as future research.

5.4.2 SDA initial solution

The formulation proposed for OPP-MFCS has another benefit in terms of SDA efficiency. As
Ij(k) can be perfectly tracked by the control action, it can also be used as the initial incumbent for
the SDA if it meets constraint (4.15d). Recall that, even though OPPs are calculated considering
(4.15d), during transient operation, getting to @(¢ = k) (the first element in U(k)) from the
previous actuation may require transitions of size larger than one. However, when @(¢ = k) is
feasible and can be used as the initial incumbent, the term J,, (U (k)) in the cost function becomes
zero, which may result in a considerable reduction in the initial radius of the sphere. Additionally,

in steady—state, U (k) is the solution of the MFCS problem, therefore initializing the algorithm
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Figure 5.12: Histograms of nodes explored. Upper plots result from using the educated guess as
initial candidate. Lower plots result from the proposed initialization strategy. (a) Nodes required
to find the solution. (b) Total nodes explored until the SDA finishes.

with the actual solution.

The proposed initialization method is straightforward. Every time U (k) is feasible, the SDA is
initialized with it. When not, the traditional educated guess is used. It must be highlighted that
this procedure is not the same as evaluating the cost function for both options and choosing the
one rendering the lower cost, as doing that would require evaluating the cost function of a second
candidate, which would result in an additional computational burden, equivalent to evaluating a
whole full-depth path in the search—tree.

To test the proposed initialization strategy, 5601 cases were generated and solved using the
traditional educated guess initialization and the proposed strategy. The proposed exploration
pattern and starting point of the search tree were used, and the prediction horizon was set as
S=1{1,4, 4,4, 4} with w, = s,. The histograms of the PDF, in percentage, are shown in Fig. 5.12.
For the proposed initialization, percentiles 1 to 74 of the nodes required to find the solution are
equal to zero, meaning that the proposed strategy starts the algorithm with the solution. In the
case of the traditional educated guess, only percentiles 1 to 27 are equal to zero. The PDF of the
nodes required to find the solution of the proposed initialization is mainly concentrated near the
origin. However, its tail is longer as the worst case during transient entails more nodes explored.
The proposed initialization explored the same or fewer nodes to find the solution in 87.07% of the
cases analyzed (in 62.04% were fewer). Regarding the nodes explored before the SDA is finished,
the percentiles 1 to 52 of the proposed initialization PDF are equal to 30, the minimum number
of nodes explored to finalize the algorithm. For the traditional approach, it happens only in
percentiles 1 to 16. In 85.29% of the cases, the proposed initialization explored the same or fewer
nodes before terminating the SDA (in 58.79% were fewer). These results show the effectiveness of
the proposed initialization.

5.4.3 Meeting grid codes in steady—state

The last test for the OPP-MFCS control strategy is to verify that it is capable of meeting with
the IEEE Std. 519-2022 [1] grid currents requirements while operating the converter at a low and
fixed switching frequency with symmetric voltages between the three phases. To this end, four
cases with different active and reactive power references were run in steady-state, using d = 5,
i.e., fsuw = 250Hz, and the proposed OPP formulation considering grid code constraints. The
prediction horizon was set as S = {1, 4, 4, 4, 4}, and the weighting factor as w, = s, and A" as
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the one used for the step response analysis.

First, the Fourier spectrum of one grid current is plotted for each case using a granularity of
25Hz, i.e., the harmonic components are H = {1.5, 2, 2.5, ..., 49.5, 50}. These results are shown
in Fig. 5.13, where it can be noticed that in all cases, the respective Fourier spectrum is discrete,
and only differential components that meet with (2.24) have a noticeable amplitude. It can be
seen that small interharmonics exist in some cases, which can originate because patterns can never
be perfectly symmetric nor periodic because the simulation is not exempt from numerical errors

during its execution. However, those interharmonics are always smaller than 0.001 pu.
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Figure 5.14: Control actions w4 of the case p* = —0.6, ¢* = 0.2.

The discrete spectra obtained by the proposed strategy are a key improvement over traditional
MFCS control, and are owed to the periodic and symmetric voltages obtained in steady-state
operation. To exemplify, the control actions for the case p* = —0.6 and ¢* = 0.2 are depicted in
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Fig. 5.14. It can be noticed how the patterns in all phases are periodic, have a fixed switching
frequency of 250 Hz, and are symmetric between the three phases. Finally, the TDD and the
Fourier spectrum of a grid current are shown together with the grid code limits for the harmonic
components amplitudes in Fig. 5.15 for each one of the cases. It can be noticed that, in all cases,
each harmonic fulfills the amplitude limit requirement indicated in the IEEE Std. 519-2022 [1],
while the TDD of the grid current is smaller than the respective 5% limit indicated in the same
standard. With this evaluation, it is proved that the proposed OPP-MFCS strategy is capable of
controlling an LCL filter 3L-NPC grid—connected converter while meeting grid codes and achieving
symmetrical voltages between the three phases and a fixed and low switching frequency.
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Chapter 6

Real-time implementation and tests

A key objective of this work is that the proposed strategy can be executed in
real-time by a commercial control platform. In this chapter the whole con-
trol strategy is implemented using Xilinx’s Vitis HLS, considering a standard
commercial FPGA. Then, using C/RTL co—simulation, it is verified that the
strategy can be executed in fewer than 25 us with the resources available in
the FPGA. Finally, the whole strategy was tested in a HIL experimental setup
using an OPAL-RT OP4510, proving its capacity to meet all the control ob-
jectives.

6.1 Computational burden analysis

One of the objectives of this work is for the proposed strategy to be executable in real—time by
commercial platforms, which are usually based on some type of processor unit, such as DSPs and
FPGAs. The SDA has been widely implemented in FPGAs for real-time applications, being vali-
dated as a viable solver for MFCS-based controllers. The next step was to evaluate the viability
of the whole strategy to run in real-time deployed in a commercial FPGA. High—level synthesis
(HLS) was used for the evaluation. HLS is a process in which the design of an algorithm, pro-
grammed in high-level languages (as C or C++), is taken by a tool that is capable of generating
the register transfer level (RTL) hardware description. Using HLS tools allows avoiding the com-
plex design process of using a hardware description language (HDL) to implement the algorithm,
reducing the prototyping time considerably. Nevertheless, HLS tools, in general, will not generate
the most efficient implementation of the design in terms of resources employed and computation
time, even though they usually count with some instructions (e.g., of the #pragma type), that allow
the designer to enhance the implementation in terms of computation time of resources required.
In this line, HLS tools permit obtaining a fast estimation of the algorithm’s viability if it were to
be deployed in a commercial control platform.

In this work, Xilinx’s tool, Vitis HLS, was used to evaluate the viability of the proposed OPP—
MFCS strategy. From a C or C++design, Vitis HLS is capable of determining the execution time of
the design and the resources required, where the resources considered are block RAMs (BRAM),
DSP slices (DSP-s), flip-flops (FF), and look—up-tables (CLUT!, used as the basic element for
combinational circuits). When a design has a variable execution time (as the SDA, where the
number of nodes explored depends on each case), Vitis HLS has the capability of executing a
cycle—accurate simulation, called C/RTL co-simulation, that determines the time (clock cycles)
required to execute the algorithm for a set of cases introduced by the designer.

In this section, Vitis HLS is used to analyze the resources and execution time of the proposed

strategy when running in a commercial platform. Even though this process will not evaluate the
most efficient implementation, an upper bound of the computational burden can clearly be defined.

IHere, the acronym CLUT is used to differentiate the FPGA element with the LUTs used to implement some
functions in the design.
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6.1.1 Setting hyperparameters

The computational burden of the OPP-MFCS real-time implementation directly depends on the
values set for the hyperparameters of the different controller’s entities. The hyperparameters of
this strategy are the number of harmonic components considered by the OBRG-MRS H,, the
number of iterations executed by the FWA Njior until the algorithm finishes, and the limit of
nodes explored by each of the SDA that run in parallel Max_Nodes. It is important to highlight
that the number of operations executed and the elapsed computation time by both OBRG-MRS
and FWA can be perfectly determined a priori once H, and Njior, respectively, are defined. On
the other hand, the computational burden related to each node in the SDA depends on the level at
which the node is located, so even if Max_Nodes is set, it is still necessary to run cases to determine
a worst—case computation time.

The hyperparameters are adjusted so the whole controller can fit in a commercial platform
FPGA and run in less than 25 us. The first hyperparameter is H,. Let H! be the number of
harmonic components used to generate i,3, ¢ the number to generate ¥, g, and H¢ the num-
ber for %gyag. As expected, because of the LCL filter action, the harmonic content of both ¥, s
and %g}aﬁ is considerably lower than the harmonic content of 3. This led to the conclusion
that HS and HY can be set as zero without deteriorating the strategy’s performance, as the con-
trol actions in steady—state do not change and the dynamic response is still fast. Therefore, the
ideal references v? 5 and ¢ 4 can be directly used in the MFCS problem without having a big
impact in the performance, as the ideal references are a great approximation to the tracking ref-
erences because of the filter action. On the other hand, the converter currents always have the
largest harmonic content, so H: cannot be zero, so it was set to H! = 34. Regarding the FWA,
Niter = 20 is enough to guarantee a fast dynamic response. The last hyperparameter to set is
Max_Nodes. The proposed exploration pattern and the SDA parallelization strategy considerably
reduced the number of nodes explored to find the solution. By setting Max_Nodes = 20, it was
noticed that the strategy’s performance is not considerably affected, only making the dynamic
response slower. It is important to highlight the impact of initializing one of the SDA at level
j = ng - N with the initial incumbent, which was possible because of the proposed exploration
pattern. In this case, the nodes explored are reduced in n, - N = 15, which is 75% of Max_Nodes.
This reduction makes the strategy viable by running in a commercial platform in real-time ap-
plications. Additionally, it is important to mention that stopping the SDA before the solution
is found implies applying a suboptimal decision. When using the traditional educated guess to
define the initial incumbent, which depends on the previous actuation, applying a suboptimal
actuation not only affects the actuation, but also deteriorates the initial incumbent at the next
control step. In contrast, lj(k:) is defined at each step independently from the previous actua-
tion, so the initial incumbent is not affected by the suboptimality of the previous decision when
using ﬁ(k) to start the SDA. Therefore, the proposed strategy to choose the initial incumbent is
more robust to the selection of Max_Nodes when compared to the traditional initialization strategy.

The performance of the proposed oo T T T T
SDA., when node limits are imposed, 70 L :‘f{:\o: S :‘B;g |
considering the exploration pattern, B \
the initialization at the last level, and S 60R | ‘ i
the parallelization shown in Fig. 4.5, : 50 ; ; ; .
was assessed by generating a set of = ol ! \ |
cases and evaluating the following 2 ; ; ;
metric ~§ 304, i 1

Swfl | -
A= TN = Jopt (6.1) g | 1
Jopt ol | ‘ ; ;
where Jyr, is the value of the cost 0 2 4 6 8
function obtained when solving the AJ (pu)

optimization problem with the pro-
posed strategy considering the limit
set by Max_Nodes, and Jp is its
value when solving to optimality. The cases were generated by simulating the behavior of the
system operating with the hyperparameters specified in the paragraphs above. The performance

Figure 6.1: Histogram of AJ.
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of the OPP-MFCS strategy with the hyperparameters specified is shown in Fig. 6.2, where
S ={1,4,4,4,4} and w, = s,. Notice that the references are reached fast after the refer-
ence step. However, because of the suboptimality produced by Max_Nodes during transients, the
controller applies the steady-state actuation (the OPPs) before damping the oscillations of the
filter, generating power fluctuations around the references as the operation is similar to open—loop
operation after reaching the references. It can also be noticed how AJ is mainly zero when the
control action has reached the references. However, right after a step in the active or reactive power
references, the suboptimal incumbents render high cost function values, which keeps happening
during the whole transient behavior. However, as the oscillations are reduced, the amplitude of AJ
gets lower until reaching steady state and U (k) becomes the solution. The histogram illustrating
the AJ PDF is shown in Fig. 6.1. It can be noticed that the distribution is mainly located close to
the origin, which shows how the suboptimal solution, in most cases, renders a cost function that
is close to the minimum. It is important to highlight that this is only a broad approach to the
implementation of the OPP-MFCS controller, and by increasing Max_Nodes the performance can
get highly improved, which can be achieved with a more efficient implementation of the strategy,
that can be obtained, for example, by implementing the strategy directly using an HDL. However,
developing an efficient implementation is out of the scope of this work, as the objective was only
to prove its viability.
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Figure 6.2: p, ¢, AJ and ugp. from simulation used as cases generator to set the hyperparameters.

6.1.2 High-level synthesis results

Once the expected controller’s performance was verified, the implementation was synthesized us-
ing the Vitis HLS tool to corroborate that running it in real-time is viable using a commercial
control platform with a 25 us control period. To this end, a Xilinx XC7Z020 Zyng-7000 FGPA
was considered, which is a standard low—cost FPGA, with 220 DSP—s (with a single 25 x 18 bit
multiplier), 53200 CLUTs, 106400 FFs, and 140 BRAM. All the controller was implemented using
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a 100 MHz clock and fixed—point arithmetic, so, except for the SDA, 18-bit words were used for
all variables that are not integers, as it allows multiplications to be executed by a single DSP—s.
At the same time, it is also a standard word length [2]. For the SDA, a clock of 200 MHz was
used, and to adjust the word lengths, a testbench with 3900 cases was run, and the lengths were
set to get the right solution in all cases. With that configuration, the worst elapsed time with the
hyperparameters defined in the previous section was 9.75 ps.

The control strategy was separated into sections. It was assumed that the different sections
were all executed sequentially, so the worst case was analyzed. The sections considered are shown

in Table 6.1.

Table 6.1: Sections of the OPP-MFCS strategy to generate the FPGA implementation.

Section
Pre—process

l:](k:) generation
Y (k) generation
Pre-FWA

Uy generation
FWA

EP generation
U,,; calculation

Description

Includes the delay compensation stage, the PLL, and the calculation of m*
and the phasors to determine (6,) .

Generates the sampled OPP from the LUT storing the SAs.

Generates f’(k’) using the efficient process described in Chapter 4.
Calculates ® and Uy, and determines if (4.37) must be solved according
to the location of U,e.

Calculates Uype.

Executes the FWA and generates the respective initial candidate Usq for the
SDA.

Generates the proposed exploration pattern for the SDA.

Determines the initial candidate according to the proposed approach.

SDA Executes the parallelized SDA. One SDA was generated to be instantiated

three times.

All sine and atan2 functions used to generate the tracking references were implemented by
LUTs to reduce the computation time and the DSP—s required. All sections were implemented in
Vitis HLS, determining their respective usage of resources and computation times. The summary of
the resource usage is presented in Table 6.2, where the resources used are specified for each section.
The last row presents the total resources used by the implementation and the computation time
required as a percentage of 25 us. Recall that these results are determined by assuming that all
sections are executed sequentially and that the resource usage is an upper bound for the resources
required, as a more efficient implementation can be done if the strategy were designed using an
HDL instead of HLS, which, as stated before, reduces the development time but does not generate
the most efficient implementation in terms of resources and computation time.

From the results shown in Table 6.2, it can be concluded that the OPP-MFCS is viable to run
in real-time using a commercial control platform, as the upper bound of resources required and
computation time are within limits.

Table 6.2: FPGA resources utilization and computation time of each part of the control strategy.

Section BRAM DSP-s FF  CLUT Time (us)
Pre—process 3 36 5646 11931 2.51
U (k) generation 0 5 743 1053 0.49
Y (k) generation 1 45 3395 3228 4.08
Pre-FWA 0 54 2814 4917 1.26
Uvne generation 0 15 1310 1453 0.33
FWA 0 14 525 4078 2.94
EP generation 0 0 1419 1915 0.23
U,p; calculation 0 0 35 641 0.11
SDA 0 51 28839 22176 9.75
Total 4 220 44726 51392 21.7
Total (%) 2.9 100.0 42.0 96.6 86.8
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Figure 6.3: Fourier spectra comparison between both control strategies with S = {1, 4, 4, 4, 4}
and w, = s,. (a) MFCS controller. (b) Proposed OPP-MFCS controller.

6.2 Hardware—in—the-loop results

The proposed control strategy was tested using an OPAL-RT real-time simulator in a HIL ex-
perimental setup. The model used is an OP4510, which is equipped with a Xilinx FPGA of the
Kintex 7 family and an Intel Xeon E3-1240 V6 Quad—Core @3.7 GHz. The real-time simulation
of the system ran in the FPGA of the platform through the eHSx64 electrical solver. The eHSx64
can run the real-time simulation of an electrical system composed of elements from a subset of
the Simscape Electrical Matlab library. Using the eHSx64 solver, it is possible to simulate the
system under study with a time step of hundreds of nanoseconds. The measurements of the sys-
tem variables need to be taken out from the simulator; however, the OP4510 used comes with 16
analog inputs and 64 digital outputs, so an OP4520 expansion unit, with 16 analog outputs and
32 analog inputs, was required. The real-time execution of the controller is done in the processor
of the OP4510, running at a control period of 25 us. The measurements, coming from the analog
outputs of the OP4520, are fed back to the processor through the analog inputs of the OP4520.
The control actions, which are the gating signals of the semiconductors, are taken out from the
processor using the digital outputs and are fed to the eHSx64 solver using the digital inputs.

The efficient implementation of the OBRG-MRS, described in Chapter 4, was used so it was
possible to run the proposed control strategy in the processor. The hyperparameters were set as
H! =34, HS = HY = 0, Niter = 20, and Max_Nodes = 60. The SDA was not parallelized in the
processor, so a larger Max_Nodes was required to guarantee a similar performance as in the case
analyzed using Vitis HLS. The prediction horizon was set as S = {1, 4, 4, 4, 4} with w, = s,.
The proposed strategy’s dynamic response and steady—state performance were compared with
the performance of an MFCS controller adjusted with the same hyperparameters and prediction
horizon. The weighting factor of the MFCS controller was adjusted with the value of the Pareto
front determined in Chapter 5 that is closest to the 600 Hz of switching frequency, whereas the for
the OPP-MFCS controller, it was set to guarantee that fixed switching frequency and symmetric
voltages between the three phases were obtained. For the OPP-MFCS, OPPs of d = 5 were used,
i.e., a switching frequency of 250 Hz.

First, the I, rpp and grid codes were evaluated for two steady-state operation points, set by
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Figure 6.4: Step response comparison between both control strategies with S = {1, 4, 4, 4, 4} and
w, = S,.

the references p* = 1 and ¢* = 0, and p* = ¢* = —0.8. The Fourier spectra of a grid current
for both operation points are shown in Fig. 6.3. It can be noticed that the MFCS-MPC strategy
is capable of meeting the grid codes only in one of the cases, whereas the proposed OPP-MFCS
strategy achieves that goal in both cases. Notice how the Iy tpp is not only smaller than 5% but
also considerably smaller than the MFCS controller, getting a reduction of more than 70%. Notice
that in the p* = 1 and ¢* = 0 case, some even and triplen harmonics appear in the grid currents.
This results from the fact that measurement noise can induce tracking error, which the controller
fixes by slightly modifying the steady—state pattern, leading to a slight loss of symmetry between
the three phases and the pattern’s quarter and half-wave symmetry. However, those harmonics
are of low order, and their amplitudes are smaller than the limit defined by the grid codes.
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Figure 6.5: Actuation comparison between both control strategies with & = {1, 4, 4, 4, 4} and
w, = s,. (a) MFCS controller. (b) Proposed OPP-MFCS controller.

The step response of both strategies when transitioning between those two operation points is
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shown in Fig. 6.4. It can be noticed that both strategies reach the new references in a fast manner,
even though the MFCS-MPC strategy renders a faster response than the proposed OPP-MFCS,
which shows some oscillations before getting to steady—state, which is caused by the following. In
the HIL implementation, when feeding the measurements of the variables from the FPGA back
to the processor unit of the platform, a variable time delay appeared. Even though an additional
delay compensation stage slightly compensated it, the errors introduced by the variable delay
made the OPP-MFCS strategy modify the steady—state pattern, preventing its performance from
being as similar to the OPPs’ steady—state performance. Therefore, increasing the amplitude of
Ay was necessary to reduce the strategy’s sensitivity to the introduced error and guarantee that
the steady-state patterns are almost identical to the OPPs. Recall that a larger A} makes the
tracking of the OPPs more relevant in the cost function, forcing the actuation to be similar to
the steady-state pattern. This leads to the control actions shown in Fig. 6.5, where the actuation
of both strategies is depicted. It is clear how the switching frequency of the MFCS controller is
higher than OPP-MFCS, and that the proposed strategy only adds additional switching transitions
during transients and quickly applies symmetric patterns with fixed and low switching frequency,
with the cost of a slower dynamic response.

With all these tests and results, the performance of the proposed OPP-MFCS strategy was
assessed, verifying and concluding that all the control objectives stated in Chapter 3 were fulfilled.
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Chapter 7

Conclusions and future work

Grid—connected converters are crucial elements in the integration of new energy sources and re-
newable energies into the power system, as they allow transferring power from a wide variety of
generation plants. However, this transference must always meet demanding requirements stated in
technical standards, usually called grid codes. The principal grid codes are related to the currents
at the connection point to the system, imposing limits to the amplitudes of specific harmonic com-
ponents and the currents TDD. Both harmonics amplitudes and TDD can be reduced by including
an LCL filter between the converter and the grid, attenuating the distortion of the grid currents at
the cost of posing new control challenges, as low resonance frequencies induce oscillations during
transient operation, limiting the speed of the controllers to prevent those large oscillations from
appearing during transient behavior. Another aspect to consider is the system’s efficiency, where
low switching frequencies of the converter semiconductors are desired as switching losses are sig-
nificant in high—power systems. Additionally, a fixed switching frequency is necessary as variable
switching frequencies lead to conservative decisions in the design of the filter, increasing its cost.

This work proposed a control framework based on two optimization stages, which was used
to develop a control strategy capable of dealing with all objectives mentioned in the paragraph
above. The first optimization stage deals with long—term control objectives such as fixed switch-
ing frequency, reduced I, Tpp, and symmetrical voltages between the three phases. As long-term
objectives are based on steady—state metrics, the optimization problem entails an enormous com-
putational burden. Because of this reason, the entity that executes this stage is the OBRG-OS
and is executed offline. In this case, it is based on OPPs. Regarding OPPs, the state—of-the-art
formulation assumes that the system dynamics can be modeled as a purely inductive load. In the
case of an LCL filter grid—connected, which is a third—order system, approximating the model to a
purely inductive load, a first—order model, would lead to suboptimal patterns that do not minimize
the TDD of the grid currents. In this work, the transfer function between the grid currents and the
converter voltage was included in a novel formulation that directly minimizes the I; Tpp, resulting
in optimal patterns that guarantee to minimize the TDD of the grid currents. As the model of the
LCL filter was included in the cost function of the proposed OPP formulation, it was possible to
use this model to add constraints that force the grid current’s harmonic components to be smaller
than the limits set by grid codes. This formulation not only minimizes the I, rpp but also guaran-
tees that grid codes are met. The formulation that minimizes the I, rpp was tested and compared
with the traditional one using an L. model, showing it can reduce the grid currents TDD even up to
the 22% of the traditional one. On the other hand, the proposed formulation, including grid code
constraints, was tested considering the limits defined by the IEEE Std. 519-2022. This test proved
that the SAs are modified to guarantee that grid code constraints are met by slightly sacrificing
the I, rpp. The results showed that the resulting grid currents TDD and harmonic components
were smaller than the limits imposed, which did not happen when the grid code constraints were
not part of the problem. To guarantee the scalability of the formulations regarding the number
of decision variables and the required computation time, the proposed formulation with grid code
constraints was tested for different numbers of SAs per quarter—wave d. The results showed that
increasing d did not considerably impact the time required to solve the OPP problem with grid
code constraints, proving that the proposed optimization model is perfectly scalable.

The OBRG-MRS takes the solutions derived from the first optimization stage to produce track-
ing references for the next optimization stage, which is the ROS. The ROS runs in real-time and
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uses MFCS-MPC, as it has already been proven to be a viable option for real-time applications
using commercial control platforms. To this end, the related optimization problem is solved using
the SDA. Regarding MFCS controllers and SDA, it is important to highlight that for high—order
systems, long prediction horizons in MFCS controllers have been proven to render a better perfor-
mance regarding the trade—off between switching frequency and TDD. Additionally, long prediction
horizons do not require active damping strategies to deal with the oscillations induced by the LCL
filter. This work proposed a generalized variable—step prediction horizon to extend the prediction
horizon over time at no additional computation burden in real-time. Each step in the horizon
can be generated using a different sampling period with this formulation, allowing longer sampling
periods in steps that are far in the horizon while keeping a fine granularity in the first step, which is
fundamental to render a fast dynamic response and steady—state performance. This variable—step
prediction horizon was tested by doing extensive analyses. In this case, the two degrees of freedom
to analyze are the configuration of the prediction horizon and the adjustment of the weighting
factors. The results clearly showed the impact of extending the prediction horizon over time.
The steady-state performance was improved by shifting the Pareto front of the trade—off between
switching frequency and grid currents TDD closer to the origin. On the other hand, faster dynamic
responses, with smaller oscillations, overshoots, and undershoots, were achieved by extending the
prediction horizon using the proposed strategy.

The efficiency of the SDA is key in extending the prediction horizon in MFCS controllers and
developing strategies that combine the MFCS with other entities, which is the case of this strat-
egy. As the OBRG-MRS requires more computation time than a traditional reference generator,
reducing the time the SDA uses to find the solution is fundamental. To this end, a generalized ex-
ploration pattern of the SDA search tree was proposed, so the nodes explored first are those closer
to the initial incumbent, which is usually selected to render a small cost function. This exploration
pattern is compatible with the parallelization method proposed in the literature. Additionally,
the proposed exploration pattern allows initializing the SDA at the last level of the search tree,
reducing in n, - N the number of nodes explored. The analysis done showed how the proposed
exploration pattern and initialization significantly impact the number of nodes explored before the
solution is found, exploring the same or fewer nodes than the traditional exploration pattern in
87% of the cases analyzed, proving its effectiveness.

Once the proposed approaches to OPPs and MFCS control, with the corresponding improve-
ments, were verified, the proposed OPP-MFCS strategy was tested. Regarding the proposed
control strategy, the steady—state performance of OPP-MFCS can meet grid codes while operat-
ing at a low and fixed switching frequency and obtaining symmetric and periodic voltages between
the three phases. As the tracking of the sampled OPP is included in the cost function of the MFCS
optimization problem, the resulting control actions in steady—state are the sampled OPPs. There-
fore, the OBRG-OS guarantees the rendered steady—state performance in the first optimization
stage, where the OPPs are calculated. Because the steady—state performance is guaranteed as long
as the OPPs are properly tracked, the variable—step prediction horizon and weighting factors were
adjusted so the dynamic response of the system was fast, and the oscillations introduced by the
filter were quickly attenuated. The OPP-MFCS proved to render a fast dynamic response and a
great attenuation of the oscillations while guaranteeing the steady—state performance required.

Including the tracking of the sampled OPP in the cost function of the MFCS problem allows
using it as the initial incumbent for the SDA as long as it is feasible. The proposed initial incumbent
selection consisted in using the sampled OPP every time it is feasible and using the traditional
educated guess when it is not. With this selection process, the SDA found the solution exploring
the same or fewer nodes than the traditional educated guess selection in 87.07% of the 5601 cases
analyzed, proving the improvement in computational efficiency using the proposed approach.

The steady—state performance of the OPP-MFCS was analyzed in detail. It was shown that
voltages are periodic signals and symmetric between the three phases, resulting in discrete grid
currents’ Fourier spectra that are also predictable because of the usage of OPPs in the strategy.
The steady—state analysis proved that the proposed strategy can meet grid codes while operating
at a low and fixed switching frequency of the semiconductors.

The final part of the analysis evaluated the strategy’s real implementation. Using Vitis HLS,
it was proved that running the proposed OPP-MFCS strategy in real-time using a commercial
control platform is viable. The results obtained by synthesizing the strategy in Vitis HLS proved
how it is possible to fit the whole design in a Xilinx XC7Z020 Zyng-7000 FPGA, which is a low—
cost FPGA. Tt was also proved that the FPGA considered is capable of executing the algorithm
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in less than 25 us, which is the target control period. These results concluded that the proposed
control strategy is a viable option for control of power converters. Once the strategy’s viability was
proved, it was tested in a HIL experimental setup using the OPAL-RT OP4510 real-time simulator.
The proposed strategy was compared with the proposed variable-step prediction horizon MFCS
controller. The OPP-MFCS strategy outperformed the MFCS controller in steady—state operation,
as it could meet the grid codes while operating a low and fixed switching frequency, with periodic
and symmetric voltages between the three phases. Regarding the dynamic response, the OPP—
MFCS strategy rendered a fast dynamic response; however, the MFCS controller was faster, as
the switching frequency was higher. With these experimental results, it was concluded that the
proposed control strategy can meet all the defined control objectives.

The analysis done in this work proved the concept of the OPP-MFCS strategy for grid-
connected applications, and from the results obtained, it can be concluded that continuing research-
ing and improving this strategy is worth it. As future work, the first step would be developing an
efficient FPGA implementation so it is possible to extend the number of nodes explored by the
SDA, therefore reducing the solution suboptimality during transients. In the same line, comparing
the real-time efficiency of the FWA with other state-of-the—art methods is let as future work.
From the results shown, it is expected that the number of additional explored nodes required is
small. In the same line, it would be beneficial to evaluate different cost functions in the MFCS
problem. A different cost function may reduce the number of additional switching transitions dur-
ing transients so the losses are not temporarily raised. Additionally, benchmarking the strategy
with other OPP-based MPC strategies, such as the small-signal MP3C, is necessary. This would
give a big picture of the qualities and limitations of the strategy.

In general, to introduce new technologies and control strategies to the industry, the perfor-
mances of the strategies in “corner cases” must be evaluated. Testing the OPP-MFCS strategy
during faults, and voltage sags and unbalances in the grid is mandatory in the next stage of this
research path.

As a further stage, extending this strategy to other topologies would pose new challenges that
may drive the research. In particular, applying the OPP-MFCS controller or the proposed frame-
work to the control problem of modular multilevel converters in different applications would be a
great challenge. If the OPP-MFCS controller is used, the first step would be developing dedicated
OPPs for the specific topology. Then, adding other control layers, such as circulating currents
control, capacitors voltages balances, and other challenges that will depend on the approach taken
(e.g., clusters energy balances, total energy balance, etc.). Finally, develop a real-time controller
based on MFCS-MPC to meet the application’s control objectives properly.
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