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Recently, an efficient multistep direct model predictive control (MPC) scheme for power
converters has been proposed. It relies on the Sphere Decoding Algorithm (SDA) to solve the associated long-
horizon optimal control problem. Since the SDA evaluates only a small number of candidate solutions to find
the optimal one, a significant reduction in the average computational burden can be achieved compared to the
basic exhaustive search approach. However, this is only true during steady-state operation. In fact, the SDA still
requires a large execution time during transients. This paper shows that if not properly addressed, the dynamic
performance of the system may be degraded, which clearly limits its practical application. To mitigate this issue,
which particularly arises during transients, an efficient preconditioning approach for the SDA is proposed. This
approach ensures that only a small number of candidate solutions are evaluated during both steady-state and
transients. This allows the multistep direct MPC to become a viable control alternative for power converters
operating at low semiconductor switching frequencies, e.g., below 450 Hz. The proposal is validated using a
grid-connected three-level converter as a case study. Both processor-in-the-loop simulations and experimental
results on a scaled-down 2.24 kVA laboratory setup are presented.

Model predictive control, Integer least squares problem, Sphere decoding algorithm, Convex

hull, Quadratic programming solver, Power converters.

Direct model predictive control (MPC) takes advantage of
the power converter switching nature by directly considering
the combinations of power switch states or output voltage
levels as the manipulable system input. An optimal control
problem is formulated to determine the input to be applied to
the system. This considers a cost function and a prediction
model that forecast the future system behavior over a finite
prediction horizon. Finally, the optimal control input is usu-
ally found by evaluating all the possible input combinations
in the cost function. The input that provides the minimum
cost is, thus, the optimal one. This basic optimization process
is referred to as the exhaustive search algorithm (ESA) [1].
However, using the basic ESA to solve the associated optimal
control problem over a prediction horizon of more than one
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step (commonly known as multistep MPC) leads to a high
computational burden since the total number of input combi-
nations increases exponentially. To address this issue, it was
recently shown that the sphere decoding algorithm (SDA), as
in [2], can be adopted to efficiently solve the optimal control
problem associated with multistep direct MPC schemes [3].
In that case, an improved steady-state performance is ob-
served [4]-[7]. Compared to the basic single-step predictive
approaches, the multistep MPC offers reduced voltage and
current distortions and/or very low switching frequencies.
Furthermore, as demonstrated in [4], the total harmonic dis-
tortion of the current is significantly reduced when compared
with a space vector modulation for long prediction horizons
and a low switching frequency. For that reason, the practical
potentiality of multistep MPC has an increasing value in
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medium/ high power converter applications at low switching
frequencies.

In essence, the SDA is a branch-and-bound search tech-
nique that solves an integer least-squares (ILS) problem,
which is indeed a reformulation of the associated optimiza-
tion problem [2], [8]. To do this, an initial sphere in the input
space is defined considering the, so-called, unconstrained
optimal input as center. The size of this initial sphere is
determined by the radius formed between this center and an
initial input candidate. If properly chosen, a large number
of candidate (input) solutions are discarded in the subse-
quent search process. Therefore, a significant reduction in
the computational burden can be achieved compared to the
basic ESA. Recently, to further reduce the computational
burden, a modification in the ILS-problem using a lattice
reduction algorithm [9] and refinement in the SDA has been
proposed in [10]. These refinements in the branching and
reverse-tracking procedures of the SDA lead to a reduction in
the computational complexity of more than 55% compared
to the one in [4]. Additionally, in [11], a shorter time to
execute the SDA by limiting the number of computations
to be performed has been achieved. This method guarantees
the termination of the computation process within the defined
sampling interval, but at the occasional expense of yielding a
sub-optimal solution. In an industrial automotive application
[6], a multistep MPC offers 40% reduction in the compu-
tational complexity for a prediction horizon length of four.
This is achieved by reversing the temporal arrangement of
the control input vector. Therefore, the ILS-problem can be
solved in a backwards manner, which requires less algebraic
manipulations in a real-time implementation.

Despite all the efforts put into reducing the computational
burden of SDA, there is still a key problem that may affect the
real-time implementation with long prediction horizons: the
operation of multistep direct MPC during transients. When
a change in the power converter reference is introduced, the
initial radius of the SDA can become extremely large, yield-
ing a high computational burden. This is a crucial issue since
power converters often operate in transient conditions due
to reference changes (current, Voltage, power, torque, speed,
etc.) or simply to compensate external disturbances (voltage
sags, voltage swells, etc.). Due to the high computational
burden during transients, a real-time implementation can be
restricted to short prediction horizon such as one to three
only. This clearly limits the applicability of multistep direct
MPC to power electronics applications for higher prediction
horizons. To address this problem, this work proposes an
efficient preconditioning approach for the SDA. This ap-
proach consists of optimally obtaining a new initial center
and a feasible initial candidate solution close to it. Thus, a
small initial radius is always obtained, ensuring that only
a small number of candidate solutions is evaluated during
both steady-state and transients. Hence, the execution time
will remain within the sampling interval limit for a selected
prediction horizon, enabling the real-time implementation
of direct MPC with long prediction horizons. This allows
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multistep direct MPC to become a viable control alternative
for power converters.

The previously discussed idea of obtaining a new initial
sphere center to address the computational burden of SDA
during transients was originally proposed in the preliminary
work [12]. Afterwards, this idea has been adopted in [13]
for a multistep MPC formulated as in [10], with simulations
results on a variable speed drive system. Subsequently, a
deterministic use of multistep MPC under several drive sys-
tem conditions has been evaluated in a three-level induction
machine drive switching at 350 Hz [14]. The paper at hand
extends the work in [12] by considering a generic control
formulation for a power converter system (modeled as a lin-
ear system with quantized inputs), a detailed computational
analysis, and a geometric optimality interpretation. More-
over, a grid-connected three-phase three-level H-Bridge (HB)
converter as a case study is presented with the processor-in-
the-loop (PIL) simulations for performance evaluation with
different prediction horizons, and an optimality analysis with
experimental verifications. The impact of transient operation
on the computational burden is compared with the standard
SDA initialization [3] and also with the approach in which a
limited number of computations in the SDA is allowed [11].

This section introduces the optimal control problem of inter-
est in a multistep direct MPC formulation for power convert-
ers. Firstly, it is assumed that the power converter and load
can be modeled in discrete-time via

z(k+1) = Az(k) + Bu(k)
y(k) = Cx(k)

(1a)
(1b)

where x € R™= stands for the state vector with n,-system
state variables (e.g., currents, voltages, torques, etc.), and
y € R™ the output vector with n,-system outputs to be
controlled. A distinguishing feature of direct MPC is that the
control input vector, u, with n,,-control inputs (e.g., switch
positions or output voltage levels) belongs to a finite control
set (FCS), u € V™=, where

V= {umim ceey umax} C Z. 2)

Each element in u satisfies the constraint umin < 1 < Umax,
forall j € {1,...,n,}. Generally, the main control target in
a predictive control formulation is to track the desired output
references, y* € R", (i.e., y — y*) [1]. Additional tar-
gets can be included, such as switching effort minimization,
capacitor voltage balancing, common-mode voltage (CMV)
reduction, imposed load-current spectrum etc. [15]-[18]. Re-
cently, a direct MPC formulation that tracks a control input
reference, u*, (i.e., v — w*), in addition to the output
reference, has been proposed in [19]. This has the advantage
of achieving almost-symmetric output voltages, which helps
to reduce the CMV and evenly distribute the power losses
in each phase. Moreover, this direct MPC formulation can
also be used to guarantee stability of this MPC class in power
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electronics [20], achieve inter-phase power balance [21], and
formulate a selective harmonic elimination MPC strategy
[22]. Based on this, a quadratic cost function over a finite
prediction horizon, N, can be written as

k+N-—1
Y v+ ) —y* ()5 + ollut) —w (Ol

1=k

3
where both tracking terms are presented as the quadratic
Euclidean norm, i.e., |[m — m*||3 = (m; —m$)? + - +
(m, — m3)?, for m = {y,u} and m* = {y*,u*}.
In (3), the weighting factor, o, is designed to give relative
importance to the input over the output tracking error in order
to obtain a desired steady-state behavior [19], [21], [22]. To
maintain the fast dynamic nature of direct MPC, a smaller
value for o must be chosen, see [19].

J(k) =

At every time-step k, the optimal control input sequence

Uopi(k) = [udy (k) - uly(k+ N = 1)]" 4)

opt

is obtained by solving the following original optimization
problem

Uopi(k) = arg {]n(ig {J(k)} (5a)
subj. to: ¢({ + 1) = Azx(¢) + Bu(l) (5b)
y(0) = Cx(0) (5¢)

U(k) € U=V, with ¢ =n,N (5d)
[Aw)||oo <1,V =F,....,k+N—-1 (5e)

where Au(¢) = u(¢)—u(£—1). Here, (5b) and (5¢) refers to
the system model given in (1). Then, (5d) restricts the control
input sequence, U(k) = [ul(k)... uT(k + N — 1)]T,
to the FCS, Furthermore, (5e) is the transition voltage level
constraint that in high-power multilevel converters, is usually
limited to one to avoid an excessive dv/dt [1]. Note that such
large transition voltage levels (more than one) tend to appear
during transients. Following the receding horizon policy, only
the first element of Uy, (k) in (4) is applied to the converter.
This process is repeated with fresh measurements at every
time-step k. It is worth emphasizing that despite the fact that
only its first element is applied, each pair of time-consecutive
vectors in (4) satisfies the constraint (5¢).

To solve the optimization problem in (5), the SDA as pre-
sented in [3], [19] is adopted as a computationally efficient
alternative to the standard ESA.

A. OPTIMIZATION PROBLEM REFORMULATION

The SDA efficiently obtains Uy (k) by transforming the
original optimization problem (5) into an equivalent ILS-
problem. Firstly, the cost function (3) is rewritten as a convex
quadratic function of U (k), i.e.,

J(k) =Uk)TWU (k) + 2FT(k)U (k) + (k) (6)
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where

W =8"® + ol (7a)
F(k) = ®TAx(k) — ®TY* (k) — cU* (k). (7b)

Here, (k) is independent on U (k) and, thus, discarded
from the subsequent formulation. The vectors Y*(k) =
(v (k + D)7 ... (y(k + N)T)7 and U*(k) =
[(w* (k)T ... (u*(k+N—1))T]T are the output and control
input sequence references, respectively. Furthermore, Iy ¢ is
the ¢-dimensional identity matrix. The matrices ® and A are
given as

r CB 0 ... 0 0
CAB CB 0 0
b = )
| CAN-'B CAN—2B CAB CB
FCA
CA?
A=
cAN

Secondly, considering the real valued control input sequence,
ie., U(k) € RS, the unconstrained solution Uy (k) to the
optimization problem (5) is given by
. -1

Uy (k) = arg U(mk)lch {J(k)} =W F(k). )
As shown in [3], a non-singular lower triangular matrix,
H < R*¢, known as lattice generator matrix, can be ob-
tained from the symmetric and positive definite matrix W
(for ¢ > 0), by using the Cholesky decomposition [23],
leading to W = HT H. Finally, conducting some algebraic
manipulations, the original problem in (5) is transformed into
the following ILS-problem

Uap() = arg min | HU (k) - U3  (10)

subject to (5d) and (Se), with U, = HU,.. Importantly, a
new transformed space (contains all HU) is formed by the
lattice generator matrix H, where the SDA will perform the
optimization to find U,y as per (10). Once the ILS-problem
in (10) has been formed, the next step is to initialize the SDA.

B. STANDARD INITIALIZATION OF SDA

To start the SDA, it is required to define an initial sphere in
the new transformed space. This sphere is set by considering
© (k) = U,.(k) as a center and by choosing an initial control
input sequence candidate Uy, (k) which determines its initial
radius, i (k), i.e.,

Sini = {Uni(k) : piyi(k) = | HUini(k) — ©(K)[3}. (11)

This initial sphere Si,; should be small enough containing
as few candidate solutions as possible, but should not be
empty. In [3], the initial control input sequence is chosen

3



qul

ue

Umin Umax Umin Umax

A tree-diagram of the control input sequence U € U that illustrates
the evaluation process of nodes in the SDA. The evaluated nodes that belong
and do not belong to the incumbent sphere S, are shown as & and &,
respectively. Here, ® represents the unevaluated nodes. By visiting nodes
from left to right (i.e., umin t0 umax), the evaluation process advances from top
to bottom (i.e., ¢ = 1 to ¢) and also includes reverse-tracking, as indicated by
arrows.

by considering an educated-guess, Uiy (k) =
on the previous optimal input sequence, Uy (k —
extending it by one time-step, i.e.,

U, (k), based
1), and

Onu Inu Onu Onu
0,, 0, I, 0,,
U (k) = Uypi(k—1) (12)
0., 0,, I,,
0, 0,, I,, |

where I, and 0,,, are the identity and zero matrices of size
n,, (number of control inputs), respectively. Thus, using Ue,
and U, the initial sphere Sy,; in (11) becomes

Seg = {Ueg(k) : pgg( ) - ||HU€g( || }

This initialization method, i.e., pini = peg, i particularly suit-
able for steady-state operation, since it exploits the receding
horizon policy in MPC, and U,, satisfies the constraints in
(5d) and (5e).

13)

C. FINDING THE OPTIMAL SOLUTION
The iterative optimization process in the SDA begins by
considering Uj,; as the initial incumbent! solution, i.e.,

Uine = Uiy, and also pinc = pini, thus, the incum-
bent initial sphere Sjc = Sins. Then, a tentative solution,
U=|up ... u ... uc]" €U, is constructed (element by

element) by performing element-wise computations”. This
process is illustrated with a tree-diagram of U in Fig. 1,
where each element u; € V is called a node. Additionally,
a pseudocode in Algorithm 1 presents the iterative computa-
tional steps involves in solving the ILS-problem of type (10).
Starting from ¢+ = 1 and considering (10), a tentative value

IThe term incumbent is used to denote the so far best feasible solution in
the iterative optimization process of the SDA.
B 2Here, the index notation 4 denotes the position-number of an element in
U, and belongs to the set Z = {1,2,...,{—1,¢} C Z*. Throughout the
paper, ¢ is used as common notation for all other vectors.

4

SDA-BASED OPTIMIZATION

I: ljinc A\ ljini and Pinc < Pini

2: function [U,y,| = SDA (H, ©, Ulxc, pinc)

3. for each u; € V, where i € {1,2,...,(} do

4: ﬁ[l,z‘] — Uy _

5: p? — ||H[i,1:i]U[1:i] — @zH% + ,01271 > see (14)
6: if p; < pinc then > see (15)
7: ifi<(theni=1:+1

8: SDA(H> 97 Uinm pinc)

9: else >wheni = (
10: if U meets (5¢) then

11: Ujpe < f] and Pinc < P¢

12: end if

13: end if

14: end if

15: end for

16: Uopl  Usnc
17: end function

for u; from V is accepted (or discarded) by evaluating the
following partial radius

pi = [hir - i fun )T =l + 07 (14)
H[i,l:z] 0[1:1’]
where pg = 0. If the evaluated node u; satisfies
P} < Pine (15)

then, it is denoted as ¢, and the algorithm proceeds toward
the next node u;4 ;. Notice that as 7 increases, the size of the
partially formed tentative vector l}[m‘] is also increased. In
contrast, if a particular node u; does not satisfy (15), it is
then denoted as ©. This violation implies that any U € U
starts with U7y, will lie outside Siyc, since it will generate a
radius larger than pj,c, and thus, there is no need to evaluate
it. Therefore, for each u; (&), the SDA discards all following
nodes (from u;41 to u¢) from being evaluated—whose are
symbolized with ®. Moreover, once the algorithm finds a
node u;_of type ©, it reverses the formation of tentative
vector U, i.e, Uj_y.q), by searching any unvisited nodes.
This process is called reverse-tracking. Proceeding in this
manner, whenever a tentative vector is fully formed, i.e.,
U= fJ[l:C] ,itis considered to be the new incumbent solution
Ui, since its radius is smgller than pj,.. Consequently, Ui
and pjnc are updated with U and its corresponding radius p¢,
respectively. Hence, a new smaller Sy, is found which further
reduces the computations [3]. This process is continued until
Sinc 18 reduced to a point that contains only one Uj,c, which
is indeed the optimal solution Uy in (10).

Based on the theoretical aspect in Section III, the computa-
tional burden of SDA during both steady-state and transient
operation of a power converter is analyzed in this section.
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This analysis is focused on the initial radius pi,;, and
the total number of evaluated nodes, Ny, at each sampling
instant, which can be expressed by

¢
New = 2 (0P + ™).

=1

(16)

Here, ¥ and nS™ refer to the number of ¢ and & at i di-
mension of U (i.e., U;, where ¢ € Z). As one can understand
from Section III-C that the SDA runs through the calculation
(14) and the condition (15), each time a node u; (6 and/ or
©) is visited. If properly selected, pin; will be relatively small.
Then, based on (14), the partial radius p; formed by U [L,4]
will be smaller than pj,. only for small values of 7, i.e., 7 = 1.
Hence, a larger number of nodes will be discarded from
calculations leading to a small A;,. Conversely, a larger value
of piy may lead to a considerably high A;,. Hence, the total
number of calculations to be performed is also increased.
Notice that using (11), the initial radius size depends not
only on the initial control input sequence Uj,; but also on
the sphere’s center ®. Since until now © has been chosen
based on the unconstrained optimal solution, i.e., ® = U,
it is important to analyze its location in the input space during
both steady-state and transients. To this end, it is convenient
to bound the input space by the Convex-Hull Cy of the FCS
U [24], [25], which can be defined as

Cy = Conv(U) C RS. A7)

As per definition, Cy is the smallest convex set in an (-
dimensional space, where U C Cy. Since each entry of U
belongs to the set V in (2), Cy is expected to satisfy the
following bound-constraint of linear inequalities

Umin j (CH j Umax (18)
where the lower bound vector Upin = [tUmin, - - -5 Umin]? C
7S and the upper bound vector Upax = [tUmaxs - - - umaX]T C

ZS. The relational symbol < in (18) represents the element-
wise inequality.

An illustration of the optimization process during a tran-
sient operation is depicted in Fig. 2. This example is shown
for an FCS U of nine control input vectors (gray solid circles),
which are formed with V of three elements, n, = 2, N =1,
and thus ¢ = 2. Thus, the associated Cy is depicted in
Fig. 2a. The ellipses centered in U, represent the level sets
of the original optimization problem (10), i.e., all input com-
binations that belong to the same ellipse generate the same
cost value. On the other hand, a bigger ellipse corresponds
to a larger cost value. The matrix H in (10) introduces a
linear transformation that generates a new transformed space
in Fig. 2b. In this space, the original ellipses are transformed
into circles (spheres for larger dimensions) centered in Uy, =
HU,.. In fact, it is in this space where the SDA operates.

During steady-state operation, the system output y is close
to its references, i.e., y ~ y*. This leads to an unconstrained
solution U, that may be positioned near C4, which, in
turn, leads to an initial center ® = U, that may also be
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Graphical representation of the direct MPC problem (an FCS U of
nine control input vectors) for transient operation, where both the standard and
the proposed initialization of the SDA in two-dimensional space are
considered. (a) Original space, and (b) transformed space generated by H.

near @H = HGCy,. This, along with Uy, will result in a
small initial radius pi,; = peg as per (13), during steady-state
operation and, thus a small number of evaluated N,. On the
other hand, during transients, the system output is far from
its reference, i.e., |y| > |y*|. Therefore, a large actuation is
required to lead it back to its reference. Since U, does not
consider the converter limitations, it takes a large value that
can place it far away from Cy, thus, U, ¢ Cy; see Fig. 2a.
In this situation, no matter what initial input Ujy; is chosen, a
large initial radius p;,; will be always obtained since its center
® = U, will be also far from @H; see Fig. 2b. Moreover,
using U, to compute pjy; is no longer a good guess during
transients, since in this condition the new optimal solution,
in general, totally differs from the previous one. As a result,
a large number of nodes will be evaluated, which leads to an
intractable large execution time 7.

To overcome this problem, a computationally efficient
preconditioning approach for the SDA is proposed next.

The key idea of the proposed preconditioning approach is
to transform the original optimal control problem into a
form that is more suitable for the SDA during transients, see
Remark 1 for generic detail. This approach consists of two
parts: obtaining a new center ® and a new initial radius pjy;.
Firstly, it is convenient to always use a center © that
belongs to Cy,. Therefore, whenever U, ¢ Cy (particularly,
during transients), it is proposed to bring U, on the boundary
of Cy. This can be achieved by solving the following box-
constrained quadratic programming (QP) problem, i.e.,

Use(k) = arg min [|HU (k) - U (k)13 (19a)
subj. to: U(k) € Cy C R® (19b)
5
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BOX-CONSTRAINED QP PROBLEM

Input: U, in (9), when ¢ Cy
Output: Uy, in (19), always € Cy

Preliminaries

Lagrangian function for U € R¢:

I: LU, &) =UTWU+2FTU - £(U — Upip) — ¥ (Umax — U).
Karush-Kuhn-Tucker (KKT) conditions at minimum Uy, Epc, Ype:

2: VL =WUp + F — Epc + Yoc = 0, and

3 &be,i 20, Yoe,i =0, VieZ;

4: Ebc,i(ch,i - Umin,i) =0, VieZ;
5: 'ch,i(Umax,i - ch,i) =0, VieZ;
6: ch,i € [Umin,iy Umax,i]y Vie Z.

The desired solution Uy, is obtained by following steps.

Step 1. Structure the sets

7. S; = {Z U; < Umin,i7 orU; = Umin,i and §; > 0}.

8 Su = {’L U; > Umax,i7 orU; = Umax,i and y; > 0}.

9: Sp = {7, : Umin,i < U; < Umax,i, orU; = Umin,i and & < 0,
or U = Unax,i and ; < 0}.

Note that S; U S,, U Sp = Z.

Step 2. Reset U, &, -y with boundary values

10: U; = Umin,iz vi =0, VieS;.
11: U; = Umax,ia & =0, VieS,.
12: £, =0, v =0, Vi € Sp.

Step 3. Reformation of U, £, v

13: Solve WU+ F —&+~4=0.
14: Find U; Vi € Sp, & Vie Sy, and ~y; Vi € Sy.

Step 4. Decision making

15: if U, &, ~ meets the KKT conditions then
16: Set Uy < U and stop.

17: else

18: Go to step 1 with current U, £, 7.

19: end if

where a new box-constrained solution Uy, € Cy is obtained
by projecting U, on the boundary of C4. This projection is
depicted in Fig. 2a. Here, (19b) denotes the box-constraint
to the problem. Several algorithms, that may offer differ-
ent computational performance, are available to solve this
box-constrained QP problem [24], [25]. This work adopts
an exterior point active set strategy [26]-[28], based on a
Lagrangian function £ and the Karush-Kuhn-Tucker (KKT)
conditions as presented in Algorithm 2. This strategy iterates
on a face of the feasible box (Convex-Hull C in (18)) until
either a minimizer of the objective function on that face or
a point on the boundary of that face is reached. Considering
the QP problem in (19), the associated Lagrangian function
L is constructed in line 1 of Algorithm 2, where the bound
constraint for U is defined as per (18), and £ and ~ are
referred to as Lagrange multipliers. Then, the necessary KKT
conditions at minimum Uy, &pc, Ybe are stated in lines 2 to
6. A solution to the aforementioned system can be obtained

6

through the four steps described in Algorithm 2 . In step
1, three different sets S;, S,, and Sp are established as
stated in line 7, 8, and 9, respectively. Here, the sets contain
the index information of the arguments U, &, and -~ of the
Lagrangian while satisfying the conditions. Based on these
sets, the associated elements of the arguments are reset with
boundary values U; = Unins, Ui = Unaxi> & = 0, and
v; = 0, see step 2. Afterwards, the arguments are reformed
by solving the linear equation stated in step 3. To this end, the
linear equation can be written in a componentwise fashion as
shown below

Y WU+ Fi=& —v, VicZ
JEZ

(20)

As Vi € S, we have that §; = ~; = 0, we can compute U,
Vi € Sp by splitting the sum in (20) and considering step 2
of the algorithm, i.e., Vi € Sp,

> WiUj==> Wilning — Y, WijUna, — Fi.
JE€Se JE€ES JESu
@1)

Note that the submatrix W;;, with 4,5 € S is positive
definite as can be readily verified, provided that the full
matrix W is positive definite. The elementary approach to
find &;, Vi € S; and ;, Vi € S, is given by

£ = Z W,;;U; + F;,Vi € S (22a)
JEZ
Ny = — Z W,;U; — F;,Vi € S, (22b)
jeZ

In step 4, the current solution is examined based on which
the algorithm is either iterates or stops. The algorithm iterates
again from step 1 with the current arguments until they satisfy
the KKT conditions. Finally, the desired solution Uy, « U
is obtained when the current arguments satisfy the KKT
conditions, and the algorithm is stopped. Typically, it takes
10 to 20 iterations on average to complete the algorithm,
which depends on the complexity of problem, e.g., length
of the prediction horizon, constraints, transients, steady-state
errors, etc.

Now, having Uy, the new ILS-problem can be written as

Uop (k) = arg min |HU (k) — U (k)3 (23)

subject to (5d) and (5e). In (23), Up. = HU,, € RS acts as
a new sphere center for the SDA, i.e., ® = U see Fig. 2b
(green square). This leads to the following optimal solution
during transients

Uom(k) = [(ﬁOpt(k))T . ('aom(k + N — 1))T]T- (24)

Secondly, to ensure that the initial sphere remains small
during transients, a new suitable initial control input se-
quence Uy, is obtained. This is calculated by quantizing
each vector uy. in Uy, to the nearest integer of V™ while
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MODIFIED INITIALIZATION & SDA-BASED OPTIMIZATION

function [®, Uy, pini] = INITIALIZE(Cy)

Compute U,

if U,. € C4 then
© + Uy = HU,c and Uyy; < Ugg as in (12)

else > when U, ¢ Cy
Compute Uy, > as in Algorithm 2
© Uy = HUy, and Uyy,; < Uy as in (25)

end if

o |HUy - O3

end function

11: Call SDA-based Optimization as in Algorithm 1

Solution: U, in (10)/ ﬁom in (23) > based on INITIALIZE

> as in (9)

R e A A S o S

>asin (11)

—
e

satisfying the voltage level constraint (5e), i.e.,

usq(k) = qv(unc(k))
subj to: [[Aug({)||oc <1, V0 =F,....,k+ N-1

(25a)
(25b)

where Aug(f) = Ugq(f) — usq(£ — 1) with ugq(k — 1) =
Uopt(k — 1). This quantization is performed in a sequential
manner starting with £ = k. Thus, u (k) will be the closest
vector in V™ to wuwc(k), which satisfies |gv(unc(k)) —
Uopi(k — 1)[|[oc < 1. Then, this process is sequentially
repeated until ¢ = k£ + N — 1, leading to the proposed initial
control input sequence

Uini(k) = Ug(k) = [(usg(k) ... (usg(k + N = 1)1

(26)
Here, Uy € U is not the standard vector quantization known
as Babai estimate [29], [30] [i.e., Uy # qu(Usc)l, since
U, is generated considering the voltage level constraint
(25b). Notice that both Uy in (25) and U,, in (12) satisfy
the constraints (5d) and (5e). Nevertheless, their squared
Euclidean distance to the optimal solution in the transformed
space formed by H can be a distinguishing feature during
transients, which can be expressed as

Suq(k) = | HU (k) — HUp(k)|2
Seg(k) = || HU¢g(k) — HUqp(K)|[2-

(27a)
(27b)

As per definition in (19) and (25), U will be in general
very close to l~]0pt, ie., d;q ~ 0. In some cases, such as in
Fig. 2, Uy = ﬁopl and thus, d;q = 0. On the contrary, U,
is generally far from U, (k) in the transformed space during
transients, since it depends on the previous optimal solution
Uqypi(k — 1) as per (12). Comparing these two control input
sequences during transients, it can be said that d,q < Jeg.
Clearly, Uy ensures a significantly smaller initial sphere Si;
as per (11) than Ug,. Therefore, Uy is a better initial control
input sequence during transients. Now, Sipi = Syq is formed
using a new © = Uy, and Uy, = Uy,

Notice that, during transients, Syq is considerably smaller
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than S, in (13). Moreover, Syq is a non-empty set which
provides at least one feasible solution since HUyq € Sg.
This situation is depicted in Fig. 2b (green circle), where
the proposed preconditioning approach provides a smaller
initial circle during transients, leading to a reduced compu-
tational burden (small N,,) to obtain (~]0p[ as per (23). It
is clear from Fig. 2 that Ijopt is equivalent to Uy, in (25)
and most importantly, Uy, in (10) that means optimality is
retained during transients. However, this situation can not
be always guaranteed. Further theoretical details are given
in Remark 2. Including the aforementioned preconditioning
approach, a summarized pseudocode is shown in Algorithm 3
that highlights the initialization of SDA based on the Convex-
Hull C4. Once the initialization is completed, Algorithm 1 is
called to find the solution Uy in (10) or l}opt in (23).

Remark 1. 1t is important to emphasize that the key factor in
the proposed preconditioning approach, that greatly reduces
the computational complexity of the SDA during transients,
is the idea of projecting the infeasible unconstrained optimal
solution U,. ¢ Cy on the Convex-Hull C4; of the original
FCS U. This can be achieved by solving (19) by any efficient
box-constrained QP algorithm (e.g., exterior point active set).
This key idea can be used in any multistep MPC strategy
for power converters that uses SDA to efficiently find the
optimal solution, including other multilevel topologies and
applications, e.g., electrical drives [13].

Remark 2. For adopting the SDA in a multistep MPC prob-
lem, the original optimization problem (5) is transformed into
an ILS-problem (10). Note that both optimal problems are
equivalent, i.e., solving (10) will provide the same optimal
solution as minimizing (5). Nevertheless, when using the pro-
posed preconditioning approach during transient operations
(i.e., Uy ¢ Cy), the SDA solves an alternative optimization
problem in (23), which in general is not equivalent to solving
(10) or (5). Consequently, even though it can be ensured that
the SDA will find the optimal solution, Uqy, for (23), it may
be only a sub-optimal solution for the original problem (5),
ie., l}opt # Uyp. Therefore, it is important to have a mea-
sure of optimality to know the closeness of the sub-optimal
solution to the optimal one during transients. As analyzed
in [13] and [31], because of the geometry of the optimal
control problem under transients and the box constrained QP
problem with Convex-Hull, multistep MPC may lead to only
a minor loss of optimality. This work explores the cost value
for the obtained solution which is indeed a standard metric of
optimality (or sub-optimality). Now, the cost values for the
control input sequence obtained by the SDA with standard
and proposed preconditioning approach can be expressed as
per below

Jopt(k) = J(Uop(k)) (29)
Jopt(k); hen U,. € C

Jsopl(k) _ pt~( ) when €Ly (30)
J(Uopi(k)); when Uy ¢ Cy

Here, Jop is the convex quadratic form of Uy as per defini-
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Circuit schematic of three-level H-Bridge inverter and simplified
block diagram of the control scheme.

tion in (6) for J. Note that this cost function is an equivalent
form of the original one in (3). During the steady-state, i.e.,
generally, Uy € Cyy, Jsopt = Jopi, since the optimization
problem (10) is in use at that time. Discrepancy in the cost
values such as Jyp > Jope may occur, when Uy, ¢ Cy
and a sub-optimal solution® (i.e., ﬁopt # U,y is obtained
by solving (23). Nevertheless, Jyop: = Jopi, When ﬁopt is
exactly equivalent to Ugy. Based on the theoretical aspect
stated above, an optimality analysis will be carried out in
Section VII-A3 for a selected case study.

In this work, a grid-connected three-phase three-level HB
converter is considered as a case study based on the available
laboratory resources, see Fig. 3. Thus, the selected converter
model can be represented by a linear model with quantized
control input (e.g., power switches, voltage levels) in order to
apply the multistep MPC with proposed preconditioning ap-
proach. Note that the converter presents the same complexity
as a three-level neutral-point-clamped (NPC) converter as in
[3], when discarding the dc-link capacitor voltage balancing®.
The discrete-time model and the optimal control problem of
the system are presented in this section, which is the foun-
dation to adopt the multistep MPC scheme using the SDA
with standard initialization and/ or proposed preconditioning
approach.

A. DISCRETE-TIME STATE-SPACE MODEL

A continuous-time dynamic model of the system for each
grid-current iy, 445 and grid-voltage vy, vgp related to phase

3The cost value for any sub-optimal solution is higher than the optimal
solution for the same state vector.

4In [32], the NPC converter represents nonlinearities for the dc-link
capacitor voltage balancing, and the model is linearized at each sampling
instant around the operating point
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Parameter Symbol  SIvalue p.u. value

dc voltage supply per HB Ve 180V 1.025

Grid apparent power Sy 2.24kVA  1.000

Grid line-to-line voltage Vy 215V 1.225

Grid current I 6.005 A 0.707

Grid frequency fq 50 Hz 1.000

Filter resistance Ty 0.5Q 0.024

Filter inductance Ly 7 mH 0.106
Weighting factor o 107¢ —
Sampling frequency fs 5 kHz —

Main system parameters and controller settings for simulation and
experimental tests.

. Uopt
Control algorithm
Control

inputs
dSPACE DS1006

State-space
system model

PC @ Intel Corei7
Calculated system states =

Block diagram of the PIL-simulation.

a and b, is given by

diga(t) 15 . 1
= Fhige(t) + 7 (un ) = 0ga(t) ~von(1)
(31a)
digp(t) Ty 1
dt = Lf 7fgb(t) + Lf (Ubn (t) Ugb(t) UOn(t))
(31b)
dvge(t) Wy Wy
—908 — 9y (8) + —Lvge(t 1
2 = = o (0) + el G1o)
dogy(t)  wy Wy
pranial ngc(t) + \/gvga(t) (31d)
where i = —lgq — igp, and vy = —Vgq — Vgp. Here, Ly

is the filter inductance while ry is its associated resistance.
Here, w, = 27 f, with f, as the grid frequency. Additionally,
for each phase x = {a, b, c}, the converter output voltage is
represented by vy, (t) = Vae f1y (t), where V. is the voltage
of its isolated DC-source, and p,, € V = {—1,0,1} is the
output voltage level of phase . Furthermore, vy, denotes
the so-called CMV which is given by
von(t) = é(van(t) + Upn () + ven (t)). (32)
Now, the system states, control inputs, and outputs to be
controlled at any instant k are chosen as

x(k) = [iga(k) igb(k) Uga(k) Ugb(k)]T eR? (33a)
u(k) = [pa(k) po(k) pe(k)]" €V? (33b)
y(k) = igan(k) = [iga(k) Z'gb(k)]T eR% (330)

Finally, by applying the forward Euler discretization to (31),
for a sampling time T}, a discrete-time model of the grid-
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connected power converter, in a form of (1), is obtained with

- 0 -1 0
az| 0vEE S oE
0 0 12—T;§9 — =
0 0 R &
2 -1 -1
g VaTs -1 2 -1 [t oo o0
3Ly O 0 0]’ 01 0 0
0 0 0

(34)

B. OPTIMAL CONTROL PROBLEM

To implement the current control strategy, the main control
objective is to track the output current references while
reducing the resulting CMV. A simplified block diagram of
the control scheme is shown in Fig. 3. The references are
generated with the phase angle wyt and amplitude 94 of vy,
from a phase-locked loop (PLL). Furthermore, the active (p;)
and reactive power (q;) references are also provided. The
typical equation of grid voltage vy, can be written as

Vgx (t) = By sin(wyt + dy)

Thus, the general expression for the output current references
iy, 18 given by

(35)

it (1) =iy sin(wyt + ¢y + ¢*) (36)

IEEE OPEN JOURNAL OF THE INDUSTRIAL ELECTRONICS SOCIETY. VOLUME XX, 20XX

103 —. | | |

Aa ss Im TS

102

Pini

@ <
10!

100

105
10*
103
102
10t

Nev

(b) <

10

103

j;e [us]

(c) 102

NINNSNINNINY

10t

1 2 3 4 5 6 7 8 9
Horizon length, N

10

PIL-simulation based computational performance of multistep MPC
considering the proposed SDA preconditioning approach under TTC;. For
N € [1,10], the results in steady-state (SS) and transient-state (TS) are in
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2s%

with the grid-current amplitude ig 35> where sp
g9

\/Ps? + q3? is the apparent power reference

*
. . *x —1 pg .
displacement angle is ¢* = cos <2, between vy, and i, .

and the phase

9
Moreover, ¢, = 0, ¢, = —2F, and ¢ = +2. Thus,
y* =i}, = [ij, i3,]" is chosen for y in (33c). Then, as

per [19], the CMV can be minimized by tracking the control-

input references in u* = [v}, v}, v}, for
N 1 . dit., (t)
i) = g {rriny 0+ 1,55 o0} 67

Finally, the optimal control input sequence U,y is obtained
by solving the original optimization problem in (5). Then,
based on wugy (first element of Ugyy), the states of power
switches, Sy = [Sy11, Syi2, Syi1, Syi2), are found by
applying a sorting algorithm for equal utilization of power
switches [21].

This section evaluates the effectiveness and the computa-
tional performance of the proposed SDA preconditioning
approach by using the PIL simulations and conducting ex-
periments. The analysis and results presented in this section
are focused on the computational improvements and practical
benefits of the preconditioning approach during transients.
As a measure of comparison, the maximum values of the
computational metrics pjni, Ney and T, are investigated for
both the standard SDA initialization and proposed precon-
ditioning approach. The system parameters are shown in
Table 1. Throughout this section, all results are obtained

9
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under a transient test condition (TTC,), when a positive step
change in s7 is applied from 0.45 p.u. to 1 p.u., i.e.:

py, = 0.45 p.u. & g5 = 0.00 p.u.
Py =0.89pu. & gy = 0.45 p.u.

TTC, : s, =

(38)

A. PIL-SIMULATION RESULTS

A key parameter of the multistep MPC strategy is the pre-
diction horizon N. In a real implementation, this has to be
designed not only to improve the closed-loop performance
but also to keep the required computational burden within
a feasible limit, i.e., T, < Tj. In this work, the design of
N is performed with the aid of PIL-simulations. Here, the
system is simulated in a PC with MATLAB-Simulink, while
the controller is executed in real-time in a dSPACE DS1006,
as shown in Fig. 4. Note that the well-known time-delay
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evaluated nodes Ney, and (f) execution time T.. The figures in right-hand
column are obtained when computations are limited to A/ = 1750 to ensure
Te =Ts.

compensation [33] is included in the control formulation.

Instead of reading the actual measurements from the power
converter, the system states (k) are obtained (not in real-
time) from the simulator. Then, based on these virtual mea-
surements, the dSPACE system computes the optimal control
input wep in real-time. Finally, this optimal input is imple-
mented in the simulation to obtain, thus, a new system state
in the next sampling interval. At every stage, the execution
time 7T, required by the controller to obtain an optimal input
is recorded by the available function (‘turnaroundTime’) in
the control platform. This procedure allows one to safely
evaluate 7, for different prediction horizons during both
steady-state and transients.
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1) Selection of Prediction Horizon N

As a baseline, the PIL simulations are carried out for N €
[1,10] and under the TTC; in (38), when the converter
is governed by a multistep direct MPC with the standard
SDA initializatiorh Then, tl}g: maximum values of the metrics
denoted as pin;, Ney, and T, are recorded for both steady-
state (SS) and transient-state (TS). The results are presented
in semi-logarithmic bar-plots in Fig. 5. It is possible to see
that all the metrics for TS are consistently higher than the
ones for SS. According to Fig. 5c, T, exceeds the sampling
interval limit, 75 = 1/f; = 200us, for N > 3 during
transients. Fig. 6 shows the computational performance of the
SDA working with the proposed preconditioning approach,
which is obtained for the same test conditions. As one can
see, all the metrics for TS are significantly reduced in com-
parison with Fig. 5, while the results for SS are unaffected.
For the case of N = 6 and TS, piy; is drastically reduced
from 156.65 to 11.66. Furthermore, N., and 7. are also
significantly reduced from 8464 and 826.7us to 1667 and
159.73us, respectively. Importantly, 7, in Fig. 6¢ is within
the sampling interval limit (7, < Ts) for N < 6. Hence,
the proposed preconditioning approach allows one, in this
case, to carry out a real-time implementation of multistep
MPC with a prediction horizon that is twice as large as in
the standard implementation. It is important to highlight that
going from N = 3 to 6, the optimal solution has to be
found from a set of input combinations that increases from
273 ~ 10*% t0 27% ~ 10359,

2) Performance Evaluation

Firstly, the multistep MPC closed-loop performance under
TTC,, tuned with the chosen N = 6 and considering the pro-
posed preconditioning approach, is presented in Fig. 7. The
close view of each computational metric is also presented in
Fig. 7(d)-(f) for the time span 25 — 35 ms. Here, the compu-
tational metrics, i.e., initial radius p;n;, number of evaluated
nodes N;, and execution time 7, are not increased drasti-
cally during the transient compared to steady-state operation,
see Fig. 7(d)-(f), respectively. In particular, 7% is less than the
sampling interval limit during the whole converter operation,
ie.,, T. < T,. This ensures that the control problem is
solved to optimality, see Fig. 7(f). In this case, an average
value of the semiconductor device switching frequency of
fsw = 380 Hz is observed, when the system is operating in
steady-state with its full power rating. Secondly, the same test
scenario is simulated considering the standard initialization
approach of the SDA. The results are displayed for 20-40 ms
in the left-hand column of Fig. 8. The system performance
[Pg> Ag> Tgabe and Vgpen in the left-hand column of Fig. 8(a)-
(c), respectively] is similar to the one presented in Fig. 7.
However, pi,; and N, experience an abrupt increase at 30ms;
see left-hand column of Fig. 8(d)-(e). This leads to a large
execution time (7, = 826.7us) that exceeds the sampling
interval limit during this transient, i.e., T, > T, as can be
seen from the left-hand column of Fig. 8(e). It is important
to emphasize that it is only possible to obtain this result with
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a PIL-simulation. In a real implementation, the optimization
algorithm will be stopped when the execution time meets the
sampling interval, implementing the best available solution
obtained, but not necessarily the optimal one. In the right-
hand column of Fig. 8, a PIL-simulation is presented with
the computational complexity of the SDA bounded as in [11].
Here, limited number of computations in SDA are permitted
to satisfy the sampling interval limit, i.e., T, »# Ty, while
sub-optimal solutions may be obtained at times. To this
end, the limit V™ = 1750 is added to the SDA, which is
equivalent to an allowable situation 7, = T;. Note that the
choice of the limit MI™ = 1750 is obtained by trail-and-
error using PIL-simulations, and it may only be compatible
for the system under study and the computational power of
dSPACE DS1006. It can be observed that the closed-loop
performance during the transient is deteriorated, producing
almost 90% undershoots in the active and reactive power
tracking. As a consequence, the system dynamics become
substandard with a transient variation of almost 90%, and
a settling time of 5 ms. Generally, a transient variation of
+20% and settling time of 1.5 ms are recommended as per
IEEE-standard 1662-2016 for the design and application of
power electronics in electrical power systems [34]. Clearly,
the transient performance in this case violates this standard.
The iterative optimization process in the SDA is designed
to stop whenever the limit AM™ = 1750 is reached. In that
case, the immediate incumbent solution (sub-optimal) found
is applied to the system, which may differ from the optimal
solution. Consequently, adding a calculation limit A™ may
lead the SDA to only find sub-optimal solutions that can
produce undesirable closed-loop performance.

3) Optimality Analysis

This section carries out an optimality analysis based on the
theoretical aspect described in Remark 2. Firstly, the PIL-
simulation of multistep MPC for prediction horizon N = 6 is
run with the proposed SDA preconditioning approach under
TTC;, and the obtained solution is applied to the system
accordingly. Then, the cost value Jsop is computed using

11
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(30). At the same time, the SDA with standard initialization
approach stated in Section III-B is also run to obtain Ugpy
by solving (10). This allows us to compute the optimal cost
value Jop as per (29). Note that the computations of Jo, and
Jsopt Use the same system information (state variables and
outputs) obtained for the proposed approach. In this way, one
can have a fair comparison between two cost values. The
comparative results of Jop and Jsope are shown in Fig. 9a.
It can be observed that the cost values are equal for the
whole converter operation periods, i.e., Jsopr = Jopt. This
is generally expected for steady-state operation, since both
methods are solving the same optimization problem (10).
Most importantly, the proposed one is capable of ensuring
that the optimal solution is found during the transient at
30 ms, i.e., Uy = Ugp and Jgope = Jopt, as can be seen
from the close view. However, this optimality can not be
guaranteed always from a theoretical perspective. There may
exist different systems, transient test conditions, operation
points, for which optimality may be violated at certain times
with the proposed preconditioning approach.

To investigate this further, the optimality analysis men-
tioned above has been performed under a new transient test
condition TTC, given below:

Py = 0.045 p.u. & ¢; = —0.45 p.u.

TTC, : s, =
Py = 0.89 pu. & g5 = +0.45 p.u.

(39

The corresponding cost values Jop and Jope are shown in

Fig. 9b. It can be observed that both plots are identical for the

whole operation of the converter, i.e., Joopr = Jopt, €Xcept

for the transient at 30ms. From the close view, it is clear

that Jepe > Jopt, Which is an increment of 1.12% only.

Thus, a sub-optimal solution ﬁopt # Uy is applied to

the system only at 30ms. In other words, the obtained sub-
optimal solution is 98.88% close to the optimal one.

To conclude, even though the proposed preconditioning
approach allows one to reduce the computational burden
during transients, optimality in the control input sequence
can not be always guaranteed. This occasional small loss in
optimality can be traded in for a considerable reduction in the
computational burden during transients. Surely, theoretical
optimality analysis emerges as an open problem for subse-
quent research.

B. EXPERIMENTAL RESULTS

The experimental performance of the multistep MPC with
the proposed preconditioning strategy for N = 6 is pre-
sented in Fig. 10 under the same test scenario TTC; main-
tained for the PIL-simulation. Here, the close view of each
computational metric is also presented for the time span
25 — 35 ms, see Fig. 10(d)-(f). The control algorithm was
implemented in the same dSPACE DS1006 while the switch-
ing states of the power converter were generated in an
FPGA module DS5203. As expected, the closed-loop perfor-
mance (Fig. 10(b)-(c)) and the computational performance
(Fig. 10(d)-(f)) are similar to the PIL simulation results in
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Fig. 7. Importantly, it can be observed from Fig. 10(f) that
the condition 7, < 7Tj is satisfied during both steady-state
and transient operation, which ensures the safe and optimal
operation of the power converter.

A crucial computational burden problem that arises due to the
transient operation of power converters when using multistep
MPC has been addressed in this work. This problem has
been solved by proposing a preconditioning approach, which
provides a suitable initial sphere for the sphere decoding
algorithm in order to efficiently find the solution. A case
study with processor-in-the-loop simulations and experimen-
tal results has been conducted to confirm the feasibility and
effectiveness of the proposal in practical applications such
as grid-connected converters operating at very low semi-
conductor switching frequencies, e.g., below 450 Hz. The
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computational performance showed that a small number of
candidate solutions is evaluated during transients, thus the
computational burden is drastically reduced in comparison
with the standard SDA initialization. Most importantly, the
proposed preconditioning approach allows one to achieve
real-time implementation up to a prediction horizon of six.
In contrast, the standard SDA is restricted to the predic-
tion horizon three with comparable technology. Neverthe-
less, optimality in the control input sequence cannot always
be guaranteed, since an alternative optimization problem is
solved by the SDA during transients. For this case, a very
small degree of sub-optimality appears in some particular
transients. This occasional small loss in optimality can be
traded for a significant reduction in the computational burden
during transients. In general, the chance of obtaining sub-
optimality case depends on the aggressiveness of transients
and also on the system types. This topic itself demands
an extensive in depth analysis, and is the scope of future
research. Further results showed that if this computational
burden problem is not properly addressed, the system may
have an undesirable transient behavior, which clearly demon-
strates the practical benefit of the proposal. Consequently, the
proposed preconditioning approach enables multistep direct
MPC based on the SDA to work in the whole operational
range of a power converter becoming, thus, a viable control
alternative. Moreover, due to its generality, the proposed
preconditioning approach can be used in any multistep direct
MPC strategy for medium/ high-power converters that use the
SDA, including other multilevel topologies and applications,
e.g., medium/ high-power electrical drives.
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