Gradient-Based Predictive Pulse Pattern Control
with Single-Phase Formulation

Ilari Hilden
Faculty of Inf. Technol. and Commun. Sciences
Tampere University
Tampere, Finland
ilari.hilden @tuni.fi

Abstract—This paper presents a direct model predictive control
(MPC) algorithm for three-phase power electronic systems, such
as medium-voltage (MV) drives. The proposed control strategy
manipulates a baseline pulse pattern, such as an optimized pulse
pattern (OPP), in real time at the single-phase level, enabling
independent control of the three phases. By doing so, this ap-
proach ensures excellent steady-state performance—quantified by
the load current total demand distortion (TDD)—along with very
short settling times during transients and excellent disturbance
rejection. Additionally, by leveraging single-phase gradient based
predictions, the proposed control strategy can tackle complex
power electronic systems and demanding control problems with
multiple—and possibly conflicting—control objectives. To high-
light the superior performance of the proposed control strat-
egy, comparisons with both conventional and advanced control
methods are presented based on a case study involving a three-
level neutral-point-clamped (NPC) inverter and an MV induction
machine.

Index Terms—Model predictive control (MPC), optimized
pulse patterns (OPPs), medium-voltage (MV) drives

I. INTRODUCTION

Power electronic systems are often nonlinear multiple-input
multiple-output (MIMO) systems with actuators that operate
in an on/off mode. Conventionally, pulse width modulation
(PWM) such as carrier-based PWM (CB-PWM) or space vec-
tor modulation (SVM) is employed to conceal the switching
nature on the system [1]. This simplifies the controller design
and facilitates the use of (cascaded) single-input single-output
(SISO) linear controllers. The separate computational stages of
control and modulation, however, tend to limit the bandwidth
of the controller [2]. Moreover, the different control loops
are often insufficiently decoupled during transients, leading
to adverse interactions. This implies that the bandwidth of
the controller should be reduced further to avoid stability
issues. Additionally, since linear controllers are typically tuned
to achieve satisfactory performance only within a narrow
operating range, their performance can degrade when oper-
ating outside of it. To address this, gain scheduling is often
employed, which further complicates the tuning of the control
loops and renders the whole design procedure cumbersome.

To overcome the limitations of linear control schemes,
model predictive control (MPC) [3] has gained attention in
the field of power electronics [4]. Particularly, MPC as a direct
controller—i.e., where control a modulation are combined in
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one computational stage—has been especially attractive due
to its excellent dynamic performance and ability to handle
nonlinear dynamics and MIMO systems [S5]. The most widely
adopted form of direct MPC, however—finite control set
MPC (FCS-MPC)—Ileads to a variable switching frequency,
which causes uneven stress among the semiconductor devices.
Moreover, its steady-state performance can be inferior to linear
control methods with a modulation stage. These drawbacks be-
come particularly pronounced when operation at low switching
frequencies is required, such as in the case of medium-voltage
(MV) drives. Moreover, the lack of a periodic switching
pattern results in nondeterministic harmonic spectra. This
poses challenges when grid-connected operation is considered
as strict grid codes, such as IEEE 519 [6], have to be met.

To address this problem, optimized pulse patterns (OPPs)
can be utilized as they produce the minimum harmonic current
distortions at a given switching frequency [7], [8]. To achieve
fast closed-loop control with OPPs, MPC was employed
in [9]. Owing to the OPPs, this method—referred to as model
predictive pulse pattern control (MP3C)—can produce very
low current distortions, while the direct manipulation of the
OPPs allows for fast transients. To increase the versatility
of MPC with OPPs, the so-called gradient-based predictive
pulse pattern control (GP3C) was introduced in [10], and
its performance was demonstrated in [11]. Even though this
method manipulates OPPs in real time to achieve excellent
output reference tracking, it is limited to a predefined set
of switch positions, i.e., voltage vectors, dictated by the
baseline pattern in use, i.e., the offline-computed OPP. This
significantly reduces the degrees of freedom of the controller,
thus limiting its bandwidth potential, robustness, and ability
to reject disturbances effectively.

To overcome these limitations, this paper modifies GP3*C
from [10] to increase its degrees of freedom. Specifically,
the switching time instants are optimized at the single-phase
level—rather than the three-phase level as in [10]—by con-
sidering the contribution of each single-phase input to the
gradient of the controlled variables. However, even though
single-phase based optimization is utilized, full information
of the three-phase system is retained. As a result, the pro-
posed algorithm—hereafter referred to as S-GP>C—achieves
excellent steady-state performance thanks to the baseline OPP.



At the same time, the independent control of each phase
significantly improves the dynamic performance, disturbance
rejection, and equips the scheme with greater design flexibility.

II. CONTROL PROBLEM

Consider a three-phase power electronic system, e.g., a grid-
connected converter or a variable speed drive. The power
converter has n output voltage levels, where n > 2, n € NT,
The integer variable u, € Z, with z € {a,b,c}, models
the single-phase output voltage levels of the converter. For
simplicity, but without loss of generality, a linear system is
considered in the following, i.e., a system with a continuous-
time state-space representation of the form

d‘fiit) — Fa(t) + Guap(t) (1a)
y(t) = Cx(t), (1b)

where * € R" and y € R" denote the state of
the system and its output, respectively, with n,,n, €
NT.! The system input is the three-phase switch position
Uape = [Uq up U] € Z3. Finally, F, G, and C are the sys-
tem, input, and output matrices, respectively.

Assume a baseline (known) pulse pattern, such as an offline-
computed OPP, and consider a time window (i.e., prediction
horizon) T}, = TsN,, where T is the sampling interval and
N, € N7 the number of discrete time steps. Within the
prediction horizon T),, there are z, € NT switching time
instants in phase x of this baseline pattern. These reference
switching time instants are collected in the vector

(@)

while the corresponding single-phase switch positions are
aggregated in the vector

T .
tm,ref = [txl,ref tx2,ref txzz,ref] € R* )

um(tmzw,ref)]T € zx=t! )

3)
where u;(t,0ref) is the currently applied switch position, i.e.,
the switch position at the beginning of T),.

The objective of the S-GP3C algorithm is to minimize,
within the prediction horizon T, the deviation of the system
output y—i.e., the controlled variables—from its optimal ref-
erence trajectory yf, which is generated based on the baseline
steady-state pulse pattern. To accomplish this, the reference
time instants g rf, ¢ = 1,2,..., 2., are manipulated in real
time to eliminate the output tracking error. Importantly, since
the baseline pattern is not constrained to a fixed modulation
cycle by design, the three phases are free to switch in any
chronological order that is deemed most effective for achieving
fast and accurate reference tracking.

The aforementioned control objectives are captured by the
objective function

1 (T )
7= 2 [ w0 -yl
p JO

U,y = I:U;E (tzO,ref) Uy (t117ref)

“

'In this work, both the state and the output are modeled in the orthogonal
«a3-plane. Variables in the abc-plane are denoted with the subscript abc, while
the corresponding subscript is omitted for the variables in the a/3-plane.
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Fig. 1. Example of a single-phase pattern for a two-level converter with
2z = 3 reference switching time instants ¢;; f and zp = 2 pivotal time
instants tp; rer in the time window T}.

which accounts for the (weighted) squared rms output tracking
error. Additionally, @ € R™v*"v is a positive definite weight-
ing matrix, whose entries prioritize the tracking accuracy
among the different controlled variables in y.

III. CONTROL METHOD

Let 2z, € NT be additional time instants tojrefs J =
1,2,...,z,—referred to as the “pivotal” time instants—
inserted within 7},. These instants appear in the pattern for
all three phases; however, no switching events occur at Zp; rf,
ie., ux(t;j,ref) = uz(t;rj_’ref), as shown in Fig. 1. Instead, these
instants serve as intermediate time points within 7}, to fa-
cilitate the prediction of the evolution of the system within
this time window. The number 2, and the values of these
pivotal instants are design parameters. They are chosen to
balance tracking performance and computational cost, i.e., the
number z, should be as big as possible while maintaining
a manageable computational burden. Moreover, the pivotal
instants are spaced equidistantly within the time window T),.

The vector of all to-be-considered time instants at the
single-phase level is then obtained by combining the reference
switching time instants ¢;; f and pivotal time instants t; rf
in a chronological order, resulting in the vector t}yref € R#=,
where Z, = z, + z,. Similarly, the vector of the single-phase
switch positions is updated to u, € Z**!. To clarify this
principle the following example is provided.

Example 1. Consider a two-level converter with
ug € {—1,1}. Fig. 1 illustrates an example of a single-
phase switching pattern. Within the time window T, there
are three nominal switching time instants in phase x, namely
totret ta2uef, and tp3pf, e, z, = 3. Additionally, two
pivotal time instants, tp1rer and tpo ef, have been inserted,
i.e., zp = 2. Consequently, the vectors of time instants and

corresponding switch positions are respectively defined as
~ - - - - - T
tm,ref = [tz,ref tm2,ref tm3,ref tm4,ref tz5,ref]
T
= [tml,ref tz2,ref tpl,ref th,ref tp2,ref]

)

and

a,=[-1 1 -1 -1 1 1

}T

As can be deduced from Fig. 1, each pair of con-
secutive entries of t,r divides 7T}, into subintervals
Atzi’ref = tzlJrl,ref — tzlﬁref, with ¢ € {O, 1,.. .,21}. For ex-
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Fig. 2. Example of the gradient-based output evolution for a two-level converter within 7}, when two reference time instants £41 ref and ¢p1 ref, and a single
pivotal time instant ¢, ot are considered. The top three figures depict the three-phase pulse pattern, while figures 4-6 from the top show the evolution of the
a-component of a single output variable y; based on the single-phase contribution of the gradients. The bottom figure shows the evolution of the complete
component yin. (a) Nominal (to-be-modified) pulse pattern and the gradients computed based on the nominal switching time instants. (b) The computed
optimal modifications (indicated with arrows). The dash-dotted magenta lines show the evolution when the nominal pulse pattern is applied, while the green
lines depict the evolution with the optimally modified pulse pattern. The black horizontal line shows the output reference y1q,ref sampled at the pivotal time

instant #,1 ref.

ample, in Fig. 1, six subintervals are identified, i.e.,

[tO; tzl,ref); [tml,refv tm2,ref)7 [tzQ,ref; tpl,ref)v

[tpl,refa ﬁmB,ref)a [th,refu tp2,ref)a [tp2,refu Tp) .
Therefore, to achieve accurate predictions, model (1) is dis-
cretized within each time interval At ., resulting in the
discrete-time state-space model
(52)
(5b)

m(tNIEqu,ref) - Am(gmf,ref) + Buabc(fxl,ref)
y(gmé,ref) = Cw(gmé,ref)a

with A = eFAlerwt and B = —F (I — A)G, where e is
the matrix exponential, and I the identity matrix.

To analyze and predict the impact of a phase-z switch
position on the dynamics of the system, its contribution is
isolated. To this end, the “pseudo” three-phase switch positions

uy,. are introduced. These represent the effect of a phase

x while the other phases are assumed to be inactive. This
decoupled representation simplifies the analysis by focusing
on the unique influence of phase z on the system dynamics,
independently of the combined three-phase behavior. The
pseudo three-phase switch positions are defined as

Uq 0 0
ugbc = 0 7ugbc = | 7u2bc = 0 ) (6)
0 0 Ue

such that wape = uy, + ub, . + u, . Therefore, with the
pseudo switch positions, the effect of w, on the system
dynamics can be computed at the nominal switching time
instants ;¢ rof in an iterative manner with (5), i.e.,

x® (Eacf-l-l,ref) = Ax® (wa,ref) + BKUibc (wa,ref) (7a)
yw (wa,ref) = C(Emé,ref)u (7b)
where the initial state x% (fwo,ref) is defined as



x?® (Eaco,ref) = Kwibc(fmo,ref)’ with

K 043 0243
N 02x3 K O2x3 Bng
K = . . e R™*77
02x3 O2x3 -+ K

where K is the transformation matrix

2 -+ -1
K:_|: d 2:|,
3lo o

3ng . . .
and ¥, € R"2° being the “pseudo-state” which isolates the
state in phase z, i.e., it holds that

Tabe = K 'lz= .’ngc + mZbc + mgbc- (8)
With the knowledge of phase-x contribution to the output of
the system at time instants t,¢11 rf for £ € {0,1,...,2,}, i.e.,

ym (Emo)ref), ym (Eml)ref), ey ym (Emim-tl,ref)’ the evolution of the
contribution within the intervals At; s can be described by
their corresponding gradients

~ xT t _ T t
m”= (tzf,ref) _Yy ( :cé-l—l,ref) y*( :cé,ref) '
Atwf,ref

C))

Example 2. Consider the switching pattern within the predic-
tion horizon T}, as shown in Fig. 2(a). Within the prediction
horizon, there exists one nominal switching time instant in
phases a and b, t41 rer and ty rer, respectively. Additionally,
a pivotal time instant ty1 f, common for all three phases,
is present. Therefore, the prediction horizon is divided into
three subintervals in phases a and b, and into two in phase c.
Within each of these subintervals the contribution of phase x
to the output y* is assumed to evolve with a constant gradient.
However, note that the gradients do not change at the pivotal
time instant tp1 ref, Since the three-phase switch position Uqpe
is kept constant. For clarity, only the a-component of a single
output variable y, is shown. Taking phase a as an example, to
compute this evolution, described by the associated gradients,
the interval [to0 ref, tal ref) is considered first.

Firstly, the continuous-time state space-space representa-
tion (1) is discretized with the sampling interval At,o e =
talref — taoref resulting in the diic;rete-time equivalent (5).
With the initial state €°(tq0 ref) = K a2, (ta0 rwef), the phase-a
contribution to the state—and thus, the output—is computed
at the end of the subinterval yielding x°(t,1 ref). Subsequently,
the gradient m®(tq0ret) is computed based on (9). The same
procedure is then applied for the subsequent subintervals and

repeated for phases b and c.

With the gradients ™ (t4¢ ret), the system output at the to-
be-computed modified time instants ¢,, can be derived. To this
end, the vectors of the modified switching time instants £, and
pivotal time instants ¢,, are defined as

te.,]” € R
tpzp]T cR>.

[tLIJ 1 th

t, = (10a)
t, = [tpl tp2

(10b)

Combining these vectors results in the vector of all the mod-
ified switching time instants £, € R* (see Example 1). The
gradient-based predictions are explained with the following
example.

Example 3. Consider again the example in Fig. 2(a). The
prediction horizon is divided into three subintervals in phases
a and b, and into two in phase c. Therefore, three gradients

are computed in phases a and b, namely, m®(tq0rer) =

ma(taO,ref)x ma(gal,ref) = ma(tal,ref)x and ma(EaZref) =
m®(ty1ref) in phase a, while mb(tporet) = MO (tp0ret)s
mb(fbl,ref) = mb(tbl,ref); and mb(thQ,ref) = mb(tpl,ref) are
the gradients in phase b. Moreover, there are two gradients
in phase c, i.e., mc(t~007ref) = m°(teorer) and mc(fcl)ref) =
M (tp1 rer). To compute the total output y at the modified
pivotal time instant t,, the contributions of each phase

ya(tpl)’ yb(tpl)’ yc(tpl)’ Le.,

ya(tpl) = ya(taO,ref) + m‘ (taO,ref)tal + ma(tal,ref) (tpl - tal)
Yo (tp1) = YO (tpocer) + M (Lo rer)tor + M (L1 rer) (tp1 — to1)
yc(tpl) = yc(tcO,ref) + mc(tcO,ref)tpl )

are summed together where t,0 ref = tp0,ret = teo,ref = to = 0.
This gives the closed-form expression

Y(tp1) = y*(tp) + yb(tpl) + Yy (tp1)
=y(to) + (M*(tao.rer) — M (ta1 ret)) ta1+
+ (mb(tbo,ref) - mb(tbl,ref)) tp1+
+ (ma (ta1 ref) + mb(tbl,ref) + mc(tco,ref)) tp1. (12)

As explained in [10], objective function (4) can be approx-
imated by evaluating the tracking error at specific discrete
time instants. While this approximation is somewhat coarse, it
provides sufficient accuracy to account for the rms value of the
tracking error. Consequently, the desired system performance
can be quantified using an objective function of the form

Zp
T = lyrertpjrer) — Y(tp)) 1S + Ml A3 . (13)
j=1

Note that the second term in (13) is defined as At = tr — ¢,
and it is added to penalize the deviations of the to-be-computed
switching time instants ¢ from their nominal values £,.¢, where

t=[t7 tf 7 7]" eRrtatatn (14a)
T
tref = [tiref tg?ref tZref tg:ref] € RZaJerJchJer . (14b)

Finally, the tuning parameter \; € R7T sets the trade-off
between the reference tracking accuracy and the control effort.

With some algebraic manipulations, the above objective
function can be written in the compact vector form

J = |r = Mt|G + Ml At (15)

where 7 is a vector that depends on the reference values and
the measurements of the output, M is a matrix consisting
of the gradients m® with which the output variables evolve
within T}, and Q = diag(Q, ..., Q) € R™*»*"v* js a block
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IV. CONTROL ALGORITHM

A step-by-step description of the proposed control algo-
rithm is provided below, with an illustrative example shown
in Fig. 2(b). The block diagram of the control strategy is
presented in Fig. 3.

Step 1: In the first step, the nominal single-phase switching
time instants ¢, rf, along with their corresponding single-phase
switch positions u,, that fall within the prediction horizon T},
are obtained from a look-up-table (LUT). For simplicity, it can
be assumed that these are based on an offline-computed OPP.
Moreover, the nominal pivotal time instants ¢, ..t are inserted
within the horizon. As a result, the comprehensive vector
of total time instants fmef, and the associated single-phase
switch positions u, for phase x are established. These vectors
encapsulate all necessary time instants and their corresponding
switch positions relevant to the prediction horizon Tj,.

Step 2: With the knowledge of the Z, time instants fmmef,
k€{1,2,...,%,}, and the corresponding Z, + 1 single-phase
switch positions i (tzeref), £ € {0,1,...,%,}, the gradients
m®(tyer) are computed with the help of (7) and (9). In
total z, + 2, + 2. + 3z, gradients need to be computed.
Subsequently, the gradient matrix M and the reference vector
r are formulated, see Appendix A.

Step 3: Following, the proposed MPC problem is formu-

lated. To this end, objective function (15) is minimized by
solving the following optimization problem, designed as a

SYSTEM PARAMETER VALUES IN THE P.U. SYSTEM

Parameter Symbol p.u.
Stator resistance R, 0.0108
Rotor resistance R, 0.0091
Stator leakage reactance Xis 0.1493
Rotor leakage reactance X 0.1104
Mutual reactance X 2.3489
Dc-link voltage Ve 1.9299
quadratic program (QP)
minimize |l — Mt||z~2 + M| A3
subject to  tg <ta1 <taz < ... <tz <to+T) (16)
to <tp1 <tpo <...<tpz <to+7T,
to <ter <teg <. <oz, <to+T,.

As can be seen, the to-be-computed switching and pivotal time
instants must adhere to constraints that ensure their chrono-
logical order is preserved within each phase. However, unlike
GP3C in [10], the switching time instants remain independent
across the three phases within any given interval [tp;, tpj41).
enabling independent control at the single-phase level. This
flexibility equips the controller with additional degrees of
freedom, allowing it to introduce three-phase switch positions
that do not exist in the baseline pattern. As a result, S-
GP3C achieves superior overall performance, as demonstrated
in Section V.

The QP (16) can be solved effectively using either stan-
dard off-the-shelf solvers or custom-designed in-house solvers
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Fig. 5. Simulation results for (a)-(c) S-GP3C and (d)—(f) FOC with SVM during nominal operating conditions. (a),(d) Electromagnetic torque 7. (black
line) and its reference (red dash-dotted line); (b),(e) three-phase stator currents %, qp. (solid lines) and their references (dash-dotted lines); (c) three-phase
(modified) switching pattern (solid lines) and nominal OPP (dash-dotted lines); (f) three-phase switching pattern.

tailored for the specific problem. Solving this QP yields
the vector of optimally modified switching and pivotal time
instants, i.e.,

v=lntogT um T " (17)
where the ¢; and ¢ are the vectors of the optimally modified
phase-z switching and pivotal time instant, respectively.

Step 4: In the final step of the control procedure, the optimal
switching time instants ¢* that fall within the first sampling
interval Ts of the prediction horizon T}, i.e., the interval
[kTs, (k + 1)Ts), are applied to the converter. Following the
receding horizon principle inherent to MPC, the prediction
window is then shifted forward by one sampling interval 7%.
The control algorithm is subsequently reinitialized, starting
again from the first step, ensuring continuous system operation
and feedback integration.

V. CASE STUDY

The proposed S-GP3C algorithm is implemented as current
controller in a 2 MVA drive system consisting of a three-level
neutral-point-clamped (NPC) inverter and an MV induction
machine, as shown in Fig. 4. It is assumed that the dc-link
voltage V. is constant and the NP potential fixed to zero.
The rated values of the machine are provided in Table I
while the drive parameters are shown in Table II. The drive
model, including the continuous-time state-space model (1)
matrices, is given in Appendix B. A three-level OPP is used
as the baseline pulse pattern and it has a pulse number
d = 5 resulting in a device switching frequency of 250 Hz
at nominal speed. The modulation index is m = 1.046. As
for the controller parameters, the sampling interval is set to
T = 50 ps and a prediction horizon of 25 time steps is used.

L ITDD =4.17 % 1
0.05r 1
0 LA l | LA l . 1\ L LA l\ A a
0 400 800 1200 1600 2000
Frequency [Hz]
(@)
0.1
L Itpp = 7.62% .
0.05- 1
0 LA l . l . A L L | . [ |
0 400 800 1200 1600 2000
Frequency [Hz]

(b)

Fig. 6. Stator current frequency spectra at nominal operating conditions; (a)
S-GP3C, (b) FOC with SVM.

The weighting factor ); is set to a value of 4 - 105. Finally,
all results are shown in the per unit (p.u.) system.

The steady-state performance of the proposed S-GP3C
strategy is examined at rated torque and nominal speed. The
corresponding results are shown in Fig. 5. As can be seen,
the stator current tracking performance of S-GP3C is excellent
and only minute modifications to the nominal OPP are needed
to correct the tracking error, thus ensuring that the electro-
magnetic torque accurately follows its reference. Moreover,
the ability of S-GP3C to use an OPP as a baseline pulse
pattern results in a very low stator current TDD of only 4.17%,
despite the very low switching frequency. Furthermore, as can



Lo e o e o~
? —
L]

Time [ms]

(@)

Time [ms]

(b)

f] I 1 I
0 2 & 6 8 10
Time [ms]

(©)

1
0,
-1F
1r i
Or r !
-1
1k
0 n H F
o i , [
0 2 4 6 8 10 9 2 g 6 8 0 o0 2 g 6 8§ 10
Time [ms] Time [ms] Time [ms]
(d) © ®
o JUT LT UL
Z1F
03 ;o A UL
0,
-1 4
0 V/\V/\\//\ (1)
0 2 4 6 8 10 0 2 4 6 8 10 0 2 4 6 8 10
Time [ms] Time [ms] Time: [ms]

(® ()

Q)]

Fig. 7. Simulation results for a torque reference step down for: (a)—(c) S-GP3C; (d)-(e) GP3C; and (g)—(i) FOC with SVM. (a),(d),(g) Electromagnetic torque
Te (black line) and its reference (red dash-dotted line); (b), (e), (h) three-phase stator currents % qp. (solid lines) and their references (dash-dotted lines); (c),
(), (i) three-phase (modified) switching pattern (solid lines) and nominal OPP (dash-dotted lines).

be seen in Fig. 6(a), the current harmonics are located at the
nontriplen odd multiples of the fundamental frequency thanks
to the symmetry properties of the OPP, which are preserved by
the controller to some extent. In contrast, field-oriented control
(FOC) with SVM (see Figs. 5(d)-5(f)) operating at the same
switching frequency, produces a stator current TDD of 7.62%,
i.e., more than 80% higher than S-GP3C (see Fig. 6(b)).

The improved dynamic performance is demonstrated by
comparing the proposed S-GP3C, with GP3C from [10] and
FOC with SVM in Fig. 7. Therein, the torque is stepped
down from 1p.u. to Op.u. at ¢ = 2ms. As shown, S-GP3C
achieves the fastest settling time—over 50% faster than the
other methods—due to the optimization of the switching time
instants at the single-phase level, allowing independent control
of the three phases. This effect is evident in Fig. 7(c), where,
e.g., at 2ms the controller introduces the three-phase switch
position [0 — 1 0], which is not locally present in the OPP.
This is something that GP3C from [10], by definition, cannot
achieve (see Fig. 7(f)), as it controls all three phases simul-
taneously, which limits its dynamic response. It is important
to note that while this capability allows for faster transients
and better disturbance rejection, it also facilitates the control
of complex systems, such as back-to-back configuration, with
a single controller.

VI. CONCLUSION

This paper proposed a control strategy referred to as S-
GP3C, which combines MPC with optimal modulation in the
form of OPPs. The discussed approach is a derivative of GP3C,
introduced in [10], with a fundamental difference that offers
additional degrees of freedom. This is achieved by utilizing
a single-phase contribution-based prediction model enabling
individual manipulation of the switching time instants at the
single-phase level. As a result, not only excellent steady-state
performance is achieved—owing to the use of an OPP as a
baseline pattern—but also faster transient responses, improved
disturbance rejection, and greater design versatility. These fea-
tures make S-GP3C particularly well-suited for systems with
highly complex dynamics. The presented results demonstrate
the superior performance of the proposed control scheme
compared to both the conventional GP2C as well as established
methods, such as FOC with SVM.

APPENDIX A
DESCRIPTION OF THE OBJECTIVE FUNCTION

By generalizing the expression (12), it can be shown that the
output at the modified pivotal time instants Z,; can be written



in the vector form

y(tp1) y(to)
y(tp2) y(to)
=7+ M. M, M Mp}t,
y(tpz,) y(to)
where matrix M,, € R"v#*%= g ¢ {a, b, c}, is given by
M, =
mg m% : m:;zl Onyxl Ony><1 Onyxl te Onyxl
mg my m§21+z12 Onyxl Onyxl
x x . T
Mo M1 ijp:I Zaj
with mf = m”* (tmj)ref) - m”® (twj_l,_l)ref), and Zxj being

the number of the nominal switching time instants between
two consecutive pivotal time instants, i.e., it holds that
Zj"zl Zyj = %z Moreover, the matrix M, € R"v*** is given
by

My Op,x1 0r, x1
mpo mpl . . O’ﬂyXl

Mp = . . . . . )
My Mp1 My,

where
mpj = ma(tazaj,ref) + mb(tbzbj,ref) + mc(tczcj,ref) )
and

mp;—1 = m* (tazaj 7ref) + mb(tbzbj 7ref) + mc(tczcj,ref)

- (ma(tazaj +1,ref) + mb(tbzijrl,ref) + mc(tczcj +1,ref)) .

Based on the above, the vector  and the matrix M in (15)
are given by

yref(tpl ,ref) - y(fo)

yref(th,ref) - y(tO)
,r. = . )

yref(tpzp,ref) - y(tO)

and
M= M, M, M, M,.

APPENDIX B
MODEL OF THE MV DRIVE SYSTEM

The drive system in Section V is modeled in the stationary
orthogonal (a3) plane. The state consists of the stator current
and rotor flux, i.e., & = [isq is8 Yra 1/)7«5]T € R*. The input
is the three-phase switch position uap. € {—1,0,1}3, while
the stator current serves as the system output, i.e., y = i5 €
R2. By modeling the dynamics of the MV drive system, a
continuous-time state-space model of the form (1) is obtained,

where the matrices are defined as [12]

1 X, X
-= 0 oD W
1 Xm Xm
p_ |0 % B IH
=0 -5 e |
0 Xm Wy L
10
Vie X, |01 1000
G=-%2r K, C= :
2 D |0 0 01 00
0 0

where 7, = X, D/(R,X? + R, X2) and 7, = X,./R,, are
the transient stator and rotor time constants, respectively, and
D= XX, — X2, with X; = X+ X, and X,, = X+ X,
being the stator and rotor self reactances, respectively, while
Xis, Xir, and X,,, are the stator leakage, rotor leakage, and
mutual reactances, respectively. Finally, R, and R, are the
stator and rotor resistances, respectively, and w, is the rotor
(electrical) speed.
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