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Gradient-Based Predictive Pulse Pattern Control of
Five-Level Medium-Voltage Drives With DC-Link
Voltage Ripple Minimization

Ilari Hilden
and Tobias Geyer

Abstract—This article presents a control and modulation strat-
egy for medium-voltage (MV) five-level neutral-point-clamped
(NPC) H-bridge drive systems. The proposed method combines
system-specific optimized pulse patterns (OPPs) and a gradient-
based model predictive control (MPC) scheme. Specifically, the
OPPs are designed to reduce the significant DC-link voltage ripple,
which is an inherent drawback of the topology at hand, while
simultaneously enabling very low stator current total demand
distortion (TDD). To achieve high-bandwidth closed-loop oper-
ation, the developed MPC scheme individually manipulates the
OPP switching time instants at the single-phase level. As a result,
the combination of optimal control with optimal modulation en-
sures both excellent steady-state performance and fast dynamic
responses. The proposed approach is validated in real time using
a hardware-in-the-loop (HIL) environment, demonstrating its ef-
fectiveness and superior performance compared to conventional
methods such as field-oriented control (FOC) with space vector
modulation (SVM), direct torque control (DTC), and finite control
set MPC (FCS-MPC).

Index Terms—DC-link voltage ripple, high-power drives, model
predictive control (MPC), multilevel converters, neutral point
potential, optimal control, optimized pulse patterns (OPPs).

I. INTRODUCTION

N HIGH-POWER medium-voltage (MV) drive systems,

multilevel converters are widely used due to their advantages
over conventional two-level voltage source converters, such
as improved current quality, lower output voltage dv/dt, and
reduced common-mode voltage [1]. These features make them
attractive for applications, including pumps, fans, compressors,
and steel rolling mills [2]. One adopted topology is the five-
level neutral-point-clamped (5L-NPC) H-bridge inverter [3]. It
consists of three five-level H-bridge cells, each supplied by
independent DC links fed by three 12-pulse diode rectifiers.
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This configuration doubles the output voltage capability of a
standard three-level NPC inverter, while maintaining the same
device voltage stress, thus enabling the use of semiconductor de-
vices with lower voltage rating. Moreover, the 36-pulse rectifier
configuration—though requiring an expensive transformer—
achieves network currents with very low harmonic distortion,
complying with harmonic grid standards (e.g., IEEE 519 [4])
without additional harmonic input filters.

The S5L-NPC H-bridge inverter drive system, however,
presents several challenges. First, MV drives are operated at
low switching frequencies of a few hundred hertz to limit the
switching losses and remain within the cooling capabilities of
the converter, and thus, retain the full power capability [5], [6].
At a such low switching frequencies, the harmonic performance
of commonly used modulation methods, such as space vector
modulation (SVM) and carrier-based pulsewidth modulation
(CB-PWM) [7], is unsatisfactory. In addition, the presence of
three independent DC links requires balancing the voltages of
the DC-link capacitors in each phase by keeping the corre-
sponding neutral point (NP) potentials close to zero. More-
over, the single-phase power draw by the induction machine
(IM) results in a dominant second harmonic in the DC-link
voltages, which can increase the stress on the semiconductor
devices.

The above challenges can be collectively addressed through
optimal modulation in the form of optimized pulse patterns
(OPPs) [8]. OPPs are computed offline by solving a mathemat-
ical optimization problem that typically aims to minimize the
load current total demand distortion (TDD) [9]. The resulting
pattern, i.e., the switching angles (switching time instants) and
corresponding switch positions, is stored in a look-up table
(LUT) and retrieved in real time during drive operation. As
a result, favorable steady-state performance is achieved, since
the OPPs yield the theoretically minimum current TDD at a
given switching frequency. More interestingly, owing to the
versatility of the optimization problem formulation, OPPs can
be designed to address additional objectives and system-specific
challenges [10], [11]. This flexibility can also be exploited to
reduce the DC-link voltage ripple, as demonstrated for two-level
converters in [12].

As for the NP potential balancing, this is typically achieved
by exploiting the switching-state redundancies inherent in five-
level converters. This can be done either by directly manipulating
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Fig. 1.

the switching states [13], [14], or through modulation schemes
utilizing phase-shifted carriers to manipulate the application
times of the redundant states [15], [16]. The former, however,
may lead to unbalanced utilization of the switching devices,
and thus to uneven distribution of the thermal stress among
them. The latter strategy, i.e., PWM-based approaches, is not
applicable to OPPs, as the application times are predetermined
during the offline optimization procedure. However, owing to
the precomputed nature of OPPs, the redundant switching states
can also be determined in advance [6], [17], [18]. For example,
in [6] it was shown that by properly selecting the redundant states
ensures equal utilization of the switching devices, while the NP
potential does not drift, but merely oscillates under balanced
load conditions.

Despite the benefits of OPPs and their potential to ad-
dress all challenges associated with the SL-NPC H-bridge in-
verter drive system, manipulating them in a high-bandwidth
closed-loop setting remains challenging [19]. This is due to
the discontinuities in the switching angles with respect to the
modulation index and the absence of a fixed modulation cycle.
To address this issue, model predictive control (MPC) can be
employed owing to its design flexibility and its ability to directly
manipulate control actions, such as the switching angles in
the case of OPPs [20], [21]. In this regard, an MPC scheme
incorporating OPPs—named gradient-based predictive pulse
pattern control (GP3C)—was proposed in [22] as a current
controller for MV IM drives. Thanks to its simple yet versatile
prediction model, which relies on system output gradients, the
method was shown to achieve fast dynamic performance by
adjusting the switching time instants of the OPP in real time.
Nevertheless, this method—and its subsequent modifications for
different systems and objectives, e.g., higher-order systems [23]
or NP potential control in three-level NPC converters [24]—are
limited to a predefined set of switch positions, i.e., voltage
vectors dictated by the baseline pulse pattern. Consequently,
the dynamic performance and disturbance rejection capabil-
ity of the controller may be compromised, since the inher-
ently rigid structure of the offline-computed OPP can limit the
bandwidth and prevent full utilization of the available DC-link
voltage.

Considering the above, this article proposes a comprehensive
control and modulation strategy for the 5L-NPC H-bridge drive,

inverter star point

MV drive with a 36-pulse diode rectifier, a five-level NPC H-bridge inverter, and an IM.

combining OPPs and MPC. Specifically, system-tailored OPPs
are developed to mitigate the pronounced DC-link voltage ripple
inherent to this inverter topology, while simultaneously ensuring
equal utilization of the switching devices and very low stator cur-
rent harmonic distortion. Similar to [22], a gradient-based MPC
scheme is employed to adjust the OPP switching time instants
in real time to achieve fast closed-loop performance. However,
the proposed MPC scheme manipulates the OPP switching
instants at the single-phase level—rather than at the three-phase
level as in [22]—thereby enabling the controller to exploit a
wider range of voltage vectors and improve the dynamic perfor-
mance of the drive. Throughout this article, the proposed control
method is referred to as GP3C with a single-phase formulation
(S-GP3C).

In conclusion, the contributions of this article are threefold as
follows:

1) Tailored OPPs for the SL-NPC H-bridge drive that effec-
tively reduce the DC-link voltage ripple while achieving
very low stator current harmonic distortions.

An optimal NP potential balancing strategy that ensures
equal utilization of the switching devices and prevents NP
potential drift under all operating conditions.

A novel gradient-based MPC scheme that manipulates the
switching time instants of the baseline pulse pattern at the
single-phase level.

The favorable performance of the proposed OPPs in com-
bination with S-GP3C is demonstrated through real-time
hardware-in-the-loop (HIL) tests. These results confirm the
effectiveness of the proposed approach and its superiority
over conventional field-oriented control (FOC) with SVM, di-
rect torque control (DTC), as well as finite control set MPC
(FCS-MPC).

The rest of this article is organized as follows. Section II
presents the SL-NPC H-bridge drive system and its mathematical
model. Section III reviews the basic principles of OPPs and in-
troduces the proposed OPP optimization problem, including the
optimal selection of the redundant switching states. The problem
formulation and detailed description of the proposed S-GP3C
scheme are provided in Section IV. Section V demonstrates
the benefits of the proposed approach through HIL tests and
comparisons with the aforementioned control methods. Finally,
Section VI concludes this article.

2)

3)
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II. MATHEMATICAL MODELING OF THE FIVE-LEVEL NPC
H-BRIDGE DRIVE

The modeling of the system is done partly in the stationary,
orthogonal («3) reference frame and partly in the three-phase
(abc) reference frame. The transformation from a three-phase
variable & _;,. to the corresponding variable in the orthogonal
reference frame £,4 is done with the Clarke transformation
matrix K with §,5 = K&, where

211 -1 —1]
K =- 2 2. (1)
V3 3

Throughout the article, the subscript abc denotes a variable
in the three-phase domain, while subscript a3 is omitted for
variables in the stationary, orthogonal reference frame.

A. Inverter Modeling

Consider the SL-NPC H-bridge drive depicted in Fig. 1. Each
phase of the drive features a 12-pulse diode rectifier supplying a
DC link comprising two identical capacitors of reactance Xpc.
The DC link, in turn, feeds two three-level NPC legs which
together build a five-level H-bridge cell. To form a three-phase
connection, the output of the left NPC leg of each phase is
connected to the inverter star point, while the output of the
right NPC leg is connected to the IM. In any phase x € {a, b, c}
either of the NPC legs can be connected to the negative, the
neutral, or the positive potential of the DC link. Therefore,
each phase has nine possible single-phase switching states
sy =[S1 S2 S5 Su]T, Si€{0,1}, i€ {1,2,3,4}, with S;
being the switching state of the ith switch. Note that S} = 1 — .5;
is the complementary switching state of ;.

With the knowledge of the upper (lower) DC-link capaci-
tor voltage in phase @, Upcup,z (UnClo,2)> the output—i.e., the
stator—voltage of phase x can be expressed as

Vs,p = (UDC,up,z[]- 0 -1 0} =+ UDC,lo,z[O 10 — ].])Sz . 2)

However, it is worth noting that while nine unique single-phase
switching states exist, the SL-NPC H-bridge topology can only
produce five distinct single-phase output voltage levels. These
correspond to specific single-phase switch positions, modeled
with the integer variable u, € {0,+1,£2}. The relation be-
tween the switch positions and the switching states is shown in
Table I. As can be seen, switch positions u, = £1 and u, =0
have two and three redundant switching states—referred to as
single-phase redundancies—each, respectively, while the switch
positions u, = +2 have unique mappings to the switching
states. An example of a such a single-phase redundancy for
switch position u,, = 1 is shown in Fig. 2.

Of these single-phase redundancies, the redundant states for
switch position u,, = 0 not only do not affect the output voltage,
but also leave the NP potential unchanged. Conversely, the
redundant states for switch positions u,, = 41 do affect the NP
potential vy, ,, in phase = given by

Un,x = E(UDC,up,x - 'UDC,IO,:I:) . 3)
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TABLE I
SWITCHING STATES OF THE FIVE-LEVEL NPC H-BRIDGE INVERTER AND
CORRESPONDING VOLTAGE LEVELS AND SWITCH POSITIONS

S1 S2 Sz Sa Vs, Uy
1 1 0 0 Ude,up,z T Vde,lo,x 2
1 1 0 1 Vde,up, = 1
0 1 0 0 Vde, lo, z 1
1 1 1 1 0 0
0 1 0 1 0 0
0 0 0 0 0 0
0 0 0 1 —Udc,lo,x —1
0 1 1 1 —Vde,up,x —1
0 0 1 1 _(Udc,up,z + Udc,lo,z) -2

I S3
Ude,up,z
| 51
N ¢
| &S St
Ude,lo,x o
l S Sh 8
(a)
I S3 S
Ude,up,z
| YR,
N o
I s
Ude,lo,x v
l Sé S,

(®)

Fig. 2. Example of single-phase redundancy where switch position u, = 1
is realized using (a) the upper capacitor vpcup, and (b) the lower capaci-
tor vpc,lo,z.- The current path is highlighted in red assuming positive phase
current is .

Finally, the NP potential changes as a function of the single-
phase switching state s, and the stator current 7 , as

dvg, 1
dt  2Xpc

whereo=[1 —1 —11]7.

0" sis . )

B. IM Modeling

The IM is modeled in terms of the stator current ¢, and the
rotor flux ),.. Its dynamics can be described in the a3-frame
according to

do. 1Ly O ) Emy Ay
a -~ e T\RTT o D" DF

(5a)

d X . 1
’(/JT - 1s — 7¢r + Wy
Tr

5b
dt T (5b)

10

0 —1] "
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where 7, = X, D/(R;X?+ R, X2) and 7, = X, /R, are
the stator (transient) and rotor time constants, respectively.
Moreover, the stator and rotor self-reactances are X, = X +
X, and X, = X, + X,,, with X5 and X, being the stator
and rotor leakage reactances, respectively, and X, is the mutual
reactance. Further, R (R,) is the stator (rotor) resistance. The
constant D is given by D = X, X, — X% and I, is a 2-D
identity matrix. Finally, the rotor angular speed w,. is considered
to be a slowly varying parameter, and therefore, its dynamics
are not modeled.

C. State-Space Model of the Drive System

Given the differential equations for the IM in (5) and
the NP potential dynamics in (4), the system can be rep-
resented by a continuous-time state-space model. To this
aim, let the system input be the three-phase switching state
Sape = [T sI'sT1T € {0,1}", with n, = 12. The state is

(&
T = [ng Tyl T € R™ (n, = 7), comprising the stator

T vn,abc
current 45 and rotor flux ¢, in the a5-frame, along with the
three-phase NP potentials v, ape = [Un.a Unb Vn.c]’ € R3. The
outputis y = [i] vl |7 € R" (n, = 5). Using (2), (4), and

(5), the system is described by

O _ Pt + Gauelt) (6a)
y(t) = Cx(t) (6b)

where F'(t) € R™=*"= is the system matrix, and G € R"=*"u
and C' € R™v*™= are the input and output matrices, respectively,
provided in Appendix A.

III. OPPs WITH REDUCED DC-LINK VOLTAGE RIPPLE

This section summarizes the basics of quarter- and half-wave
symmetric (QaHWS) OPPs and half-wave symmetric (HWS)
OPPs. Following, the proposed OPPs capable of reducing the
DC-link voltage ripple are presented, along with the optimal
selection of the redundant switching states.

A. Conventional Quarter- and Half-Wave Symmetric OPPs

Assume a single-phase five-level switching signal u(0), i.e.,
u € {0, £1, £2}, with a periodicity of 2. Such a signal can be
described by the Fourier series

u(f) = % + Z(an cos(nf) + b, sin(nd)) (7)
n=1

where a,, and b,, are the Fourier coefficients of the n!™ harmonic.
By imposing QaHWS, i.e.,

u(m —6) = u(h)
u(f) = —u(0 + )

(8a)
(8b)
the switching signal (@) is fully defined by a set of d €
N+ switching angles oy, i € {1,2,...,d}, within the interval

[0, /2], and the corresponding d + 1 switch positions u; with
j€40,1,2,...,d}. Given the above, it can be shown (see,
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e.g., [25]) that the Fourier coefficients a,, and b,, are

an=0,n=01,2,... (9a)
A s A cog(ney), n=1,3,5
p— nm Z:1 2 ) ) ) e
bn { 0, n=24,6,... Ob)

where Au; € {—1,1}, i € {1,2,...,d}, is the ith switching
transition between two consecutive switch positions, i.e.,

A’U,Z' = U; — Uj—1 - (10)

To increase the degrees of freedom of the OPPs, symme-
try properties can be relaxed. Specifically, by relaxing the
quarter-wave symmetry requirement (8a), the switching signal
u(#) is described by the 2d € NT switching angles o, i €
{1,2,...,2d}, within the interval [0, 7], and the corresponding
2d + 1 switch positions u;, j € {0,1,2,...,2d}. In this case,
the Fourier coefficients a,, and b,, are

— 2 32 AU gin(nay), n=1,3,5
— nm =1 2 1) sy Jy e
an { , n=024. .
2 2d  Auy o . _
b, — 4 nr Yoty S cos(nay), n=1,3,5, (11b)
) n = 2,4,6,

Typically, OPPs are designed to minimize the harmonic dis-
tortions of the load current. Hence, the load current TDD

1 R
Itpp = —— [ ) 2
\/§In0m le#:l

is employed as the performance index. In (12), Iom is the
nominal rms current and 7,, is the amplitude of the nth harmonic
of the load current. Given that the inverter is connected to an IM
with a total leakage reactance X ..} the nth current harmonic is
given by

12)

iy = — (13)

nwi1 Xy

with w; being the fundamental angular frequency. For the 5L-
NPC H-bridge inverter the amplitude of the nth stator voltage
harmonic v,, is ¥, = Vpct,, where Vpc is the nominal DC-
link voltage and ,, is the amplitude of the nth switching signal
harmonic given by i, = /a2 + b2. Thus, by combining (12)
and (13) the current TDD becomes

Itpp = _ Voe
\/ﬁlnomlea
~————

C

(14)

Considering the minimization of the current TDD (14), the
term c is simply a system-dependent scaling factor, hence, it
can be disregarded. Accordingly, the objective function of the
conventional OPP optimization problem depends only on the
pulse-pattern-dependent part, i.e.,

2.

~ 2
n=>5,7,11,... n

I'The stator resistance R is considered negligible and can thus be omitted.

J= 15)



13050

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 41, NO. 8, AUGUST 2026

TABLE II
QAHWS AND HWS OPP OPTIMIZATION PROBLEMS

QaHWS HWS
b2 a2 + b2
minimize —g minimize "J; L
oW ST, T @2d>Y2d o9 T
subject to by =m (16) subjectto a3 =0, b; =m a7
O<ar<az < <ag< 3 O<ap<ag < - <agg<Tm
U¢€{0,1,2}, |uifui,1|=1 ui€{0,1,2}, \ui7u¢,1|:1

vie{l,...,d},

Note that even order harmonics (n = 2,4, 6, .. .) are not consid-
ered in (15) as these do not exist due to the imposed symmetry
properties [see (9) and (11)]. In addition, assuming a balanced
load with a floating star point, the common-mode harmonics—
i.e., the harmonic orders which are integer multiples of three
(n=3,6,9,...)—are also omitted since they do not drive har-
monic current.

With the above definitions the QaHWS and HWS OPP op-
timization problems can be formulated as shown in Table II.
Therein, g = [oq a9 ... Oéd]T (agd = [Oél g ... agd]T) and
wg = [uguy ... ug)t (ugg = [uguy ... ugg)?) are the first d
(2d) switching angles and the corresponding d +1 (2d + 1)
switch positions, respectively. The constraint m = b; ensures
that the fundamental component of the switching signal is equal
to the modulation index m € [0,4/7]. For the HWS OPPs, the
constraint a; = 0 ensures that the phase of the fundamental
component is zero. The remaining two constraints ensure that
the switching signals are feasible, i.e., the switching angles are
in ascending order and the switch positions change by only one
level at a time.

Finally, note that once the single-phase OPP is computed—
assuming it corresponds to phase a, i.e., u = u,—the patterns
for phases b and ¢ can be obtained by appropriately shifting it.

B. Harmonic Analysis of the DC-Link Voltage Ripple

Consider again the SL-NPC H-bridge drive in Fig. 1. Each
phase of the IM is supplied by an independent DC link, implying
that the power drawn by the load from the DC side is single-
phase. As a result, a dominant second harmonic component
appears in the DC-link voltage. Assuming a purely sinusoidal
stator current and that a QaHWS or HWS switching signal is
applied, the instantaneous power drawn from the DC link in a
single phase can be approximated as

>

n=1,3,5,...

Pload (t) ~ Iload sin(wlt —+ d)) <VDC (an cos(n@)

+b, sin(n@))) (18)

where [},,q 1s the magnitude of the fundamental component of
the load current, and ¢ is the displacement angle, i.e., the angle
between the converter voltage and the load current. In (18), it
is assumed that the DC-link voltage is constant and equal to
its nominal value Vpc. In practice, this assumption is violated
due to the significant second harmonic present in the DC-link

vie{l,...,2d},

voltage. Therefore, for an accurate description of the instanta-
neous power, the harmonic content of the DC-link voltage and
the load current should be taken into account. However, as these
components are significantly smaller than the DC component
of the DC-link voltage and the fundamental component of the
load current, respectively, they have only a minor influence on
the resulting power expression. Moreover, the harmonic content
of the DC-link ripple and the load current is itself a function
of the to-be-computed switching signals. Hence, for the sake of
simplicity and to retain a tractable analytical formulation, these
components are disregarded in the following analysis.

Due to the natural commutation of the diode rectifier, the
instantaneous power supplied by the rectifier to the DC link
Psupp(t) 1s difficult to model accurately. Nevertheless, given
Dsupp (t), the DC-link voltage can be described based on the
energy stored in the DC-link capacitors as

4

ve®) = | 0o

t t
/0 Psupp(T) dT — /0 Proad(7) d7 | . (19)

enc.supp (1) epcload (1)

The following analysis focuses only on the the capacitor
energy term in (19) related to the load side, i.e., epcoad(t), as
the supply-side capacitor energy epc supp(t) is not a function of
the switching signal. Thus, with (18), epc 10ad becomes

io2a V1 1 by .
epc.load (t) = % <2tw1 cos(¢) — Zl sin(2w1t + &)
Qp
=+ Z mcos(—(n— 1)W1t+¢)
n=3,5,7,...
a
- —"—cos((n+ Dwit + ¢)
n=35,7,... 2(n+1)
bn sin(—(n — Dwit + ¢)
- Yy —(n — 1
n=3,5,7,... 2(n—1)
bn sin((n + 1wyt + (b))
_ I L )
n=3,5,7,... Q(TL + 1)

(20)

As can be seen, a term increasing linearly with time and even-
order harmonic terms are generated to the DC link from the load
side. The linear term %t cos(¢) corresponds to the average power
flow from the DC link to the load and must be compensated
for by the rectifier to maintain the average DC-link voltage at



HILDEN et al.: GRADIENT-BASED PREDICTIVE PULSE PATTERN CONTROL OF FIVE-LEVEL MV DRIVES

its nominal value Vpc. The even-order harmonics, which cause
instantaneous power oscillations, cannot be fully compensated
for by the first-quadrant diode rectifier and therefore appear as
ripple in the DC-link voltage.

Considering only these harmonic components in (20), they
can be expressed as the (scaled) Fourier series

Ti0aa V1
Aepcioad(t) = badDC( >

5 an+1.pc cos ((n + 1)wqt)
Wi n=1,3,5,...

+ bn—i—l,DC sin((n—l— 1)0.)1t)> 21

with the Fourier coefficients
—ay, co8(@) —by, sin(¢p)+ a2 cos(P) —byro sin(P)
n—+1

ay, sin(@) —by, cos(@) + a2 Sin(@) + by, 42 cos(@)
n+1 ’

Gn+1,DC =

bn+1,DC -

With the above mathematical expressions, the DC-link volt-
age (19) becomes

'UDC(t) = {AXT)C </0 psupp(T) dr
- AeDC,load(t)> } .

It is important to note that the effect of the supplied power
Dsupp (£) on the DC-link voltage vpc(t) is not explicitly known.
It can, however, be assumed that the rectifier is designed to
maintain the average DC-link voltage at its nominal value Vpc.
In addition, the rectifier may interact with the harmonics origi-
nating from the load side, potentially amplifying or attenuating
them. Nevertheless, the harmonic components originating from
the load side in (22) are a function of the switching signal. Hence,
by appropriately manipulating it, the harmonic content of the
capacitor energy—and thus the DC-link voltage ripple—can be
influenced.

T10aaVe 1
_ load VDC §tCOS(¢)

w1

(22)

C. OPPs With Reduced DC-Link Voltage Ripple

To enhance drive performance, this work introduces OPPs
specifically designed to reduce the harmonic content of the
DC-link voltage. Although the interaction between supply and
load harmonics in (22) is not fully captured, the use of a 36-pulse
rectifier ensures that the supply side harmonics are negligible
compared to the dominant second harmonic generated by the
load. Consequently, the capacitor energy harmonics Aepc orig-
inate primarily from the load side, i.e.,

>

n=1,3,5,...

Aepc ~ Aepciiond = (Aéni1pciond)” . (23)

where the (scaled) amplitude of the (n + 1)th harmonic is

5 _ [ 2
Aé41,pCload = \/an+1,DC + b541.pc - (24
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Based on this, the proposed OPPs can focus exclusively
on minimizing these harmonics, thereby reducing the DC-link
voltage ripple. Accordingly, the associated objective function
that captures the (approximate) DC-link capacitor energy ripple
can be defined as

Z QELJrl,DC + b721+1,DC . (25)

n=1,3,5,...

Jpc =

With this objective function, the proposed OPP optimization
problem can be formulated. To further suppress the DC-link volt-
age harmonics, HWS OPPs are chosen. By doing so, the phase
of the switching signal harmonics can be manipulated, leading
to an increased solution space. In addition, to maintain excellent
load current quality, the stator current TDD—represented by
the objective function (15)—is constrained by the following
inequality:?

a? + b2
5 (26)

Z T"Se.]*(m,d).

n=>5,7,11,...

Here, J* is the optimal value of problem (17), and ¢ > 1 is a
tuning parameter. Adjusting e allows the designer to balance the
reduction of the DC-link voltage ripple against the stator current
TDD. Lower values of ¢ prioritize current quality at the expense
of higher DC-link voltage ripple, whereas larger values of € have
the opposite effect. For example, setting ¢ = 1.2 permits a 20%
increase in the stator current TDD with respect to the theoretical
minimum achieved by conventional HWS OPPs, whereas € = 1
leads to conventional HWS OPPs. This constraint thus provides
a flexible and intuitive means to fine-tune the trade-off between
the stator current TDD and DC-link voltage ripple.

In summary, the proposed OPP optimization problem that
achieves an optimal balance between low DC-link voltage ripple
and stator current TDD is formulated as

. 2 2
minimize E a1 pc + bni1pe
24, U2d ’ '
n=13,5,...
2 | 12
_ az +b
subject to E " < eJ(m,d)
n
n=5,7,11,...

27)
[25] :O,bl =m

O<ap<ag < - <agg<T
ui6{0,1,2}, |ui—ui,1\:1
Vie{l,...,2d}.

D. Optimal Selection of Redundant Switching States

As a result of the OPP optimization procedure, the optimal
switching angles a4 and the corresponding switch positions
ugg are obtained. However, as explained in Section II, for
a SL-NPC H-bridge inverter, switch positions u, = 1 can
be realized by two different switching states. Specifically, by
inspecting Table I and the dynamics of the NP potential (4), it

2In the objective function (15), the DC-link voltage is assumed to be stiff,
which does not hold in practice for the considered system. The same assumption
is adopted in the formulation of the constraint (26). However, since the dominant
second harmonic in the DC-link voltage does not significantly degrade the stator
current quality [26], neglecting the DC-link voltage ripple in both formulations
constitutes a valid approximation and does not compromise the results of the
OPP optimization.
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Fig. 3. Example of pattern interchange. The switch position u of the inverter
(shown in blue) is synthesized as the difference between the switch position of
the right u,. and left u; NPC legs, i.e., u = u,. — ;. To achieve equal utilization
of the switching devices, the two three-level pulse patterns (red and green) are
interchanged between the two legs every fundamental period.

can be inferred that these single-phase redundancies have the
opposite effect on the NP potential. Therefore, with appropriate
selection of these redundancies, the NP potential can be mod-
ified. In contrast, the redundancies for switch position u, = 0
do not affect the NP potential and are thus not considered in the
following.

For the best possible performance of the drive, the NP poten-
tial should be maintained close to zero. However, when selecting
the single-phase redundancies additional factors must be consid-
ered. Specifically, the utilization of the switching devices should
be balanced to ensure even thermal stress. For this reason, the
concept of pattern interchange [18] is adopted. In this approach,
the single-phase redundancies are alternated every fundamental
period, meaning that the three-phase switching patterns of the
two NPC legs are interchanged every fundamental period. This
approach ensures that the thermal loading of the switching
devices is evenly distributed over two fundamental periods while
the load current quality remains largely unaffected [6], [26]. An
illustrative example of pattern interchange is shown in Fig. 3.

Thanks to pattern interchange, the NP potential does not drift
but only oscillates at half the fundamental frequency. However,
the to-be-used single-phase redundancies within a single fun-
damental period must be decided. To address this, this paper
proposes a selection strategy that aims at minimizing the NP
potential energy over the fundamental period.

To this end, assume that the load current is sinusoidal with
amplitude I,,q. By considering phase a as an example, integrat-
ing (4) then gives the phase-a NP potential as®

0
Un.a(0) = Tiowd / ol's,(0)sin(6 + ¢)dd.  (28)

’ 2Xpc Jo
Here, the switching state signal s, (6) is a piecewise-constant
function that is defined by the switching angles «;, i€
{1,2,...,2d}, and the corresponding switching states s, ; asso-
ciated with the 2d OPP switch positions u;. Moreover, the initial
switching state is 8,0 = [0 1 0 1], since up = 0 by design of
the OPP.

As discussed in Section II, switch positions u, = +1 can
be realized through switching states s, that either increase or
decrease the NP potential.* To capture this behavior mathemat-
ically, the variable g € {—1,0,1} is introduced, where g =1

3 An analogous analysis applies to phases b and c.
“#Note that for switch positions u, € {0, 42}, 07 s, = 0 holds.
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(g = —1) indicates that the applied switching state increases
(decreases) the NP potential, while g = 0 represents a switching
state with no influence on it. With these definitions, the NP
potential in phase a can be expressed over one fundamental
period as

l
I Z

’Un,a(af) = 2XDC gifl/
1=1

sin(0 + ¢)do (29)

23
Q-1

where ag = 0. Subsequently, by evaluating the integrals, (29)
becomes

Un,a (af) =

4
I
e (Lot o

—cos(a; +¢)) + ck> (30)

where cj; € R is the integration constant.

Since the objective is to exploit the switching-state redundan-
cies to minimize the NP potential energy over one fundamental
period, an offline optimization problem is formulated. To this
end, its objective function represents the (approximate) NP
potential energy in phase z, i.e.,

2d
Jy, = Z Un,gg(ozi)2 .
i=1

Here, only the 2d switching angles that correspond to switch
positions u, € {—1, 1} are considered, as these are the only ones
that affect the NP potential, i.e., g, = 1. With some algebraic
manipulations, which are provided in Appendix B, the objective
function can be written in a compact vector form

Jo, = 9" P(¢)g

where the vector g = {1, —1}?? collects the 2d single-phase
redundancies over one fundamental period, and the matrix
P(¢) € R?2d i5 upper diagonal, with nonzero entries that
depend on the displacement angle ¢ and the switching angles
g (see Appendix B).

The dependence of the matrix P(¢) on the displacement angle
¢ implies that an optimal redundant sequence must be computed
for every triplet {m, d, ¢}. To avoid this, the entries of matrix P
are averaged over a range of displacement angles ¢ € [0, 7/2].
With the averaging, the objective function becomes

(1)

(32)

N
1
Jvn,avg - N ZIQTP(¢j)g = gTPavgg
=
with Py = (P(¢1) + P(¢2) + ...+ P(én))/N, and N €
N being the number of discrete samples of ¢.
With the above, the optimization problem that results in the
optimal redundant switching states g* is formulated as

(33)

. . . T
minimize g Pu.g
subjectto g € {—1,1}%.

Problem (34) is solved for each {m, d} pair, in the same manner
as the OPP optimization problem, and the resulting solutions are
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stored in a LUT. Once the optimal redundant switching states
g* are determined—defining the switching function s(6) for a
given OPP—the corresponding optimal NP potential references
can be calculated from (28) and also stored in a LUT for use by
the controller developed in the sequel.

IV. GRADIENT-BASED PREDICTIVE PULSE PATTERN CONTROL
WITH SINGLE-PHASE FORMULATION

Consider a three-phase power electronic system—such as the
5SL-NPC H-bridge drive of Fig. —described by the continuous-
time state-space representation (6). Assume a known baseline
switching state signal, e.g., an OPP as described in Section III.
Let T,, = T, N,, denote the prediction horizon, with T being
the sampling interval and N, € N the number of prediction
steps. In an arbitrary phase z € {a,b,c}, 2z, € NT switching
time instants of the OPP fall within the prediction horizon. These
reference switching time instants are gathered in the vector
(35)

T
J— 2
taz,ref - {txl,ref tgc2,ref txzz,ref € R* .

In conjunction with the reference switching time instants, the
corresponding single-phase OPP switching states are collected
in the vector

T
S0 =

T T
Sz (txzw ,ref) :|

(36)

{Sx (twO,ref)T Sz (t;cl,ref)T
€ {0,1}u(zaHD)

with s, (t40.ref) being the currently applied switching state.
The control objective of the proposed S-GP3C algorithm is
to regulate the output variables y along their optimal output
reference trajectories y,.;, generated based on the baseline OPP
(see [22]), over the prediction horizon T},. This is achieved by
modifying the switching time instants ¢, ref, ¢ € {1,2,..., 25},
of each phase in real time such that the output error is minimized.
This control objective is captured by the objective function

I

=7 [ ) - w01 a7)
pJo

where Q € R™»*"™v is a positive definite weighting matrix, with

diagonal elements that set the relative importance of each output

reference tracking.

A. Control Method

Letz, € N7 be the number of additional time instants tpjrefs
j=1,2,..., %, within the prediction horizon 7T},. These time
instants, referred to as “pivotal” time instants, appear in the
switching pattern of all three phases, but do not correspond to
any switching action; the switching state remains unchanged
at these time instants, i.e., Sqpe(tpjrer)” = Sabe(tpjrer) ™. The
sole purpose of these instants is to enable the prediction of the
output variables within the horizon 7},. Hence, both the number
zp and their locations within the horizon are design parameters of
the S-GP3C algorithm. They are chosen as a tradeoff between
the output reference tracking accuracy and the computational
burden of the algorithm, i.e., a higher z, improves the reference
tracking accuracy but also increases the computational cost.
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tzO,ref = tO tml,ref

to+Tp

t

T T
tzZ,ref tpl,ref tz3,ref tp2,ref

Fig. 4. Example of a two-level single-phase pattern with three reference
switching time instants 41 ref, t22,ref» and t;3 ref and two pivotal time instants
tp1 ref and tp2 ref-

In a single phase z, the vector of all to-be-considered time
instants is obtained by merging the reference switching time
instants ¢.; ror and the pivotal time instants Z,; ror in chronological
order, yielding the vector ¢, .t € R**, where Z, = z, + 2,. In
addition, the vector of the corresponding switching states is
updated accordingly to 3.7 € ZZ*1. To elucidate this concept,
the following example is provided.

Example 1: For simplicity, consider a two-level single-phase
switching state s, € {0,1}. Fig. 4 illustrates an example of a
single-phase switching pattern. Within the prediction horizon
T,, there are three nominal switching time instants in phase z,
namely €;1 ref, ta2,ref, and 43 rof, 1.€., 2, = 3. In addition, two
pivotal time instants, ;1 rer and Zp2 ref, are present, i.e., z, = 2.
Consequently, the vectors of time instants and corresponding
switching states are, respectively, defined as

~ ~ ~ ~ ~ ~ T
tm,ref: {tzl,ref tz2,ref trB,ref tz4,ref tz5,ref}

T
= |:t3:1,ref tac2,ref tpl,ref th,ref tp2,refi|

and

T
gf":[010011}.

Each consecutive pair of the time instants ¢, e,
i€{1,2,...,%,}, divides the prediction horizon into subin-
tervals Atyprer = tpottrer — twrrer, With €€ {0,1,..., 2.},

where fwo,ref is the beginning of the prediction horizon. For
example, six subintervals are identified in Fig. 4, i.e.,

[t07 tml,ref)a [tzl,refv tz2,ref)> [tzz,refv tpl,ref)7

[tpl,reﬁ tw3,ref)7 [ta;S,refy tp2,ref)a [tp2,ref7 Tp) .

To enable accurate predictions within each of these subintervals,
the continuous-time system model (6) is discretized using the
time intervals Aty rr, resulting in the discrete-time state-space
model

(38a)
(38b)

w(fszrl,ref) = Am(fzf,ref) + Bsabc<t~x5,ref)
y(fmé,ref) = Cm(ixé,ref)
where A and B are the discrete-time system and input matrices,
respectively, obtained via forward Euler discretization.

To increase the degrees of freedom of the algorithm presented
in [22], the proposed S-GP?C analyzes each phase of the sys-
tem individually. To this end, the contribution of the phase-x
switching state to the dynamics of the system is isolated by
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assuming that the two other phases are inactive. This is achieved
by introducing the “pseudo” three-phase switching state vectors

s, .- By doing so, the three phases become partially decoupled,
which simplifies the analysis by allowing the unique contribution
of each phase to be considered independently from the combined
three-phase behavior. The pseudo three-phase switching states
are defined as

Sqa 04 04
Stve = 04| s Sape = | 85| 8o = [0 (39
04 04 Sc
suchthat 545, = s5;,. + sabc s¢,.- With the help of the pseudo

three-phase switching states, the effect of s, on the system at
time instants ¢, r.r can be predicted by iterating the discrete-time
model (38), i.e.,

Ax” ( zl ref) + BS(Lb(‘( xl ref)
C(fmf,ref) .

For the initial state * (fxo,ref), any state variable in the o3-frame
is first transformed to the abc-frame with the help of the inverse
Clarke transformation matrix, thereby obtaining the three-phase
“pseudostate” x?; .. The complete three-phase state then satisfies

(41)

z” (Exe—&-l,ref) (40a)

yx (Ex&ref) = (40b)

a c
Labe = Lgpe + mabc + L abe

Subsequently, x%(f,0f) is reconstructed by applying the
Clarke transformation matrix to map the relevant variables back
to the orthogonal (af) reference frame. In the case of the
SL-NPC H-bridge drive, this means that the stator current 25 and
the rotor flux linkage v, are expressed in the a3-frame, while
the NP potential voltage vy, qp. is in the abe-frame, see (6).

The knowledge of the contribution of the phase-x switch-
ing state to the output at the time instants t}g,ref, ie.,
Y* (t20,e0), Y (Lot rer)s - - - Y” (faz, +1,r), enables the evolu-
tion of the output within the intervals Atwe,ref to be described by
gradients

o7
- i _
I(tg;[’ref) Yy ( achrl,ref)

yw (ng,ref)
Ata:@,ref

To better illustrate this concept, consider the following example.

Example 2: Fig. 5(a) depicts a two-level switching pattern
within the prediction horizon T),. In this example, one nominal
switching time instant exists in phases a and b, t,1 r and
tu1 ref, Tespectively, while phase ¢ has no switching actions. In
addition, a single pivotal time instant £, rr is present in all three
phases. These time instants divide the prediction horizon into
three subintervals in phases a and b, while the single pivotal
time instant divides phase c into two subintervals. Within each
subinterval, the contribution of the phase-z switching state to
the output y” is assumed to evolve linearly. Importantly, at the
pivotal time instant %, rf, the gradients do not change as no
switching action occurs. For clarity, only the a-component of a
single output variable ¥, is visualized.

Taking phase a as an example, to compute the gradient-
based evolution, consider the interval [tqoref, a1 ref). First,
the continuous-time state-space model (6) is discretized over
this time interval Aty rer = ta1.ref — taorer- With the initial

(42)
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state (tq0rer) and the pseudo three-phase switching state
5%, .(tao ret), the discrete-time state-space model (40) is iterated
once yielding £ (t41 ref). Subsequently, the gradient m® (£40 rer)
is computed with (42). The same procedure is then repeated for
the remaining intervals, and phases b and c.

The gradients m® (£, rr) facilitate the prediction of the out-
put at the (to-be-computed) modified time instants
R

(43a)

T
tx = |:tx1 (2] tsz:| S

T
t, = {tpl o tpzp} € R (43b)
where t, and ¢, are the vectors of modified switching and pivotal
time instants, respectively. Note that the pivotal time instants
are also manipulated to increase the degrees of freedom of the
controller. The modified switching and pivotal time instants are
gathered in the vector %, as explained in Example 1. To explain
the gradient-based prediction of the output evolution, Example 2
is continued as follows.

Example 3: Recall the example in Fig. 5(a). As discussed
in Example 2, three gradients are computed in phases a and b,
Hamely, ma (taO,ref) m (taO ret) m (tal re’r) m (tal ref)
and m®(te2 ref) = M*(tp1 rer) in phase a, while m (fbo ref) =
mb(tb(),ref)’ mb(tbl,ref) = (tbl,ref) and m (tb2,ref) =
mb(tpl’ref) are the gradients in phase b. Moreover, there are
two gradients in phase c, i.e., Mm(fcoref) = M (teorer) and
mc(fcl,ref) = mc(tpl,ref)-

Using these gradients, the contribution of each phase to the
output at the (to-be-computed) pivotal time instant Zp;, i.e.,

Y (tp1)s Y°(tp1), Y (tp1), can be computed as

)y

(tpl) Yy ( a0 ret)+m ( aO,ref)t(zl+ma(ta1,ref)(tpl - tal)
)
1)

Y (tp1) = Y° (toorer) + MO (tpo rer) o1 + M (o1 rer) (Ep1 — to1)
( ( c0 ref) +m (tco,ref)tpl :

Subsequently, the total output at the pivotal time instant y (¢ )
is obtained by summing the contributions of all three phases.
Setting 20, ret = t40,ref = teo,ret = to = 0yields the closed-form
expression

Y(tpr) = ¥ (tpr) + Y (tp1) + ¥ (1)
= y(tO) + (ma(ta().ref) a(tal,ref)) tal“‘
+ (mb(tbo,ref) mP(ty, ref)) to1+

+ (ma (tal,ref) (tbl ref)

( c(],ref)) tpl .
45)

To utilize the gradient-based predictions at the discrete piv-
otal time instants ?,;, the continuous objective function (37) is
approximated as

#p
T = | Yrerltpsoer) = yltpg) 15 + 2ol AL (46)
j=1
While this approximation is somewhat coarse, [22] demon-

strated that it is sufficiently accurate so as not to compromise
reference tracking performance. The second term in (46) is
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Example of a gradient-based evolution for a two-level pattern within the prediction horizon T}, featuring two reference switching time instants, £41 ref

and ty1 rf, and a single pivotal switching time instant ¢,1 . The top three figures show the three-phase pattern, while the figures 4-6 from top visualize the evolution
of the a-component of a single output variable based on the single-phase contributions of each phase. The bottom figure shows the total gradient-based evolution.
(a) Nominal evolution where the switching time instants are not manipulated. (b) Optimal evolution where the switching time instants are manipulated based on
the gradient information. The green lines depict the evolution with the optimally modified switching time instants, while the dash-dotted magenta lines depict the
evolution based on the nominal switching time instants. The black horizontal line shows the output reference y1q rer at the pivotal time instant ¢p1. The yellow

highlighted areas show the modifications to the nominal switching time instants.

added to penalize modifications to the nominal time instants,
thereby adjusting the control effort. Specifically, At = t.s — ¢
collects all the modifications to the switching and pivotal time
instants across the three phases, i.e.,

T
b= [t 4] 7 47| eRetatats (47a)

T
— 4T T T T atzpt+ze+
tref - |:ta,ref tb,ref tc,ref tp,ref:| € Rrarvzet® (47b)

Finally, the weighting factor A; € R™ sets the trade-off between
reference tracking accuracy and the magnitude of the control
modifications.

Function (46) can be written in the compact vector form

J = | — Mt|% + | A3 (48)

where vector r depends on the reference values and the mea-
surements of the output, matrix M consists of the gradients
m” with which the output variables evolve within 7;,, and
Q= diag(Q, ..., Q) € R™"v*»*™v* isablock diagonal weight-
ing matrix. The definitions of M and r are provided in
Appendix C.

B. S-GP3C Algorithm

This section provides a step-by-step description of the pro-
posed S-GP3C algorithm for the SL-NPC H-bridge drive system.
An illustrative example is shown in Fig. 5, while the block
diagram of the algorithm is shown in Fig. 6.

Step 1: Based on the rotor flux angle Z1),. and the load angle
v (see [22]), the nominal single-phase switching time instants
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gradients m® (44 ref)
i
Fig. 6. Block diagram of the proposed S-GP3C algorithm.

t, ror and the corresponding single-phase switching states szp of
the OPP that fall within the prediction horizon T}, are retrieved
from a LUT for each phase. In addition, the pivotal time instants
tpjrer are inserted within 7T},. Therefore, the vector of all time

instants imef and the corresponding switching states éf‘” are
constructed. In this step, the optimal output reference trajectory
Yyer OVer the prediction horizon 7}, is also generated.’

Step 2: In the second step, the gradient matrix M is com-
puted. To this end, using the Z, time instants {we}ref, le
{1,2,...,2,} and the corresponding Z, + 1 switching states
Sur> k€ {0,1,...,2,}, the gradients m® are computed for
each phase according to (42). After computing the gradients
for all three phases, the gradient matrix M is constructed (see
Appendix C). In addition, the vector 7 is constructed based on
the output reference y,.; and the current output measurement
y(to).

Step 3: Next, the optimization problem underlying the S-
GP3C algorithm is formulated and solved. Specifically, the
objective function (48) is minimized by solving the following
optimization problem, designed as a quadratic program (QP)

minimize || — M#|Z + ]| A3

subjectto tg <ty <taa < ... <taz, <to+T, (49)
to <ty <tpa < ... <tlyz, S to+ T
to Ster Step <. Stez, St + Ty

In the QP (49), the constraints ensure that the to-be-computed
switching and pivotal time instants remain within the prediction
horizon T}, and that their chronological order is preserved within
each phase. It is important to note that, in contrast to [22],
the switching time instants are independent across the three
phases over each interval [tp;, t,;+1). This independence allows
the controller to introduce three-phase switching states, i.e.,
output voltage vectors, that do not exist in the baseline OPP
locally. As a result, the dynamic performance of the controller is
significantly improved while excellent steady-state performance
is maintained.

The QP (49) can be solved effectively using a standard QP
solver. Solving (49) yields the vector of optimally modified time
instants, i.e.,

T T

v=[a" oy ow (50)

3For more information on the generation of the optimal output reference, the
reader is referred to [22].
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TABLE III
RATED VALUES OF THE IM
Parameter Symbol SI value
Voltage Vr 6600 V
Current Ir 1050 A
Apparent power Sr 12 MVA
Stator frequency WsR 2750 rad/s
Rotational speed WmR 1490 rpm
TABLE IV

SYSTEM PARAMETER VALUES IN THE P.U. SYSTEM

Parameter Symbol p.u.

Stator resistance Rs 0.0054
Rotor resistance Ry 0.0066
Stator leakage reactance Xis 0.1299
Rotor leakage reactance X 0.1105
Mutual reactance Xm 4.3496
Nominal dc-link voltage Vie 0.9620
Dc-link capacitor reactance X 8.8928

Real-time simulator (4 X Plecs RT-Box 1)

Variable speed drive

[Geof=N®]

AN
Measurements to controller

1 1
1 \ ( 1
T,
: Sxp ’ t::,ref ( :
! Control DAQ, !
1 algorithm PWM signals '
: Y :
. Processor FPGA .

Control platform (dSPACE SCALEXIO)

Fig. 7. Block diagram of the HIL setup.

where the ¢}, and ¢ are the vectors of the optimally modified
phase-z switching and pivotal time instant, respectively.

Step 4: Last, the optimally modified switching time instants
t* are implemented. Specifically, those time instants that occur
within the first sampling interval Ts of the prediction horizon
T,—i.e., within [kT, (k + 1)T)—are implemented along with
the corresponding OPP switching states. In accordance with the
receding horizon principle of MPC, the prediction window is
then advanced by one sampling interval T, and the control
algorithm is reinitialized from Step 1. This procedure ensures
continuous operation, introduces real-time feedback, and en-
hances the robustness of S-GP3C.

V. PERFORMANCE EVALUATION

In this section, the real-time performance of the proposed con-
trol scheme is evaluated in a HIL environment using the SL-NPC
H-bridge drive system shown in Fig. 1. The control algorithm
is implemented on a dSPACE SCALEXIO platform, while the
power electronic system is emulated in real time with a PLECS
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Fig. 8.  Steady-state performance of (a) the proposed control scheme (S-GP3C), (b) FOC with SVM, (c) DTC, and (d) FCS-MPC at nominal operating conditions.

RT-Box. This HIL setup enables testing the controller under
realistic dynamic conditions and timing constraints, providing
insights into its practical performance.

A. HIL System Implementation

For the real-time emulation of the system, four PLECS RT-
Box 1—each utilizing a Xilinx Z-7030 system-on-chip pro-
cessing unit—real-time simulation modules are used. The main
module emulates the inverter stage of the system, consisting of
the SL-NPC H-bridge inverter and the IM. The rated values of

the IM are presented in Table III, while the system parameter
values in the per unit (p.u.) system are given in Table IV.® The
remaining three secondary modules are used to simulate the three
12-pulse diode rectifiers, the input transformer, and the grid.
The communication and time synchronization of the modules
is implemented with high-speed small form-factor pluggable

®In this paper, the parameters of the prediction model are assumed to be
accurate. The impact of parameter uncertainties on gradient-based predictive
control schemes with OPPs has been analyzed in detail in [27], where good
robustness with respect to IM parameter variations is demonstrated.
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Fig. 9. Comparison of the proposed OPPs (27), conventional QaHWS

OPPs (16), and conventional HWS OPPs (17) in terms of DC-link voltage ripple
Awpc and stator current TDD Ipp. The dashed line represents a fitted curve to
the proposed OPPs. Nominal operating conditions are assumed with m = 1.05.
The tuning parameter € is varied for the proposed OPPs in the range € € [1, 30].

(SFP) connections. The sampling interval of the power elec-
tronic system is set to Ts yy, = 7 ps.

The proposed control algorithm is implemented on a dSPACE
SCALEXIO platform, which features an Intel XEON E3-
1275v6 processor with a 3.8 GHz clock speed, and a XILINX
Kintex UltraScale field programmable gate array (FPGA). The
control algorithm runs entirely on the processor, while the FPGA
is used for the generation of the gating signals and the data
acquisition (DAQ). The controller sampling interval is set to
T = 56 us. The FPGA runs at a faster clock speed of 125 MHz,
which allows for a precise timing of the gating signals in between
the controller sampling intervals. A block diagram of the HIL
setup is shown in Fig. 7.

B. Real-Time HIL Tests and Discussion

For the real-time testing of the proposed controller, an OPP
with a pulse number d = 5 is used. Considering operation at
nominal speed, this results in an average device switching fre-
quency of fg = 125 Hz, while the corresponding modulation
index is m = 1.05. Moreover, a ten-step (£V,, = 10) horizon is
implemented, resulting in a prediction window of T}, = 560 us.
The weighting matrix in the objective function (46) is chosen as
Q = diag(1,1, 10, 10, 10), while the controller effort weighting
factor is set to A, = 10°. Two pivotal time instants are inserted
within the horizon, i.e., z, = 2. Finally, the fundamental current
reference is generated by an outer control loop designed in the
FOC framework, see [22].

To clearly highlight the performance benefits of the proposed
S-GP3C, the results are compared with FOC with SVM, DTC,
and FCS-MPC with one-step prediction horizon [28]. For a fair
comparison, all aforementioned control strategies are operated at
the same average device switching frequency of f, = 125 Hz.
For FOC, DTC, and FCS-MPC, the NP potential balancing
mechanism proposed in [13] is implemented on the FPGA.
The proportional—integral (PI) controllers of FOC are tuned
to achieve the fastest possible dynamic performance without
excessive oscillations. For DTC, nine torque hysteresis bands
symmetric around zero are employed, while three hysteresis
bands are used for the stator flux controller. The vast majority
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of literature on DTC focuses on the two-level voltage source in-
verter [29], [30], and the implementation of DTC for a multilevel
converter is not straightforward. Nevertheless, the design choice
on the hysteresis controllers is inline with methods proposed for
five-level topologies [31]. The widths of the hysteresis bands are
tuned to achieve a comparable switching frequency to the other
methods. Finally, the objective function of FCS-MPC is chosen
as

Jres = |lis(k + 1) — dgper(k + 1)|3

+ )\FCS ||'u’abc(k) - uabc(k - 1)”3 (51)

where wqp. € {42, 41,0} is the three-phase switch position.
The weighting factor Apcs > 0 is chosen such that an average
device switching frequency of fy, = 125Hz is achieved. Fi-
nally, DTC and FCS-MPC are executed at sampling intervals of
Ty = 25 pus and Ts = 56 ps, respectively, to achieve the highest
possible granularity of switching actions.

1) Steady-State Performance: The steady-state performance
of the S-GP3C scheme is studied under nominal operating con-
ditions, i.e., at rated speed and torque. The drive in question
is primarily intended for quadratic-load applications such as
pumps, fans, and compressors. In these applications, steady-state
operation typically occurs at or close to nominal speed. For
this reason, nominal operating conditions are assumed for the
steady-state performance evaluation. Moreover, the DC-link
capacitor energy ripple decreases with decreasing speed for
quadratic loads [see (21)] making the considered operating point
the most challenging from a DC-link voltage ripple perspective.

As can be seen in Fig. 8(a), the proposed method exhibits
excellent steady-state behavior. By manipulating the switching
time instants of the OPP in real time at the single-phase level,
the controller effectively compensates for the large disturbances
in the DC-link voltages. As a result, the stator current closely
follows its optimal reference trajectory, with only small devi-
ations. This leads to a very low stator current TDD of 2.94%.
Moreover, due the symmetry properties of the baseline OPP (see
Section III), which are largely preserved by the controller, the
harmonic power is concentrated on the nontriplen odd harmon-
ics.

In comparison, FOC, DTC, and FCS-MPC, shown in
Fig. 8(b), (c) and (d), respectively, exhibit significantly larger
steady-state current distortions, with a stator current TDD of
4.79%, 5.49%, and 8.24%, respectively. An examination of the
harmonic spectra of the benchmark methods reveals that FOC
and DTC produce pronounced low-order harmonic distortions,
while FCS-MPC generates spread harmonic spectra with a sig-
nificant number of interharmonics. However, as per desing, DTC
maintains the torque within the hysteresis bounds, resulting in
the lowest peak-to-peak torque ripple.

The effectiveness of the proposed tailored OPPs is further
demonstrated by analyzing the NP potential voltage v, 5. and
the DC-link voltage vpcape in Fig. 8(a). The DC-link volt-
age peak-to-peak ripple is only 0.16 p.u. (860 V) compared to
0.19 p.u.[1040 V; see Fig. 8(b)], 0.23 p.u. [1255 V; see Fig. 8(c)],
and 0.20 p.u. [1070V; see Fig. 8(d)] obtained with FOC, DTC,
and FCS-MPC, respectively. This represents at least a 17%
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reduction in voltage ripple, indicating lower voltage stress on
the semiconductor devices with the proposed method.

To quantify the tradeoff between the DC-link voltage peak-
to-peak ripple Avpc and the stator current TDD Itpp achieved
by the proposed OPPs (27), a comparison with conventional
QaHWS [see (16)] and HWS [see (17)] OPPs is shown in
Fig. 9. Therein, nominal operating conditions are assumed with
a modulation index of m = 1.05. The tuning parameter € is
varied for the proposed OPPs in the range € € [1,30]. As can be
seen, the proposed OPPs achieve a favorable tradeoff between
DC-link voltage ripple Awvpc and the stator current TDD. When
compared to conventional QaHWS OPPs, the proposed OPPs
achieve up to 20% reduction in the DC-link voltage ripple
without increasing the current TDD. As for conventional HWS
OPPs, the proposed OPPs reduce the DC-link voltage ripple
at the cost of slightly higher stator current TDD, allowing the
designer to choose the desired tradeoff by adjusting the tuning
parameter e.

Regarding the NP potential balancing, S-GP3C maintains the
NP potential very close to zero throughout the fundamental

t (ms)

(d)

Performance during a torque step down of (a) the proposed control scheme (S-GP3C), (b) FOC with SVM, (c) DTC, and (d) FCS-MPC.

period by optimally choosing the to-be-used single-phase re-
dundancies, as explained is Section III. During operation, the
controller modifies the switching time instants to keep the NP po-
tential close to its optimal reference, effectively avoiding any NP
potential drift. This is achieved despite the prioritization of the
stator current over the NP potential in the S-GP3C problem (49),
and the presence of large DC-link voltage disturbances. In con-
trast, the NP potential balancing method in [13] used for FOC,
DTC, and FCS-MPC leads to significantly larger deviations from
the zero potential. Moreover, with such NP potential balancing
methods, discrepancies between the switching frequencies of
individual semiconductor devices may occur, whereas in the
proposed method all devices are guaranteed to operate at the
same switching frequency, thanks to the pattern interchange.
Consequently, the proposed optimal control and modulation
method avoids excessive thermal stress and ensures uniform
device utilization.

2) Transient Performance: The transient performance of
S-GP3C, as well as FOC, DTC, and FCS-MPC, is investi-
gated during torque reference steps. While operating at nominal
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speed, the electromagnetic torque reference 7. .t is stepped
down from T ref = 1p.u. to Tp, ref = 0.2p.u. at £ = 10ms (see
Fig. 10) and, in a separate test, stepped up from 7 ;o = 0.2 p.u.
to Terer = 1p.u. at ¢ = 10ms (see Fig. 11). As can be seen
Figs. 10(a) and 11(a), the proposed method quickly regulates
the stator currents—and therefore, the torque—along their de-
manded values by employing three-phase pulse insertion [32],
and by significantly modifying the OPP in real time.” By doing
s0, S-GP3C achieves settling times comparable to DTC [see
Figs. 10(c) and 11(c)] and FCS-MPC [see Figs. 10(d) and 11(d)]
both of which, as a direct control methods, are known to be very
aggressive during transients.

"It is worth noting that during large step-down torque reference changes,
the fast response of S-GP3C quickly reduces the stator current, causing the
excess energy to be temporarily stored in the DC-link capacitors. This leads to
an increase in the DC-link voltage, which may trigger an overvoltage trip if it
exceeds the voltage trip level of the drive. If such a situation is of concern, ramped
torque references—rather than step changes—can be applied to intentionally
slow down the transient.

Performance during a torque step up of (a) the proposed control scheme (S-GP3Q), (b) FOC with SVM, (c¢) DTC, and (d) FCS-MPC.

TABLE V
TURNAROUND TIME (IN ££S) OF THE PROPOSED CONTROL ALGORITHM

taux  tQpfr  tQPsl tiot
Average 9.6 7.0 4.1 23.0
Maximum 119 15.0 13.6 38.2

In contrast, FOC [see Figs. 10(b) and 11(b)] cannot fully
exploit the available voltage margin due to its inability to reverse
the polarity of the applied switch positions, unlike S-GP3C,
DTC, and FCS-MPC. Consequently, the PI controllers must be
tuned relatively conservatively to avoid large torque oscillations,
resulting in slower transient responses.

C. Computational Burden

To assess the real-time implementability of the S-GP3C al-
gorithm, several timings were measured during the HIL tests.
The results are summarized in Table V. As can be observed, the
average total turnaround time is 23.0 us, while the maximum
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turnaround time—which from an implementation perspective, is
the most critical value—is 38.2 us. Both values are well below
the controller sampling interval of T = 56 us, demonstrating
that the proposed control algorithm can be executed in real
time with a sufficient margin. The average turnaround time
corresponds to only 41% of the available time budget, leaving
margin for additional functionalities if needed.

A closer look at Table V shows that the auxiliary tasks
tauxx—which include the DAQ, the reference generation, retriev-
ing values from the LUTs, and the communication with the
FPGA—take up a significant portion of the total turnaround
time. However, these tasks do not depend on the size of the
QP (49), and thus, the variance of ¢, is relatively small. On
the contrary, the time required to formulate tgpy and solve tgpg
the QP underlying S-GP3C varies significantly depending on
how many nominal switching time instants ¢,,; ror fall within the
prediction horizon.

Lastly, the probability distribution of the total turnaround time
is shown in Fig. 12. As can be seen, 99% of the turnaround times
are below 30 ps, indicating that the worst-case scenarios are ex-
tremely rare. These scenarios occur during large transients when
the three-phase pulse insertion is employed which increases the
number of nominal switching time instants within the prediction
horizon and, consequently, the size of the QP (49) [32]. Never-
theless, even in these cases, the turnaround time remains well
below the controller sampling interval of 56 us.

VI. CONCLUSION

In this article, a control and modulation strategy, which
leverages both MPC and OPPs, was proposed for an MV 5L-
NPC H-bridge drive system. Tailored OPPs are designed to
address system-specific challenges, significantly reducing the
DC-link voltage ripple—an inherent issue of the topology at
hand—while simultaneously achieving very low stator current
TDD. In addition, due to the optimal selection of single-phase
redundancies, and the proposed NP potential balancing mech-
anism, the NP potential voltage stays balanced while equal
utilization of switching devices is achieved. Inspired by [22], a
high-bandwidth closed-loop control scheme was developed that
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uses output gradients to predict the evolution of the system. In
stark contrast to [22], however, the proposed method, referred to
as S-GP3C, employs a single-phase contribution-based predic-
tion model which enables individual manipulation of the OPP
switching time instants at the single-phase level. By combining
the tailored OPPs with the developed MPC scheme, the proposed
strategy is able to achieve excellent steady-state performance
alongside very fast dynamic responses. The proposed approach
was validated through real-time tests in a HIL environment,
demonstrating its effectiveness in improving drive performance
and its ability to outperform conventional methods such as FOC
with SVM and FCS-MPC.

APPENDIX A
CONTINUOUS-TIME STATE-SPACE MATRICES

The matrices in (6) are

I 03 54(1)
Fy T K |olsy(t)
ol's.(t)
F(t)= 2
®) oT's,(t)
o K 0| 0
i ol's.(t) _
X, |I;20f 1 0255
G:VDC "K 803 ,andC = : ?
2D 05><12 03x2 {03><2 IS:|

where 0, and o3 are the vectors
o2=[-1 1 1 1]"and
o3=[1 1-1-1"

and F'py is the system matrix of the IM, i.e.,

1 Xm Xm

- 0 D Wrp

1 X X

o | 0 —n e OB

M= | X, 0 _ 1 —w
Tr Tr T

0 )i - Wi — %

APPENDIX B

DESCRIPTION OF OBJECTIVE FUNCTION (32)

The requirement of 47-periodicity and HWS, i.e., v, (0) =
—up, 5 (27), defines the integration constant ¢y, in (30) as

Une(27)
5 .
Therefore, when considering one fundamental period of the
OPP and the switch positions that affect the NP potential,
i.e., up = =1, the NP potential at switching angle «;, with
i€{1,2,...,2d}, is given by

C =

%

I 1 2d
Upz () = ﬁ ]Zgj—mj 3 ;91'—1'%

1

Cr
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with k; = cos(a;—1 + ¢) — cos(aj + ¢). When deriving the
desired objective function, the constant L can be omitted

2X,
as it does not affect the solution. Thus, (31) l]))gcomes
2
2d i 12
S, = Z Zgj_mj -3 Zgj_mj
=1 \j=1 Jj=1

By expanding and rearranging the terms in the above expres-
sion, the objective function can be written in the vector form
[see (32)]

Ju, = 9" P(¢)g

with
P =
drk?  (2d—2)k1k2  (2d —4)K1k3 (—2d + 2)Kk2q-1kK24
0 dr3 (2d - 2)kaks (—2d +4)k2a-2K24-1
0 0 0 0 dr3,
APPENDIX C

DESCRIPTION OF THE OBJECTIVE FUNCTION (48)

By generalizing the expression (45), 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. M|t
y(tpzp) y(tO)

where matrix M, € R"v#%**= gz € {a,b,c}, is given by un-
numbered equation shown at the top of this page, with mj =
M (tgjrer) — M” (tzjt1rer), and z,; being the number of the
nominal switching time instants between two consecutive piv-
otal time instants, i.e., it holds that Zj‘;l Zyj = Zz. Moreover,
the matrix M, € R"v#**% is given by

mp1 Op, <1 05, x1
mpo m, 2 0 x1
p p Ny
M, = .
mpo mp]_ mpzp

where
mp; = m* (tazaj ,ref) + m’ (tbzbj,ref) +m° (tczcj 7ref)
and

mp;—1 = ma(tazaj ,ref) + mb(tbzbj,ref) + mc(tczcj ,ref)

- (ma(taz,,,j+1,ref) + mb (tbzijrl,ref) + mc(tczcj +1,ref))-

Based on the above, the vector 7 and the matrix M in (48) are
given by

yref(tpl,l'ef) - y(to)
yref(tPQ,ref) - y(to)

yref(tpzp,ref ) —y(to)
and

M=|M, M, M, M,|.
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