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Abstract—This paper presents a control strategy for medium-
voltage (MV) drives based on a five-level neutral-point-clamped
(NPC) H-bridge inverter and a 36-pulse diode rectifier. The
proposed method leverages optimized pulse patterns (OPPs) to
achieve superior steady-state performance compared to conven-
tional approaches. Specifically, tailored OPPs are employed that
effectively suppress the significant dc-link voltage ripple, includ-
ing the dominant second harmonic, which is inherent to the five-
level NPC H-bridge topology. This is accomplished by performing
harmonic analysis of the dc-link voltage and formulating an OPP
optimization problem that minimizes its harmonic content, while
bounding the stator current harmonic distortion to ensure load-
friendly operation. To enable high-bandwidth control, a model
predictive control (MPC) strategy adjusts the OPP switching time
instants in real time. As a result, fast transient responses and
excellent disturbance rejection are achieved. The effectiveness
of the proposed approach is demonstrated through system-
level simulations, with performance comparisons highlighting its
advantages over conventional methods.

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

I. INTRODUCTION

In medium-voltage (MV) drives, multilevel power convert-
ers are commonly used due to their ability to reduce harmonic
distortions and lower the stress on the semiconductor devices
compared to the traditional two-level converter [1]. One such
topology used in industrial MV drives is the five-level neutral-
point-clamped (NPC) H-bridge inverter, which consists of
cascaded three-level H-bridge modules [2]. However, this
configuration requires an independent dc link for each phase,
leading to a dominant second harmonic in the dc-link voltages
due to single-phase power draw. Such a significant oscillation
in the dc link can degrade the stator current quality and unduly
stress the switching devices [3]. A further challenge of this
topology 1is that it must operate at switching frequencies of
only a few hundred hertz to reduce the switching losses and
preserve the high-power capability of the inverter [4]. How-
ever, the performance of conventional modulation methods,
such as carrier-based pulse width modulation (CB-PWM),
deteriorates at such low switching frequencies. As a result, the
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current distortions are increased and, consequently, the thermal
losses in the machine.

Considering the above, optimized pulse patterns (OPPs)
provide a promising solution to the aforementioned chal-
lenges [5], [6]. OPPs are a PWM technique where a mathe-
matical optimization problem is formulated and solved offline.
The result of the optimization process, namely the optimal
switching signal, characterized by the switching angles (i.e.,
switching time instants) and structure of the pattern, is stored
in a look-up-table (LUT). Conventionally, the optimization
problem is designed to minimize the harmonic distortions in
the load current—e.g., the stator current when a machine is
considered—quantified by its total demand distortion (TDD).
Hence, OPPs can produce high-quality currents even at low
switching-to-fundamental frequency ratios [7]. More interest-
ingly, in addition to this capability, additional objectives and
constraints can be incorporated into the optimization problem,
enabling OPPs to tackle system-specific challenges [8].

To fully leverage the mentioned advantages of OPPs, this
paper computes tailored OPPs for the five-level NPC H-bridge
drive that not only minimize the stator current TDD—as
conventional OPPs do—but also effectively reduce the ripple
in the dc-link voltages. To this end, the harmonic content of the
dc-link voltage is derived as a function of the to-be-computed
switching angles and inverter output voltage levels. By doing
so, an OPP optimization problem that aims at minimizing the
dc-link voltage harmonic content is formulated. The additional
objective of low current harmonic distortions is achieved by
adding an explicit inequality constraint on the stator current
TDD. Hence, by choosing the upper bound on the current
TDD, a favorable trade-off between current distortions and
dc-link voltage ripple is achieved.

Finally, to control the drive with the proposed OPPs, a
single-phase formulation variant of the gradient-based pre-
dictive pulse pattern control algorithm—hereafter referred to
as S-GP3C—is employed [9]. This algorithm combines direct
model predictive control (MPC) [10] with OPPs, leveraging
both the high bandwidth of MPC and the favorable character-
istics of OPPs. As a result, S-GP3C achieves fast transient re-
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Fig. 1. MV drive with a 36-pulse diode rectifier, a five-level NPC H-bridge inverter, and an induction machine.

sponses and effectively compensates for external disturbances,
while also providing excellent steady-state performance.

II. MATHEMATICAL MODEL OF THE FIVE-LEVEL NPC
H-BRIDGE DRIVE

Consider the five-level NPC H-bride drive system shown
in Fig. 1. Each phase of the system features a 12-pulse
diode rectifier, supplying two identical dc-link capacitors with
reactance X4.. The dc link feeds each phase of the inverter,
which comprises an H-bridge module consisting of two three-
level NPC legs. The central point of each NPC leg can
be connected to three different potentials, i.e., the negative
rail, the neutral point, and the positive rail. As a result, the
inverter output voltage in phase z, « € {a,b,c}, can assume
five distinct values, namely £vqc z, tvdc /2, and 0, where
Vde,g = Udeup,e + Vdelo,z 18 the total dc-link voltage for
phase z, see Fig. 1. These output voltage levels are modeled
by an integer variable, i.e., the single-phase switch position
uy € {0,£1, £2}, where u, = 0 denotes that the zero voltage
is applied at the output, while v, = +1 and u, = %2 indicate
that the positive (negative) half- or the positive (negative) full
dc-link voltage is applied at the output terminals, respectively.

The single-phase switch position is realized by selecting
the single-phase switching state s, = [S1 So Sz S4]7 with
S; € {0,1} denoting the state of the i™ switching device,
where i € {1,2,3,4}. Given the single-phase switching state

S, the stator voltage in phase x is
Vs,z = (Vae,up,e[1 0 — 1 0] + Vac1o,z[0 1 0 —1])s,. (1)

Subsequently, the dynamics of the MV drive system are
described by the set of differential equations [11], [12]

dig li n 1 0 -1 Xm¢ i er
== T — 15 — — Wr - Yr I Ys,
dt Ts T 1 0 D D
(2a)
& X, 1 0 -1
? - . 15 — T_T’l;br +wr |:1 0 :| 1/% (2b)
1:11%7 = Xa oTszzS_’z, z € {a,b,c}, (2¢)

where the variables are the stator current ¢, € R? and the
rotor flux 1, € R? in the orthogonal a3-frame, along with
the three-phase neutral point potential vy, ape € R3.' The
rotor angular speed w, is considered to be a slowly varying
parameter and, therefore, its dynamics are not modeled.

In (2), the transient stator and rotor time constants are
given by 7s = X, D/(R;X2 + R,X2) and 7, = X,/R,,
respectively, where D = X, X, — an. Moreover, X, =
Xis + X,y and X, = X, + X,,, are the stator and rotor
self-reactances, respectively, X;; and X, are the stator and
rotor leakage reactances, respectively, and X, is the mutual
reactance. The resistances are R and R, for the stator and
rotor, respectively. Finally, I, is the two-dimensional identity
matrix,and o =[1 —1 —1 1]7.

Let the system input be the three-phase switching state
Sape = [sL sl sT]T € {0,1}'2. The state & comprises the
stator current ¢, the rotor flux ),, and the three-phase neutral
point potentials vy, gbc, 1.€., T = [ZST TT vZ_abC]T € R". Note
that the state does not include the dynamics of the transformer
and the rectifier, meaning that the phase-z dc-link voltages,
Vde,z» are treated as measured external disturbances. Finally,
the system output is y = [} v ,,.]7 € R®. The dynamics
of the system are then described by the continuous-time state-
space model

dflit) — F(t)z(t) + G(t)Sape(t),

y(t) = Cx(t).

For a detailed derivation of the matrices F'(t), G(t), and C,
the interested reader is referred to [12].

(3a)
(3b)

ITII. OPTIMIZED PULSE PATTERNS WITH REDUCED
DcC-LINK RIPPLE

In this section, conventional quarter- and half-wave sym-
metric (QaHWS) and half-wave symmetric (HWS) OPPs are
introduced and reviewed. Subsequently, the dc-link harmonic
content of the five-level NPC H-bridge drive is analyzed, and
OPPs that reduce the dc-link ripple are derived.

"Throughout the paper, variables in the three-phase abc-frame are denoted
with the corresponding subscript, whereas variables in the af-frame are
written without a subscript.



A. Conventional Five-Level OPPs

Consider a 2m-periodic single-phase switching signal u(6),
6 € [0,2n], that can assume values u € {0,%1,+2}. By
imposing QaHWS, i.e.,
u(m—0) =u(f),
u(f) = —u(@ + ),

(4a)
(4b)

the switching signal u () is defined by the d € NT switching
angles «;, i € {1,2,...,d}, within the first quarter of the
fundamental period, and the corresponding d + 1 switch
positions u; with j € {0,1,2,...,d}. It can be shown that
such a switching signal we can be described with the Fourier
series

0 o0
Y g an cos(nd) + by, sin(nd)) , 5)

where a,, and b, are the Fourier coefficients of the n®
harmonic. These are given by

a, =0, n=0,1,2,...

b, — 11472?:1 Azuicos(nai), n=13,5,...
n O, ’[”L:2’476’.'.7

(6a)

(6b)

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

Aui = U; — Uij—1 - (7)

To increase the degrees of freedom in the OPP optimization
problem, it is beneficial to drop the assumption of quarter-wave
symmetry (see (4a)), resulting in a HWS switching signal.
Consequently, the Fourier coefficients in (5) are

@, = _n_271' Zfdl Azul sin(na;), n=1,3,5,... a)
o n=0,24,6,...

b — = Z?dl Azul cos(na;), n=1,3,5,... (8b)
"o, n=2406,....

Note that when HWS switching signals are considered, the
OPP is defined by the 2d switching angles and the corre-
sponding 2d + 1 switch positions within the first half of the
fundamental period. Regardless of the imposed symmetries,
the amplitude of the n switching signal harmonic is given
by 4, = /a2 +b2. This implies that for the five-level
NPC H-bridge inverter, the corresponding voltage harmonic
is Uy, = Vicly, with Vg, being the nominal dc-link voltage.
Conventional OPPs aim to minimize the load current har-
monic content. For this reason, the TDD of the load current

1 -
Itpp = — | > 2 9)
\/§In0m /,;

is utilized as a performance metric. In (9), Iom is the rms
value of the nominal current, while ,, is the amplitude of the

n™ current harmonic. Assuming that the inverter is connected
to an induction machine (IM) with a total leakage reactance

of X, (the stator resistance is neglected), the n'" current
harmonic is given by
5 Un,
by = 10
" X, (10)

with w; being the fundamental angular frequency. Thus, by
substituting the n™ voltage harmonic ©,, into (10), the current
TDD defined in (9) becomes

e (56
B \/anomlecr n '
————

n#l

(1)

Itpp

C

When the minimization of (11) is of interest, the term C' can be
discarded, as it is merely a system-dependent scaling factor of
the current TDD. Therefore, while it affects the optimal value,
it does not affect the optimizer. The same reasoning applies
to the square root. For this reason, the objective function for
the OPP optimization problem is defined as

LN2
U,
J = E — ] .
n=>5,7,11,...
It is important to note that even harmonics (n = 2,4, 6, ...) are

not considered in (12) since these are zero due to the imposed
symmetry (see (6) and (8)). Moreover, 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
harmonic current.

With the above analysis, the conventional QaHWS OPP
optimization problem is

minimize
d, Ud n=5,7,11,...
subject to by =m (13)
0<ar<a<--<ag<j
Ui6{071,2}, |UZ'—’UJ1',1|:1
Vie{l,...,d},
with ag = [o1 a2 ... ag)” and ug = [ug u1 ... ug)?. In

the above, the first constraint ensures that the magnitude of the
fundamental component equals the desired modulation index
m € [0,4/7], while the remaining constraints guarantee that
the resulting switching signal is feasible.

Similarly, for an HWS switching signal, the OPP optimiza-
tion problem is

n2

minimize
z2d, U2d n=5,7,11,...
subject to ap=0,b1=m (14)
O<o<ag< - <agg<m
ui6{07172}7 |ui_ui71|:1
Vie{l,...,2d},
with g = [a1 ag ... agq]? and ug = [ug uy ... uzq4)?t.

In contrast to the QaHWS optimization problem (13), the first
constraint in (14) enforces not only that the magnitude of the



fundamental component equals the modulation index m, but
also that its phase is zero.

B. Dc-Link Harmonic Analysis

As explained in Section II, each phase of the five-level NPC
H-bridge drive consists of a 12-pulse rectifier supplying an
independent dc link, which, in turn, feeds a three-level H-
bridge module (see Fig. 1). This implies that—from the point
of view of the dc link—the load draws single-phase power.
As a result, a predominant second harmonic appears in the
dc-link voltage of each phase.

By assuming a sinusoidal load current and that a QaHWS
or HWS OPP is used, the instantaneous power drawn from the
dc link of a single phase is approximately?

>

n=1,3,5,...

+ b, sin(n@))) , (15)

Droad(t) = Lioaa sin(wit + @) <Vdc (an cos(nd)

with [j5,q being the magnitude of the load current, and ¢ the
displacement angle, i.e., the angle between the inverter voltage
and the load current. Assuming that the rectifier supplies the dc
link with power papp(t), the de-link voltage can be expressed
based on the energy stored in the dc-link capacitors as

vae(t) = \/ dec ( /0 (1) 7 — /0 (") dT) C6)

In the following, we focus on the capacitor energy term
in (16) related to the load side, i.e., edc10nd(t) = fg Pload(7T) dT.
Substituting (15) into e4cj0aa and evaluating the integral gives

I load ‘/dc 1

by .
eaeona () = = (Etcos(gb)—zsm@wlt—l-gb)

+ 3 ﬁm(_(n — Dwit + ¢)

n=3,5
Gn,
— n;}ﬁ CTCE) cos((n + w1t + @)
by .
_ Z ) sin(—(n — 1wt + ¢)
n=3,5
b
_ 7nsin((n—|— Dwit+ o) ). (17
2:;,5 2(n+ 1) ! )

As can be seen, a term that increases linearly with time
%tcos(q&) and even-order harmonic components are injected
into the dc link from the load side. The linear term has to be
compensated for by the supply side, i.e., psupp, as otherwise
the dc-link voltage would drift uncontrollably (see (16)).
The harmonic terms, however, cannot be fully compensated

2For a more accurate description of the instantaneous power, one would
have to account for the harmonic content of both the dc-link voltage and
the load current. However, as these harmonics are of significantly smaller
magnitude than the dc component of the dc-link voltage and the fundamental
component of the load current, respectively, they are neglected.

for with a first-quadrant rectifier such as the 12-pulse diode
rectifier considered in this work.

Considering only the harmonic terms in (17), the harmonic
content of the capacitor energy originating from the load side,
Aege0ad> can be expressed as the (scaled) Fourier series

Tioaa Ve
Aedc,load(t) - load 7d <

Z An+1,de COS ((n + Dwit)

2w
L\ n=135,...

+ bn+1,dc sin((n + 1)w1t) R

(18)
with the Fourier coefficients

— @y, €0S(p) — by, SIn(@P) +apn42 co8(P) —bpyo sin(¢)
n+1
ap, Sin(P) — by, cos(@) + ant2 sin(@)+ by 42 cos(P)
n+1 '

With the above, the dc-link voltage (16) can be written as

1 t TioaaVae 1
vae(t) = {Xd </0 Psupp(T) dT — %§tcos

- Aedc,loald(ﬂ) } .

Note that the effect of the power supplied by the 12-pulse
rectifier pgpp on the harmonic content of the dc-link voltage
is not explicitly known in (19). Hence, it may interact with
the harmonics originating from the load side, i.e., Aege oad-
Nevertheless, it is assumed that the power supplied by the
rectifier fully compensates for the linear term in (19) such
that the average dc-link voltage remains constant.

An+41,dc =

brnt1,dc=

(@)

19)

C. Optimization Problem

To improve the drive performance, this work proposes OPPs
that minimize the harmonic content of the dc-link voltage.
Although the interaction between the supply and the load sides
in (19) is unclear the use of a 36-pulse rectifier implies that
the harmonic content introduced by the supply is negligible
compared to dominant second harmonic generated by the
load. For this reason, the proposed OPPs account only for
the harmonics originating from the load side, quantified by
the square root of the sum of the squared capacitor energy
harmonics, i.e.,

D

n=1,3,5,...

Aege = (Déni1ac)’, (20)

where the amplitude of the (n + 1) harmonic Aé,, 41 gc is

~ _ 2 2
Aen+1,dc - an+l,dc + bn+17dC '

With the two relationships above, the objective function that
approximately captures the dc-link voltage ripple is

§ 2 2
an+1,dc + anrl,dc .
n=1,3,5,...

2y

Jae = (22)



Similarly to conventional OPPs, the square root in (20) does
not affect the optimizer and is therefore omitted in (22). Hence,
minimizing Jy. iS equivalent to minimizing the capacitor
energy harmonic content injected into the dc link by the load.

With function (22), the proposed OPP optimization problem
can be formulated. First, to facilitate greater mitigation of
the dc-link voltage harmonics, HWS OPPs are computed
such that their phase is also manipulated. Moreover, to avoid
compromising the stator current quality, the current TDD,
quantified by the objective function (12), is bounded with the
inequality constraint

2 g2
a; +b
E ———" < eJ"(av2a, u24) -
n
n=5,7,11,...

(23)

In constraint (23), J* is the optimal value of problem (14),
and € > 1 is a tuning parameter. By appropriately selecting its
value, the trade-off between dc-link voltage harmonic content
reduction and load current TDD can be adjusted. For example,
decreasing e enables greater reduction of the load current
TDD but at the expense of increased dc-link voltage ripple.
Therefore, constraint (23) provides the controller designer with
a degree of freedom to fine-tune the balance between the load
current TDD and the dc-link voltage ripple.

Given the above, the OPP optimization problem that
achieves a favorable trade-off between low dc-link voltage
harmonics and stator current TDD is formulated as

« . . 2 2
minimize E Upi1de T by +1.de
Q2d, U2d
n=1,3,5,...
2 2
. az +b
subject to E % < eJ (a4, u2q)
n=>5,7,11,...

(24)

ale,blzm
O<op<ag < - <agg<m
Ui6{0,1,2}, |’UJ1'—’UJ1',1| =1
Vie{l,...,2d}.

IV. S-GP3C FOR THE FIVE-LEVEL NPC H-BRIDGE MV
DRIVE SYSTEM

The objective of the S-GP3C strategy [9] is to regulate
the output y along its optimal reference trajectory Yt by
manipulating the OPPs computed in Section III in real time.

To do so, let

T
tm,ref = [tzl,ref tzQ,ref tzzz,ref] € R* (25)

be a vector containing the z, € NT nominal switching time
instants of the OPP in phase x within the time window T}, =
N,Ts, ie., the prediction horizon, where IV, is the number
of prediction steps and T, the sampling interval. S-GP3C
computes the corresponding optimally modified switching time
instants in each phase

t;E = [txl tx2 tzzI]T S R*= ) (26)

such that the output tracking error is minimized within T,
To this end, the output reference Y. is sampled at the 2, €

N* nominal “pivotal” switching time instants

T
tp,ref = [tpl,ref tp2,ref tpzp,ref] € R ) (27)

while the output y is predicted at the corresponding modified
pivotal time instants

t, = [tpl Lp2

These pivotal time instants appear in the OPP for all three
phases. However, it is important to note that no switching event
occurs at these time instants, i.e., Sy (tperef)” = Sz (tprrer) ™
with £ € {1,2,...,2p}; see [9] for more details. Thus, the
nominal (or modified) switching time instants considered in
the control problem result by aggregating the vectors £, r.r (or
t,) and t, e (or t,) into a single vector fmef € R*=*% (or
t} € R*=*#), where the combined switching time instants are
sorted in a chronological order.

For S-GP2C to minimize the reference tracking error, the
effect of the phase-z switching state s,—as defined by
the OPP in use—on the evolution of the system over each
time interval of the horizon A{z[_’ref = {z[Jrl_’ref — {z[_’ref,
¢€{0,1,2,..., 2,42, }, needs to be determined. To this aim,
the corresponding (constant) output gradients are computed
according to

the,] € R, (28)

g ym (thJrl,ref) - ym (tzl,ref)

m” (tzl,ref) = AE ) ot (29)
zl,re

With the gradients m?, the objective function of the S-GP3C
algorithm is written as

Js.gpsc = HT—Mt”%*')\tHAtH%v (30)

where the vector ¢ collects the modified switching and pivotal
time instants in all the three phases, i.e.,

t=[ta ty t. t,] €Rztatzta 31)

The vector r depends on the reference values y.r and the
measurements of the output, and M € R™w#XZatzpFzetz
is a matrix consisting of the gradients m® with which the
controlled variables evolve over the prediction horizon Tj,.
The entries ¢;, > 0 and ¢, > 0 of the block diagonal
weighting matrix @ prioritize the tracking accuracy between
the stator current ¢, and the three-phase NP potential v, gpc,
respectively. The second term in (30) is added to penalize
changes in the nominal OPP switching time instants, i.e.,

At =t —t (32)
through the weighting factor A\; > 0, with
T
trer = [ta,ref tb,ref tc,ref tp,ref] € RFatzvtzetz (33)
With (30), the S-GP3C optimal control problem is
minimize |l — Mt||2é + M| A3
to <ta1 <tax <...<taz, <to+T,
subject to to <tp1 <tp2 < ... <tpz <tp+ Tp
to <ter Step <o <oz, <to+ T,
(34)



TABLE I
RATED VALUES OF THE INDUCTION MACHINE

Parameter Symbol  SI value
Voltage Vr 5389V
Current IR 1485 A

Apparent power Sr 12MVA
Stator frequency WsR 2n50rad/s
Rotational speed  wi,r 1490 rpm
TABLE II
SYSTEM PARAMETER VALUES IN THE P.U. SYSTEM
Parameter Symbol p-u.
Stator resistance R 0.0054
Rotor resistance R, 0.0066
Stator leakage reactance Xis 0.1299
Rotor leakage reactance X 0.1105
Mutual reactance Xm 4.3496
Nominal dc-link voltage Ve 0.9620
Dc-link capacitor reactance X 4.4464

The optimization problem (34) is solved in real time at each
iteration of the controller, yielding the optimally modified
switching time instants t*. As can be seen, the to-be-computed
switching time instants must retain their chronological order
within each phase. Nevertheless, following the receding hori-
zon principle of MPC, only the switching time instants that fall
within the first sampling interval T of the prediction horizon
T, are applied to the inverter, introducing a feedback loop.
Subsequently, the prediction horizon is shifted forward by one
sampling interval and the algorithm is restarted. For a detailed
description of the S-GP3C algorithm and the definitions of 7,
M, and Q, the interested reader is referred to [9].

V. PERFORMANCE EVALUATION

The performance of the proposed control scheme is assessed
through simulations on a 12MVA drive (see Fig. 1). The
rated values of the IM are provided in Table I, while Table II
summarizes the system parameters. The total leakage reactance
of the machine is X, = 0.24 p.u. Regarding the controller
parameters, the sampling interval is T = 50 us and a 10-step
(/N = 10) prediction horizon is used. The output weighting
coefficients are ¢;, = 1 and ¢,, = 10, while the controller
effort weight is \; = 10°. A five-level OPP with a pulse
number d = 5 is used, implying an average device switching
frequency fow = 125Hz for operation at rated speed. The
modulation index is m = 1.05 and € = 2.1. Finally, all results
are shown in the per unit (p.u.) system.

A. Trade-Off Between Dc-Link Voltage Ripple and Current
DD

To quantify the effectiveness of the proposed OPPs, a
comparison between conventional QaHWS OPPs (13), con-

ventional HWS OPPs (14), and the proposed OPPs (24) is
shown in Fig. 2. All OPPs are computed for a modulation
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Fig. 2. Comparison of the proposed OPPs with conventional OPPs for m =
1.05. The tuning parameter € is varied in the range € € [1, 30].

index m = 1.05, which is typical for an MV drive at
nominal operating conditions. For the proposed OPPs, the
tuning parameter € is varied in the range [1,30].

As can be seen, the proposed OPPs achieve a favorable
trade-off between dc-link voltage ripple and stator current
TDD through the adjustment of the tuning parameter €. For
example, compared to the conventional QaHWS OPPs, the
proposed OPPs can reduce the peak-to-peak dc-link voltage
ripple by up to 20% without increasing the stator current TDD.
When compared to the conventional HWS OPPs, the proposed
OPPs achieve the same current TDD and peak-to-peak dc-link
voltage ripple for € = 1 due to the constraint (23). For larger
values of €, however, the proposed OPPs yield a lower dc-link
voltage ripple, albeit at the cost of a higher stator current TDD
compared to the conventional HWS OPPs.

B. Steady-State Performance

The steady-state performance of the drive system at rated
torque is shown in Fig. 3. As can be seen in Figs. 3(b)
and 3(a), the proposed control strategy achieves excellent
stator current—and, consequently, electromagnetic torque—
reference tracking despite the oscillations in the dc-link volt-
ages. This indicates that S-GP3C can effectively compensate
for external disturbances. As a result, the stator current quality
is very good, as reflected by the TDD of only 3.69%, see
Fig. 3(f). Moreover, thanks to the symmetry properties of the
baseline OPP, the harmonic power is concentrated at the odd
non-triplen integer multiples of the fundamental frequency.
Additionally, as shown in Fig. 3(d), the three-phase neutral
point potentials are kept balanced and close to zero. Finally,
owing to the use of the proposed OPP, the peak-to-peak ripple
of the dc-link voltage Awvg, is only 0.15 p.u.,, i.e., the favorable
trade-off between current TDD and dc-link voltage ripple is
retained by the controller, see Fig. 3(e).

To further assess the performance of the proposed control
method, it is benchmarked against field-oriented control (FOC)
with CB-PWM. The performance of FOC with CB-PWM is
shown in Fig. 4. As can be seen in Fig. 4(b), the stator
current has significantly higher ripple under FOC than with
the proposed method, leading to a TDD of 5.75%, i.e., over
55% higher than that achieved with S-GP3C. Moreover, the
harmonic power is primarily concentrated in the low-order
harmonics, such as the 5" and 7®. As for the peak-to-peak
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dc-link voltage ripple, it is 0.20 p.u., which is 25% higher than
the ripple achieved with S-GP3C using the proposed OPPs.

C. Transient Performance

The transient performance of the proposed control scheme is
shown in Fig. 5. In the examined scenario, the electromagnetic
torque reference is stepped down from its nominal value, i.e.,
Teret = 1pu, to Terer = 0.2p.u. at time ¢ = 10ms. As

observed, the controller quickly regulates the stator current
along its new reference—generated based on the demanded
torque—by drastically modifying the nominal OPP. More
specifically, by inverting the voltage in the red and blue phases
(see Fig. 5(c)), a very fast transient response is achieved.
During a torque step down, the stator current decreases quickly
and the excess energy is fed back to the dc links. This
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phenomenon causes notable deviations in the dc-link voltages,
as shown in Fig. 5(e). However, S-GP3C handles these distur-
bances effectively by independently modifying each phase of
the nominal OPP, thus compensating for the dc-link voltage
variations.

VI. CONCLUSION

This paper adapted the S-GP3>C method [9] to the five-
level NPC H-bridge MV drive and enhanced it with OPPs that
effectively reduce the dc-link voltage ripple while maintaining
very low current TDD values. By analyzing the harmonic
content of the dc-link voltage, an OPP optimization problem
was formulated to minimize its harmonic content. In addition,
by constraining the load current TDD in the same problem,
a trade-off between load current TDD and dc-link voltage
ripple reduction is achieved. The results demonstrate that the
proposed OPPs can effectively reduce the peak-to-peak dc-link
voltage ripple without significantly compromising the stator
current quality. Additionally, by utilizing the S-GP3C method
to manipulate the proposed OPPs in real time, excellent steady-
state and transient performance is achieved, while preserving
the beneficial qualities of the proposed OPPs. As a result, the
proposed approach outperforms conventional modulation and
control methods, such as FOC with CB-PWM.
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